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"You can't cross the sea merely by standing and staring at the water."

— Rabindranath Tagore



Abstract

Liquid repellent surfaces are a kind of surface on which liquid drops can detach or shed from them
without residue. Based on such properties, they are promising materials to be used for self-
cleaning, enhancing condensation, reducing ice adhesion, thermal cooling and water harvesting.
Extra low drop friction is necessary for this surface to have a good liquid repellency in these
applications. Polydimethylsiloxane (PDMS) is one kind of environmentally friendly polymerized
organosilicon. They are usually used as a coating to enhance the liquid repellency of the
hydrophilic substrate. Due to its low glass transition temperature (Ty), it is usually considered to

be a soft and flexible material at room temperature.
In this thesis, we focus on the open question on three different PDMS-coated surfaces:

1. A partially cross-linked PDMS coating is the one most common coating with a weak liquid
repellency. A ridge forms when drops are placed on it due to the high softness of PDMS. It results
in discontinuous stick-slip motion at the three-phase contact line. After being deformed, the
formed cracks will also result in a high resistance for drop moving. How to endow a better liquid

repellency to it with low drop friction is still a challenge.

2. Liquid PDMS can be used as a lubricant to enhance the liquid repellency on porous surfaces.
It is used to fabricate liquid repellent oil-infused surfaces. However, this infusing PDMS layer is
usually thick, and it will result in a ridge formation at the three-phase contact line. Combined with
the viscous flow near the liquid-liquid interface, moving drops on this oil layer will dissipate more
energy than moving at an ideal low-friction surface. Reducing the friction from such dissipation is

still a problem.

3. Linear or approximately linear PDMS chain can be anchored on a flat surface to have a nano-
scale PDMS coating. They are called PDMS brush or pseudo-brush. Due to its high mobility at
room temperature, the surface shows repellency to both water and low-surface tension liquids.
Nowadays, there is a lack of work to prepare a highly linear PDMS chain by a fast grafting-from
method. Moreover, even though such surfaces prepared from different methods or precursors are
reported all to be liquid repellent, the layer properties will vary. It will result in dynamic friction
difference when drop sliding off them. Key questions are: on which sample the drop will have the

lowest friction? How does the PDMS layer affect the drop friction?

In this thesis, Chapter 1 will give a brief introduction to the basic wetting theory on both rigid and

soft surfaces, and the background and concepts in liquid repellent surface design.



Chapter 2.1 is related to the first kind of PDMS. We try to improve the liquid repellency on a cross-
linked PDMS coated highly stretchable substrate by adding a rough structure on top of it. In our
case, PDMS is coated on a polyisoprene substrate to have a high stretchability (tension strain
can be larger than 300 %). The PDMS layer is used as an adhesion layer to fix two-level
fluorinated nanofilament structures on it. Water and low-surface-tension liquids can be quickly

shed from the surface even though the surface is stretched to a tensile strain of ~ 225 %.

Chapter 2.2 investigates water drop behavior on the liquid PDMS infused surface. Liquid-infused
surfaces are one kind of liquid repellent surface which highly reduces static friction. Drops can
start to slide off the surface with low extra traction. However, a large liquid ridge formed on the
thick infusing liquid PDMS layer and the viscous flow near the liquid-liquid interface is high. It
increases the dynamic friction force during the drop sliding process. We highly decrease the oil
layer on top of the structure by infusing a volatile PDMS/solvent mixture into a porous PDMS
modified structure. Since the lubricant layer is thin and fixed by the anchored pre-coated PDMS,
ridge formation and interfacial flow are suppressed. It leads to low drop sliding friction and fast

drop shedding.

In Chapter 2.3 and 2.4, we focus on nano-scale PDMS coatings. We first report a one-step
grafting-from approach to rapidly fabricate linear PDMS brushes on surfaces through
spontaneous polymerization of dichlorodimethylsilane. It shows low values of contact angle
hysteresis (less than 5°) with most liquids. Then, | tried to study the drop motion on these nano-
scale PDMS brush surfaces which are prepared by both the grafting-from and grafting-to methods
reported before. The difference in coating thickness resulting from the preparation is found to be
the main factor that determines the drop dynamic friction. 4-5 nm thick PDMS layers showed the
lowest dynamic friction. Layer inhomogeneities and the PDMS chain stretch are found to be two

main mechanisms to affect the friction with the varied thickness.

In conclusion, the reduction of drop friction on soft PDMS-coated surfaces can be achieved
through careful design to control energy dissipation during drop shedding, ultimately enhancing
the liquid repellency of these surfaces in practical applications. The findings from these studies
will inspire us to develop low-friction PDMS-coated surfaces with improved performance across
various industrial applications, including microfluidics, biomedical devices, and heat transfer

processes in polymer packaging circuits.



Zusammenfassung

Unter flissigkeitsabweisenden Oberflachen versteht man eine Art Oberflache, auf der sich
Flissigkeitstropfen rlckstandsfrei ablésen bzw. ablésen kdnnen. Aufgrund dieser Eigenschaften
sind sie vielversprechende Materialien fir die Selbstreinigung, die Verbesserung der
Kondensation, die Reduzierung der Eisanhaftung, die thermische Kihlung und die
Wassergewinnung. Damit diese Oberfliche bei diesen Anwendungen eine gute
Flissigkeitsabweisung aufweist, ist eine besonders geringe Tropfenreibung erforderlich.
Polydimethylsiloxan (PDMS) ist eine Art umweltfreundliches polymerisiertes Organosilicium. Sie
werden (Ublicherweise als Beschichtung verwendet, um die Flussigkeitsabweisung des
hydrophilen Substrats zu verbessern. Aufgrund seiner niedrigen Glastibergangstemperatur (T,)

gilt es bei Raumtemperatur Ublicherweise als weiches und flexibles Material.

In dieser Arbeit konzentrieren wir uns auf die offene Frage auf drei verschiedene PDMS-
beschichtete Oberflachen:

1. Eine teilweise vernetzte PDMS-Beschichtung ist die haufigste Beschichtung mit schwacher
Flissigkeitsabweisung. Aufgrund der hohen Weichheit von PDMS bildet sich ein Grat, wenn
Tropfen darauf fallen. Es kommt zu einer diskontinuierlichen Stick-Slip-Bewegung an der
dreiphasigen Kontaktlinie. Nach der Verformung fiihren die gebildeten Risse auch zu einem
hohen Widerstand gegen die Bewegung des Tropfens. Es ist immer noch eine Herausforderung,

ihm eine gute Flissigkeitsabweisung bei geringer Tropfenreibung zu verleihen.

2. Flissiges PDMS kann als Schmiermittel verwendet werden, um die Flissigkeitsabweisung auf
porésen Oberflachen zu verbessern. Es wird zur Herstellung flissigkeitsabweisender,
Olgetrankter Oberflachen verwendet. Diese infundierende PDMS-Schicht ist jedoch
normalerweise dick und fihrt zu einer Gratbildung an der Dreiphasen-Kontaktlinie. In Kombination
mit der viskosen Stromung nahe der Flissigkeits-Fllssigkeits-Grenzflache verbrauchen bewegte
Tropfen auf dieser Olschicht mehr Energie als die Bewegung auf einer idealen Oberflache mit
geringer Reibung. Die Reduzierung der Reibung durch eine solche Verlustleistung istimmer noch

ein Problem.

3. Eine lineare oder anndhernd lineare PDMS-Kette kann auf einer flachen Oberflache verankert
werden, um eine PDMS-Beschichtung im Nanomafistab zu erhalten. Sie werden PDMS-Pinsel
oder Pseudo-Pinsel genannt. Aufgrund der hohen Beweglichkeit bei Raumtemperatur ist die
Oberflache sowohl gegenliber Wasser als auch gegenuber Flissigkeiten mit geringer

Oberflachenspannung abweisend. Heutzutage mangelt es an Arbeiten zur Herstellung einer
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hochlinearen PDMS-Kette durch eine schnelle Grafting-from-Methode. Auch wenn von solchen
Oberflachen, die mit unterschiedlichen Methoden oder Vorldufern hergestellt wurden, berichtet
wird, dass sie alle flissigkeitsabweisend sind, variieren die Schichteigenschaften. Dies fuhrt zu
einem dynamischen Reibungsunterschied, wenn der Tropfen von ihnen abrutscht. Die
Schlusselfragen sind: Auf welcher Probe weist der Tropfen die geringste Reibung auf? Wie
beeinflusst die PDMS-Schicht die Tropfenreibung?

In dieser Arbeit gibt Kapitel 1 eine kurze Einfihrung in die grundlegende Benetzungstheorie
sowohl auf starren als auch auf weichen Oberflachen sowie in den Hintergrund und die Konzepte

des flussigkeitsabweisenden Oberflachendesigns.

Kapitel 2.1 befasst sich mit der ersten Art von PDMS. Wir versuchen, die Fllssigkeitsabweisung
auf einem mit vernetztem PDMS beschichteten, hoch dehnbaren Substrat zu verbessern, indem
wir darauf eine raue Struktur hinzufiigen. In unserem Fall wird PDMS auf ein Polyisopren-Substrat
aufgetragen, um eine hohe Dehnbarkeit zu gewahrleisten (die Zugspannung kann mehr als 300 %
betragen). Die PDMS-Schicht dient als Haftschicht, um darauf zweistufige fluorierte
Nanofilamentstrukturen zu fixieren. Wasser und Flissigkeiten mit geringer Oberflachenspannung
kénnen schnell von der Oberflache abgefiihrt werden, selbst wenn die Oberflache auf eine

Zugspannung von ~ 225 % gedehnt wird.

Kapitel 2.2 untersucht das Verhalten von Wassertropfen auf der mit flissigem PDMS infundierten
Oberflache. Mit Flussigkeit durchtrankte Oberflaichen sind eine Art flissigkeitsabweisender
Oberflachen, die die Haftreibung stark reduzieren. Bei geringer zusatzlicher Traktion kénnen
Tropfen beginnen, von der Oberflache zu rutschen. Allerdings bildete sich auf der dicken PDMS -
Schicht der infundierenden Flissigkeit ein grof3er Flissigkeitsriicken und die viskose Strémung
in der Nahe der Flussigkeit-Flissigkeit-Grenzflache ist hoch. Es erhdht die dynamische
Reibungskraft beim Tropfengleitvorgang. Wir verringern die Olschicht auf der Oberseite der
Struktur erheblich, indem wir eine fliichtige PDMS/L6sungsmittel-Mischung in eine porése PDMS-
modifizierte Struktur infundieren. Da die Schmiermittelschicht diinn ist und durch das verankerte
vorbeschichtete PDMS fixiert wird, werden Gratbildung und Grenzflachenstromung unterdriickt.

Dies flihrt zu einer geringen Tropfengleitreibung und einem schnellen Tropfenabwurf.

In Kapitel 2.3 und 2.4 konzentrieren wir uns auf nanoskalige PDMS-Beschichtungen. Wir
berichten zunachst Uber einen einstufigen Grafting-from-Ansatz zur schnellen Herstellung
linearer PDMS-Blursten auf Oberflachen durch spontane Polymerisation von Dichlordimethylsilan.

Es zeigt bei den meisten Flussigkeiten niedrige Werte der Kontaktwinkelhysterese (weniger als
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5°). Dann habe ich versucht, die Tropfenbewegung auf diesen nanoskaligen PDMS-
Burstenoberflachen zu untersuchen, die sowohl durch die zuvor beschriebenen Grafting-from- als
auch Grafting-to-Methoden hergestellt wurden. Der Unterschied in der Schichtdicke, der sich aus
der Vorbereitung ergibt, ist der Hauptfaktor, der die dynamische Tropfenreibung bestimmt. 4-5
nm dicke PDMS-Schichten zeigten die geringste dynamische Reibung. Es wurde festgestellt,
dass Schichtinhomogenitaten und die Dehnung der PDMS-Kette zwei Hauptmechanismen sind,

die die Reibung bei unterschiedlicher Dicke beeinflussen.

Zusammenfassend lasst sich sagen, dass die Reduzierung der Tropfenreibung auf weichen
PDMS-beschichteten Oberflachen durch sorgfaltiges Design zur Kontrolle der Energiedissipation
wahrend des Tropfenabwurfs erreicht werden kann, was letztendlich die Flissigkeitsabweisung
dieser Oberflachen in praktischen Anwendungen verbessert. Die Erkenntnisse aus diesen
Studien werden uns dazu inspirieren, reibungsarme PDMS-beschichtete Oberflachen mit
verbesserter Leistung fur verschiedene industrielle Anwendungen zu entwickeln, darunter
Mikrofluidik, biomedizinische Gerate und Warmeulbertragungsprozesse in

Polymerverpackungskreislaufen.
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Chapter 1. State of the art

1.1 Introduction and motivation

Wetting is usually the spreading of liquids on solid substrates. It also includes any motion of a
liquid with a dry/wet front.!"l The quest for a physical understanding of this started two centuries
ago.!" However, the description and use of wetting precedes its academic understanding. For
example, 1300 years ago, a Chinese poet, named Xin Li, wrote in a temple to give a precise
observation of that water droplets have a quite low adhesion on lotus leaves (Figure 1.1).2 It is
called lotus effect® which means water drop can maintain a spherical shape on the surface and
roll off the surface easily. The surface on which water has a low friction like the lotus leaves is

called a liquid repellent surface.

Never get caught in water,
purify your original mind.
— Qi Li

Figure 1.1. The Chinese ancient poetry to describe the water-repellency of a lotus leaf.l?2 4

Similar to the lotus effect in nature, in 1936, Wenzel first observe a spherical shape of water drop
on a rough surface made of stearone and wax.! Water has a low adhesion on such surface.
Subsequently, in 1967, Dettre and Johnson reported the water drop moving on three rough
surfaces with a rapid detach process.®! Nearly thirty years, due to the high demand in
waterproofing in industry, inspired by this lotus effect, the preparation of such liquid repellent
surfaces are widely studied. An overhanging structure imaged by scanning electron microscope
(SEM) is first reported in 1989 and has been widely fabricated since 1996.%! Rapid drop
shedding velocity resulting from low friction and adhesion on such surfaces make them a
promising material to achieve self-cleaning,® enhanced heat transfer,['® anti-fouling!'"! and water

harvesting.['?



Thousands of papers have reported to realize this target e.g. super-repellent surfaces (1.
Superhydrophobic surface, repel water; 2. Superoleophobic surface, repel low-surface-tension
liquids, and 3. Superamphiphobic surface, repel both water and low-surface-tension liquids) with
fast drop shedding velocity based on the lotus effect.['® Following the super liquid repellent
surface, low-surface-tension liquid can be infused into these rough structures to have liquid-
infused surfaces (LIS).l"Y Covalently attached liquid coated surfaces (CALS) were then fabricated
based on the same strategy that building a highly mobile interface.l'® These two surfaces with a
lubricated layer shows low drop adhesion when drop detached from them and low titling angles.

They can be also considered as liquid repellent surfaces.

These liquid repellent surfaces are usually fabricated on rigid substrates e.g. glass slides, silicon
wafers to reduce the high adhesion or friction of drops on them. However, liquid repellency of soft
surfaces is less investigated. For example, soft polydimethylsiloxane (PDMS) is usually used as
a main composition of a soft liquid repellent surface. Due to its high hydrophobicity, it can resist
water penetration. However, soft surfaces are usually easily deformed. Drop friction will be varied
on them due to such deformation. It also limits a fast drop shedding as that on a super liquid
repellent surface. Reducing drop friction to enhance the liquid repellency on them is meaningful
in various situations such as flexible electronics,!'® artificial skin,['’! textile dressings,!'® and liquid

manipulation.['¥

With respect to such elastic deformation, several theories have been developed to describe it. It
usually results in a higher static friction force when a drop starts to slide off a soft surface than
that on a rigid liquid repellent surface. Moreover, when a drop moves on the surface with a soft
interface e.g. PDMS-water interface, the friction of the contact line will result in a more obvious
drop shape change with the velocity. It means more resistance with the increasing drop velocity.
Open questions are: how can one reduce such high resistance for a drop moving on the soft,
stretchable cross-linked PDMS substrate? How can one reduce it on the liquid PDMS/water
interface? And does such deformation also affect the friction on a nano-scale soft PDMS coating?

They are still not answered.
1.2 Wetting phenomena
1.2.1 Wetting on ideal solid surfaces

An ideal solid surface here means the surface is ideally rigid (no deformation), smooth (no
roughness) and homogeneous. When a liquid drop contacts such solid surface, the degree to

which the solid is wetted by the liquid is decided by the interfacial energies of these two phases.



The liquid can either spread on a surface (“wetting”) or form a defined contact angle (“no wetting”).
Marangoni first imaged a construction that a film spreads from a reservoir of liquid onto an ideal
rigid solid (Figure 1.2a), provided that the solid/air surface tension which entrains this film is larger
than the sum of the solid/liquid and liquid/air surface tensions which both resist the spreading.?”!
In 1805, Thomas Young derived the basic relationship between the interfacial energies ()" of a
liquid drop on an ideally flat, homogeneous, solid surface when liquid wet the surface in an

equilibrium state (Figure 1.2b)"a:
Y14 €OS 0 = Y54 — ysL (1.1)

a b

Figure 1.2. Classical wetting phenomenon on an ideal material. (a) A liquid film spreads, drawn
by the solid/air surface tension (ys4), despite the action of the liquid/air (y or y.4) and solid/liquid
(ys.) tensions. (b) The balance of surface tensions determines the contact angle & when wetting

is only partial.l?°2 Copyright 2008, Annual Reviews, Inc.

Here, y14 , ys4, and ys; are liquid/vapor, solid/vapor and solid/liquid interfacial tension, respectively,
and @ is the angle at which the liquid contacts the surface at the liquid/air/solid contact line (“three
phase contact line”). On a common smooth surface, a solid/liquid surface tension tends to be
smaller than a solid/air one. Therefore, in most situations, this angle lies between 0° and 90°
(hydrophilic surfaces). On hydrophobic flat solids (e.g. fluorinated surface), the maximum contact
angle of water never exceeds approximately 120°. Only if we increase the surface roughness, the

gap between 120° and 180° will be filled and the surface is supposed to be super-liquid-repellent.
1.2.2 Contact angle hysteresis

Ideally, when the drop contact line (Figure 1.3a, static case) moves or the whole drop slides
(Figure 1.3b, dynamic case) on the surface, the contact angle in the front and rear of the drop are

the same as the equilibrium contact angle O if there is no resistance to the drop movement.

* Mathematics symbols are independent for each chapter.



However, in real situations, there will be a difference between the advancing (®.) and receding

(®r) contact angles (Figure 1.3c and d). This difference is called contact angle hysteresis A®:
A®:®a_ @r (12)

Contact angle hysteresis exists because contact lines usually do not slide freely due to interfacial
friction. Friction is caused by the varied energy dissipation process? which arise from
hydrodynamic viscous forcel??, thermal activation of liquid molecules?¥, pining/de-pinning by
surface inhomogeneity®, elastocapillary deformation on soft surfaces®?®, surface adaptation!?®,

and electrostatic force from slide electrification?”).

a C
Lo O\ A ©: Oa\
b - s],’ d - l’
/[ ® ' /®
4 6| a_’ e,
/&1 & /7/
0__1 0 —1—_

Figure 1.3. Static and dynamic contact angle hysteresis. The ideal case for contact line moving
(a) and (b) drop sliding with unchanged contact angles. The real case for contact line moving (c)
and (d) drop sliding with a difference between advancing and receding contact angles due to the

interfacial friction.

Contact angle hysteresis can be measured with any technique available to measure both the
advancing and receding contact angles.?® Commonly, these contact angles can be observed by
moving the contact line including the capillary rise by the Wilhelmy plate moving from the liquid,?®!
a sessile drop placed on the surface while the drop is inflated or deflated via a micropipette®”
(Figure 1.4a and b), or by moving the whole drop by gravity or centrifugal force,®" for example,
on a tilted plate or a centrifuge (Figure 1.4c and d). The force to move the drop can also be carried
out by dragging it using a thin pipette!®? or an air flow® (Figure 1.4e and f). For all these methods,
the advancing and receding contact angles can be recorded by a camera and then being fitted

and analyzed.?®



Plate,
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Figure 1.4. The scheme shows the methods we usually use to measure advancing and receding

contact angles. (a) Moving a plate or tape into a liquid or pulling it out of the liquid, (b) inflating
and deflating a sessile drop, (c) tilted plate, (d) centrifuge, (e) drop adhesion forces instrument,

and (f) aerodynamic drag.?® Copyright 2022, Elsevier Ltd.

The contact angle hysteresis mainly comes from the contact line friction in a wedge area. The
viscous dissipation in the bulk is usually low. From the contact angle hysteresis, we can easily
calculate the friction force according to the capillary force F, near the contact line by

Furmidge-Kawasaki equation:'a!
F=F,=wypk(cos®, —cosQ,) (1.3)

Here, w is the drop width, y is the surface tension of the liquid, £ ~ 1 is a geometrical drop shape

factor.
1.2.3 Wetting on soft surface

A liquid drop sitting on an ideal solid does not induce any significant deformation of the surface.
However, for soft surfaces, the softness of them needs to be considered. They deform under the



effect of the liquid surface tension. In general, elastic deformation of a solid is described by the

shear modulus G (Figure 1.5). G is defined as the ratio of shear stress 7, to the shear strain Vo

_FA_ P

G =
Ax/l  Adx

1.4
” (1.4)
Here, F'is the force acting on the body, 4 is the area on which the force acts, 4x is the transverse
displacement, [ is the initial length in the vertical direction.?4 At the same time, Young's modulus
E which evaluate the elasticity in the vertical direction can be calculated by: E = 2G(1+v) (for

isotropic and homogeneous materials, v is Poisson's ratio).

F F
# Ax
Deformed /’ / /
(Y

Figure 1.5. The scheme shows the calculation for shear modulus as the ratio of shear stress to

shear strain.

When the length scale defined by the ratio of surface tension to shear modulus (y.s/G) enters the
molecular interaction range (y.4/G is above the width of the interface a ~ 10~ m which obtained
from the simulation result’®), the traditional wetting phenomena described by Young's law need

to be replaced by Neumann's law (Figure 1.6):
yLalia + ysatsa + ysitse = 0 (1.5)

Here, t is the tangent vectors along different interfaces.*® This phenomenon is usually called

elastocapillary phenomena or soft wetting.

b T T .

 Ligquid-solid Liquid-vapor

Figure 1.6. The three-phase contact line in soft wetting phenomenon. (a) The scheme to show

the wetting phenomena on soft surface described by Neumann's law. (b) The transition of liquid-



solid interface to liquid-vapor interface at the three-phase contact line. a is the nanometric solid-
vapor interface width. p in the red line is the monomer density, indicating the location of the solid—
vapor interface (the position is z expressed in terms of monomer size b). o:in the blue line is the
profile of the stress anisotropy across a stretched film. The effect of surface tension manifests
itself as the peak of oy, located inside the liquid—solid interface (the integral gives Y'). The hatched

region is the bulk elastic stress. Copyright 2020, Annual Reviews, Inc.

Elastocapillary phenomena can be adjusted in terms of length scales (Figure 1.7).E” By tuning
the substrate softness, y.4/G can be varied from sub-molecular up to millimeter scales. When
comparing this length to the nanometric interface width ¢ and to the macroscopic parameters e.g.
the drop size R and the thickness e of the elastic substrate, the wetting phenomenon and drop

shape will vary due to the relationship between them.

p/G<<a<<R a<<y/G<<R a<<R<<y/G a<<y/G<<e<<R

Figure 1.7. Scales of elastocapillarity, y here represent the liquid-air interfacial tension y.a. (a)
Drops on thick elastic substrates of different softness, tracking the change of the liquid angle 6,
and of the solid angle 0s (insets). The elastocapillary length y.4/G must be compared to the width
of the interface « and the drop size R. (b) Typical case for a thin membrane of thickness e. The
capillary-induced bending remains smooth at the bending length scale, B/y.a. Copyright 2020,

Annual Reviews, Inc.

When water drops move on surfaces, the energy dissipation changes with velocity. One reason
is that the advancing and receding contact angle changes with velocity. Then, according to

equation 1.3, the friction force also changes. On a rigid surface, the dynamic contact angle

®,,.(U) change with the velocity following such relationship when we use a hydrodynamic mode

from Cox and Voinov:

02.(U) = (02,)" + (2« (1.6)

TLA



where @’ is the static advancing or receding contact angles, 7 is the drop viscosity, k is the factor
related to the ratio of outer region (where the apparent contact angle is measured), to the inner
region (where surface effects, such as slip, are allowed) and U is the drop velocity. When the
energy is dissipated during drop moving, it results in an increasing difference between advancing

and receding contact angles (A®).

For soft materials, a small ridge forms at the contact line as shown in Figure 1.7 when y, /G <<
R. When the liquid spreads, this ridge will affect the motion of the contact line by a stick-slip motion
of soft material e.g. cross-linked PDMS substrate with G = 2kPa.® This motion means if the drop
is only driven by gravity (drop velocity is not so high), when drop moves on the soft surface with
a displacement, the contact line is pinned at a certain position and then suddenly slips forward
(Figure 1.8).59

Moving direction

Initial After
positions displacement

LIQuUID

@ Dryregion i
@ Wet region 3%

dx dx
Figure 1.8. Drop moving on a soft surface with a displacement. The liquid contact angle 6, can
be obtained from a global displacement dx of the contact line. The region close to the contact line
remains unchanged, and the changes in (elastic and capillary) energy occur at the edge of the

indicated contour.® Copyright 2020, Annual Reviews, Inc.

Due to the stick-slip motion, a certain amount of energy is dissipated when the contact line is
moving. When drop moves on one soft surface with a shear modulus G at a velocity U, the contact
angle change 86 from the equilibrium contact angle will be: %

80~ (<) (1.7)

y/G

where 1 is the relaxation time of polymer coating.*"! Because we consider shear modulus G in this
equation, when the change of velocity is only from 107 to 10® m/s, a 10° contact angle difference
can be obtained (Figure 1.9b). The water contact angle hysteresis change is much more sensitive

to the drop velocity than that on a rigid surface (Figure 1.9). This rapid change of the contact angle



illustrates a higher drop friction during drop moves on a soft surface which will result from more

energy dissipation during the movement.
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Figure 1.9. Energy dissipation difference when drop moves on rigid and soft surfaces. (a) Energy
dissipation of a moving contact line on a rigid surface. Dynamic contact angles are calculated for
static contact angles @2 =70° and ®? =60°on a rigid PET (polyethylene terephthalate) surface
with hydrodynamic theory, MKT theory, the combined MKT/hydrodynamic theory and adaptation
theory. Copyright 2022, Elsevier Ltd. (b) Energy dissipation inside a moving wetting ridge on
different soft surfaces. The plots show variation of the liquid angle 86 as a function of the contact
line velocity in different liquid—solid wetting experiments. The solid gray lines show the best fits
by power laws, and the upper gray curve includes phenomenologically the saturation at large

velocity. Copyright 2020, Annual Reviews, Inc.

Due to such higher energy dissipation, designing a soft liquid repellent surface (e.g. PDMS coated
surfaces) with low drop friction is usually a problem for real applications. In the next section, | will
give a brief introduction about the design of previous liquid repellent surfaces. To understand and
then avoid the resistance from the elastowetting on soft surfaces is important to design liquid

repellent surfaces with efficient drop shedding.
1.3 Liquid repellent surfaces
1.3.1 Super liguid repellent surfaces

1.3.1.1 Wetting on rough surfaces



When a drop is placed on a rough surface, it will spread until it finds a meta stable configuration
(Figure 1.10). The apparent contact angle 6* is different from the Young angle 6. The roughness
factor » was introduced by Wenzel to account for surface roughness:® r = Actual surface/Apparent
surface area. When the contact line moves on the dry solid, it is assumed that each piece of
liquid/air interface will get replaced by a solid/liquid interface of the same surface area. The

surface energy variation dE can be calculated by using an apparent displacement dx (Figure 1.10):

dE = r(yse — ysa) dx + yL4 dx cos 6% (1.8)

Liquid Vapor

9*/’

Solid

Figure 1.10. The Wenzel model of a rough solid. One can obtain the apparent contact angle 6"
by considering a small apparent displacement of the contact line and looking at the corresponding

variation in surface energy.?? Copyright 2008, Annual Reviews, Inc.

When dE = 0, if the solid is flat (» = 1), cos 8* = cos 8; if not, there will be a relationship between

apparent contact angle 6* and the Young’s angle 6:
cos 6* = rcos 0 (1.9)

If the factor r > 1 (the surface is rough), a hydrophilic solid (8 < 90°) becomes more hydrophilic
(6*< 6) and a hydrophobic solid (8 > 90°) shows an increased hydrophobicity (6* > ). When the

roughness factor » >> 1, a complete drying state can be realized in theory (cos 8* <-1).

In Wenzel model, the liquid will conform to the rough solid surface. However, if the roughness is
high enough, solid air pockets should form below the liquid (Figure 1.11). This is the so-called
Cassie or Cassie-Baxter state.[*? Pillar surface is an ideal model to describe the Cassie-state
drop motion on a rough surface with air pockets and where &; (solid fraction) is used to describe
the pillar density. The variation of interfacial energy can be calculated by a moving (new

liquid/solid and liquid/vapor interfaces will be created) distance of the contact line dx (Figure 1.11):
dE = Dy(ys. — ysa) dx + (1 — @) yra dx + yra dx cos 6% (1.10)

At equilibrium, dE = 0, the relationship between the apparent angle 6* and Young’s angle 0 is:

10



cos 8*=-1+ (1 — &) cos § (1.11)

If one surface has a Young’s contact angle 9 of 110 to 120° (the material is hydrophobic) and &,
value of 5% to 10%, we will get liquid apparent angles of 160 to 170°. In addition to a large contact
angle, this kind of surface will also have a small contact angle hysteresis because of the air
cushion. This kind of surface is called super liquid repellent with a reduced liquid friction and

improved liquid repellency.

Liquid Air

Solid

Figure 1.11. Displacing the contact line in the Cassie regime. The dynamic energy balance
includes the creation of liquid/air interfaces below the drop, as indicated by the dotted lines. 2%

Copyright 2008, Annual Reviews, Inc.

How both the surface structure (the roughness factor » and the solid fraction &;) and the Young’s
angle 4 affect the apparent angle 6* can be illustrated in a wetting diagram (Figure 1.12). The
dashed line in the middle is from cos 6* = rcos € which is used to describe the Wenzel state. The

critical angle 6* (¢’ in the diagram) for obtaining Cassie state can be calculated by:
cos 6* = (Ds— 1)/ (r — Ds) (1.12)

Using this equation, super liquid repellent surface can be designed by choosing an intrinsic
hydrophobic material and increasing the roughness. For water, the maximum Young’s contact
angle 6 (0y in the diagram) is about 120°. Therefore, using ideal pillar-like surfaces, only a narrow-
hatched area (green part) is expected to show a composite state (where drop is suspended on
tips of a surface texture with the air pockets trapped under the drop) for water (—0.5 < cos 0 < (&
= D/(r — @y)).
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Figure 1.12. Schematic of a wetting diagram for textured surfaces.¥ Copyright 2019, American

Chemical Society.

However, in some experimentals,* the liquid drop also has the possibility to keep the composite
wetting state with materials that are moderately hydrophobic ((®s — 1)/(r — &s) < cos 8 <0°) or even
hydrophilic (cos € > 0°). Re-entrant structures like multi-curvature pillar (Figure 1.13) are used to

fabricate super liquid repellent surfaces even with a high surface energy.*"!
1.3.1.2 Overhanging structures and superamphiphobicity

In 2014, Liu and Kim give three model structures to illustrate the functionality of the overhanging
part in the re-entrant structures when fabricating super liquid repellent surfaces.**¥ Commonly, a
designed pillar structure with a low surface energy can suspend water drop due to a high Young’s
contact angle (Figure 1.13a). Compared to the pillar surface, for re-entrant structure, it didn’t need
a high Young’s contact angle 4 to suspend the water due to a horizontal overhanging part (Figure
1.13b). For low-energy liquids, such as oils or organic solvents, they have a low Young’s contact
angle (< 90°), a roughness with overhanging topology was necessary to make the surface repel
them. If the overhanging structure can be fabricated in 3D dimensions to have double re-entrant
structure, even if the liquid fully wet the solid with 8~ 0°, the liquid drop can still have a high contact
angle on the surface (Figure 1.13c). Such kinds of super liquid repellent surface which could repel
both water with high # and low-surface-tension liquids with low 6 are called superamphiphobic
surfaces. By plotting equation 1.11 in Figure 1.13d, we can see that for low-surface-tension liquid,
a much less solid fraction is needed to have the same apparent contact angle as that of a high-

surface-tension liquid. For the overhanging structures, due to the topography, we can more easily
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This is beneficial to repel the low-surface-tension liquid.

d

reduce the solid fraction even if the surface roughness is the same as that on a pillar surface.
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Figure 1.13. Model structures for fabricating super liquid repellent surface. (a) Simple structures
require Young’s contact angle 6 > 90° to suspend water. Ap, is the pressure difference between
the liquid and air. (b) Re-entrant structures with a horizontal overhanging part allow 6 < 90° to
suspend oils or solvents. (¢) Doubly re-entrant structures with both horizontal and vertical
overhanging part allow 6 ~ 0° to suspend any liquid, as surface tension acts on the vertical
overhangs with a substantial vertical component. (d) Relation between apparent contact angle 6*
and solid fraction f; (the same as &, we mentioned before) for ideal Cassie-state droplets with
intrinsic contact angle 6 as a parameter. The three bold lines correspond to the three cases in the

left (a: green, b: red, c: blue). Copyright 2014, reprinted with permission from AAAS.
1.3.1.3 Super liquid repellent surface prepared from organosilicon

Silicone is not a natural material and the major source of silicon, SiO», was recognized as a
separate substance in the 17th century and referred to as vitrifiable earth. The name for the
element, ‘silicium’ from the latin silex, meaning rock which is used to reflect the sources of silicon.
In World War |, the reactive nature of silicon halides was recognized. This reaction between water
and silicon-chlorine bond is the primitive method to produce the starting materials required for the
organosilicon compounds. The difference of chemical composition between the organosilicon and
the natural silicon (SiOz) is the silicon-carbon bond which is the key to organosilicon chemistry.
Therefore, a transfer reagent which can add an alkyl or an aryl group to the silicon center easily

is in need. The first organosilicon derivative was obtained by Friedel and Crafts by heating Et.Zn
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and SiCls together at 140-160 °CH8 and tetramethylsilane was made similarly from Me.Zn at
200 °C."*"1In 1940, Kipping used Hyde's research®® to obtain some “sticky messes” product and
then gave the material the name “silicones”. In 1945, Rochow in General Electric company
published a direct process reaction between elemental silicon and an organic halide to obtain
Me,SiCl, (the most important monomer in the silicones industry) by using the copper as the
catalyst.*®! After the Me,SiCl, can be large-scale synthesized, the silicone started to be used in
industrial area. In 1943 during World War Il, Dow Corning was formally established as a joint
venture between the American conglomerates Dow Chemical and Corning Glass to explore the
potential of silicone for industrial use. The “silicones” are straight or branched linear polymers in
which the difunctional —O—Si(R2)—0O— or trifunctional —O—Si(R)(O)—O— siloxane elements
form a system of extended chains and both ends of the chain are capped with a monofunctional
residue R3SiO— or with some other reactive groups (-H, -OH, -OR). Silicone oils, silicone resins
and silicone rubber are the three main kinds of silicone products in our daily life nowadays.
Silicones have thermal stability, resistance to weathering, high electrical resistivity, flexibility at
extremely low temperatures and physiological inertness which make them to be important in many

applied fields nowadays.

Due to their low price and fast reaction process, they are usually used to fabricate coatings in real
applications. The double re-entrant structures are easy to build from the direct hydrolysis of the
organosilicon or the deposition of organosilicon on a template. Two main kinds of reported super
liquid repellent structures are reported based on this including silicone nanofilament surface,®”
and candle-soot template surface.®'. These organosilicon-based surfaces give us an opportunity

to prepare super liquid repellent surfaces in a low-cost and easy way.

The process of modifying the surface of an inorganic material with a reactive alkylsilane has
become widely used in both research and technology and has been studied to great extent.?
When a surface with hydroxyl (-OH) groups is exposed to reactive mono-, di- or trifunctional

organosilicons, several reaction products can be formed, depending on the reaction conditions.

Coating a substrate with polyalkylsilsesquioxane filaments (named as silicone nanofilaments,
SNF), first reported in 2004, represents an economical and efficient way to prepare a super-liquid-
repellant surface.® Trichloromethylsilane (TCMS) will hydrolyze when there is water in the
solvent (e.g. toluene).%224:%4 Dyring the process, the methylsilanols produced from the hydrolysis
of TCMS form a partially cross-linked polysiloxane®® %24 The polymethylsilsesquioxane
nanofilaments is then formed because of the cross-linking part existing in this kind of

polysiloxane.% Because of the cross-linking part, it is possible for the polysiloxane in the solvent
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to form filament shape when it grows following one direction when we carefully control the water

concentration in the solvent during the reaction (Figure 1.14) 5051,
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Figure 1.14. Nanofilament coated super liquid repellent surfaces. (a) Possible reaction scheme
for the formation of nanofilaments. (b) Growth of silicone nanofilaments onto glass slides and the

corresponding SEM images.[® Copyright 2011, John Wiley and Sons.

Thin filaments are the main feature of the surface topography (Figure 1.14b). These filament
structures are irregularly bent and hooked which supports a random re-entrant structure. Small
filaments have diameters ranging from 20 to 50 nm. The length of these fibers range from very
short, nearly spherical bases up to about 1 um. Occasionally, much larger filaments of a similar
shape to the smaller ones are also found on the surface. These are up to 150 nm in diameter and
several micrometers in length. Water drops on nanofilament-coated substrates show a high static
contact angles (> 150°) and on most of the substrates, they also show a low sliding angle (<10°
when coated on polished rigid surface, < 20° when coated on soft polymer substrate, water drop
volume is 10 uL).5% By changing the concentration of water in the solvent, after fluorination, the
nanofilament-coated surface can also be superamphiphobic (a low sliding angle 5° for n-decane
whose surface tension is 23.8 mN m). Because of the easy grafting method, nanofilament-

coated surface is one of the widely used surfaces in the super liquid repellent surface preparation.

Soot coated surfaces, which are generated from candle flame, also have an double re-entrant
structure (a loose, fractal-like network, Figure 1.15a).¢! A water drop on the surface shows a
contact angle above 160° and rolls off easily. However, when water rolls off the surface, soot
particles will be carried by the drop and when the soot deposit is removed, the drop undergoes a

wetting transition.’"! Candle-soot template surface is prepared by the deposition of one
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hydrolyzed organosilicon (i.e. tetraethoxysilane) on the soot coated substrates (glass or silicon).?!

In this way the soot is stabilized by a coating of SiO-.

Figure 1.15. Candle-soot template super liquid repellent surfaces. (a) The preparation procedure
of the soot-template surface. (A) Photograph depicting sample preparation. A glass slide is held
in the flame of a candle until a soot layer a few micrometers thick is deposited. (B)Scanning
electron microscope (SEM) image of the soot deposit. (C) High-resolution SEM image showing a
single particle chain made up of almost spherical carbon beads 40 £ 10 nm in diameter. (D) SEM
image of the deposit after being coated with a silica shell. (E) High-resolution SEM image of a
cluster after the carbon core was removed by heating for 2 hours at 600°C. (F) High-resolution
TEM image of a cluster after calcination, revealing the silica coating with holes that were
previously filled with carbon particles. The silica shell is 20 £ 5 nm thick. (b) (c) A 2 ml water drop
(b) and 5 ml hexadecane drop (c) deposited on the surface possess a static contact angle of 165°
+ 1° and 156° % 1°, respectively. (d) Scheme of a liquid drop deposited on the fractal-like

composite interface."! Copyright 2011, reprinted with permission from AAAS.

After removing the carbon core at 600 °C (Figure 1.15a) and being fluorinated, the surface will be
transparent, and it will repel even low surface tension liquid (e.g. n-hexadecane) (Figure 1.15b
and c). Because of the silica shell, the coating has a better mechanical resistance compared to
the original soot-coated substrate. Moreover, the structure of the candle soot hence provides
multiple overhangs which need to be overcome before the substrate is fully wetted (Figure 1.15d)
which makes candle soot-templated surfaces an efficient and simple strategy to fabricate

superamphiphobic surfaces.

1.3.1.4 Stretchable super liquid repellent surfaces
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Super liquid repellent coating can endow a liquid repellency to a soft even stretchable substrate
by isolating the substrate and drops using low-surface-energy textured structures. The first
stretchable superhydrophobic surface was reported as using the “pre-stretching” method by
Genzer et al. in 2000 (Figure 1.16a). The surface can have a quite low contact angle hysteresis

of less than 10° when they prepared the surface in a certain ratio of around 60% (Figure 1.16b).

Based on that, various kinds of surfaces such as tunable surface patterns,®! stretchable
superhydrophobic surface,®® hierarchically wrinkled surface®® were then developed. Water drops
can easily slide off or rebound from these surfaces in a relaxed or stretched state. It avoids the
extra energy dissipation from the surface deformation due to the extremely low contact area and

adhesion.
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Figure 1.16. First reported work on fabrication of a stretchable superhydrophobic surface. (a) The
preparation process of this surface: (A) A pristine PDMS network is prepared by casting a mixture
of PDMS and a cross-linker into a thin film and curing it for about 1 hour. (B) The film is
mechanically stretched by a certain length, Ax. (C) Subsequent exposure to a UVO treatment
produces hydrophilic PDMS surfaces (PDMS-UVO) composed mainly of hydroxyl groups. (D) The
SF trichlorosilanes molecules are deposited from vapor onto this stretched substrate and form an
organized self-assembled monolayer. (E) Finally, the strain is released from the PDMS-UVO film,
which returns to its original size, causing the grafted molecules to form a densely organized
mechanically assembled monolayer (MAM). (b) The dependence of the water contact angle and
contact angle hysteresis on F6H2-MAM (circles) and F8H2-MAM (squares) samples on the
degree of stretching of the PDMS substrate before the UVO treatment, Ax. Copyright 2000,

reprinted with permission from AAAS.
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However, most of the water drops in real applications are not pure water. There will be some
solutes in the water drop, especially for some biological liquids e.g. blood, tissue fluid or protein
dispersion, the surface tension of these liquids will be low which results in a drop pinning due to
a failure of the liquid-repellency. Therefore, a superamphiphobic stretchable surface is needed to

repel low-surface-tension liquid on a highly elastic substrate which can be easily deformed.

Water has a relatively high surface tension. It will result in a high Young’s contact angle. The air-
liquid interface as shown in Figure 1.17a has a certain distance away from the non-textured
substrate. Even though we stretch the surface to a certain tensile strain, the height of such
interface decreases but the liquid component will not touch the substrate. However, if the liquid
drop has a low surface tension, the corresponding low Young’s contact angle will make the air-
liquid interface much closer to the substrate (Figure 1.17b). After a slight stretch of the surface,
the oil will easily contact and wet the smooth part of the substrate. Water on the surface transits
from Cassie state to Wenzel state. Therefore, currently existing superamphiphobic surfaces easily
lose their super-liquid-repellency to non-polar liquids with a low surface tension under small
deformation, in particular when being stretched.®® The breakup of the surface structures during
stretching usually cause the low-surface-tension liquids on. Till now, there is no effective way

proposed to solve this problem that the loss of superamphiphobicity due to stretching.
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Figure 1.17. The scheme to show why the stretchable super-liquid repellent surface fails when
the surface is stretched. (a) Water drop with a high surface tension (~ 72 mN m™") placed on the

surface. (b) Oil drop with a low surface tension (< 30 mN m™) placed on the surface.

1.3.2 Liquid-infused surfaces (LIS)
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Liquid-Infused surface (LIS) is another kind of liquid repellent surface which is inspired from the
Nepenthes pitcher plant (Figure 1.18).8" On a liquid-infused surface, the drop has a low contact
angle. Still, the contact angle hysteresis is less than 5°. They have attracted a lot of attention since
they were first reported in research literature.®? A liquid-infused surface is a combination of a
liquid layer and an underneath scaffold stabilizing the liquid. To create a liquid-infused surface,
three main design principles must be met: 1. the lubricant and the placed liquid must be immiscible;
2. the lubricating oil prefers to wet and spread onto the solid substrate; 3. the solid substrate must
have higher affinity for the lubricating liquid over the probing liquid.!" For such a surface, when
liquid drops are placed on it, there will be a soft liquid/liquid interface. The drop is considered to

contact a soft matter part instead of the rigid structure underneath.

Slippery state

Figure 1.18. Liquid-infused surface inspired from the Nepenthes pitcher plant. Copyright 2020,
Oxford University Press.

The most common case of a liquid-infused surface is the combination of a solid rough textured
substrate with micro- and nanoscale topography and an oil-based lubricant (Figure 1.19a). It is
called slippery liquid-infused porous surface (SLIPS).16?3 Such kind of surface was first reported
by Aizenberg et al. in 2011. Different from the lotus effect, their approach uses the microstructured
substrate to lock the infused lubricating in place (Figure 1.19b). They will have a smooth lubricate-
water interface when water drops are placed on or sliding off such surface (Figure 1.19a). An oil
cloak and an oil ridge are usually formed which will induce the oil depletion from the textured

structures.©4
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Figure 1.19. Slippery liquid-infused porous surface. (a) The scheme to show the most common
composition of a SLIPS. (b) The first work related to SLIPS reported by Aizenberg et al. in 2011.
A liquid B by which the solid prefer to wet is infused as a lubricated layer. Copyright 2011, Springer

Nature.
1.3.2.1 Wetting on LIS

A ridge at the contact line and the a cloak surrounding the drop could appear (Figure 1.20)%! due
to the different wetting situations for the liquid-liquid (red frame) and liquid-air interface (black
frame) and the interfacial energy difference between the different phases. Smith et al. described
the details related to the different thermodynamic conditions which describe this four-phase
system.®®! For example, if the droplet in Figure 1.20 is water, the lubricant is a fluorinated “oil”,
and the other two phases are air and the solid, then, a water droplet will be completely
encapsulated by the oil (an oil cloak will surround the drop) if the spreading parameter Sow)> 0
or lays on top (no cloak formation) if Sew < 0, @s shown in Figure 1.20, left and right, respectively.

The spreading factor Sow.), Where “0”, “w”, and “a@” are represented by oil, water, and air,

correspondingly, is defined by:
Sow(a) = Ywa — Yow — Yoa (1 13)

where v, is the water—-air surface tension, v, is the oil-water surface tension, and y.. is the oil-air
surface tension. Depending on the four-phase system at hand, the oil will completely wet

(encapsulate) the surface, partially wet, or will not be present under thermodynamic conditions by
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comparing the total interface energy per unit area E; for different cases. The derivations can be

checked in the original publication.®

’r\’\(
{

Figure 1.20. Different wetting process for a four-phase system (air, liquid-1: water, liquid-2:
lubricate, solid). Red frame inset represents possible wetting states near the droplet-lubricant
interface. Here, the droplet can completely wet the surface (top), partially wet the surface (middle),
or a completely lubricated structure (bottom). The black inset represents the wetting of the
lubricant on a surface in the presence of an air phase. Here, the structure can lack any lubricant
(top), be partially wetted (middle), or be fully impregnated (bottom) by the lubricant.!" Copyright

2019, American Chemical Society.
1.3.2.2 Drop movement on LIS

Even though the drop adhesion is quite low on the liquid-liquid interface, the drop movement is
usually slow on such surfaces. Compared to the drop sliding off a smooth rigid surface or a
superhydrophobic surface, the source of the friction will be more complicated (Figure 1.21). The
drop friction is hypothesized to come from their viscous effects due to flow near the liquid-liquid
interface (Figure 1.21d) and leading or lagging oil menisci (Figure 1.21e and f) at the three-phase

contact line.

The drop velocity will be affected by the viscosity n, of the infusing oil and the meniscus size at
the contact lines. Keiser et al.[® suggested a model to calculate the velocity on SLIPS:

()R . 31
= yog“zﬁno sin” “a (1.14)

They assumed that the oil viscosity is bigger than that of water. Here, p is the drop density, y, is

the oil surface tension, U is the drop velocity, R is the radius of the drop, S =ln£, with / being the

typical size of meniscus and % being the oil layer thickness, is the numerical factor reflecting the
singular dissipation at the wedge tip. They estimate it to be an order of 10 if the particle size of
the porous structure underneath the oil is around 30 nm.®® The velocity value calculated by such

an equation is usually 3 times lower than that on the superhydrophobic surface in magnitude. Up
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to now, how to achieve a high drop velocity on SLIPS versus a mobile contact line and low drop

adhesion together is still a problem for fabricating such kind of surface.

a

Figure 1.21. Rolling and contact line deformation of a drop moving on SLIPS. The schemes for
(a) sliding of a droplet on a flat surface, (b) rolling of a droplet on a superhydrophobic surface and
(c) droplet sliding on a liquid-infused surface. (d) Trajectories mapping of coffee particles within a
water droplet on SLIPS demonstrating droplet rolling. (e,f) Observations of leading and lagging
wetting ridge on SLIPS caused by surface tensions between droplet and lubricant. Scale bar

represents 2 and 0.4 mm in (e,f), respectively. Copyright 2019, American Chemical Society.
1.3.3 Combination of LIS and superhydrophobic surface

Recently, the development of slippery superhydrophobic surfaces has provided a promising
avenue for achieving a balance between rapid drop shedding and sufficient stability in practical
applications. The concept of a slippery Cassie state (Figure 1.22), where drops maintain a Cassie
state, was initially introduced by Brian et al. in 2013.1") Subsequently, several model surfaces with
slippery superhydrophobic properties have been constructed, exhibiting unique characteristics
such as low drop pull-off force,®® reduced lateral adhesion®® % switchable wetting property!”

and self-propelled droplet transport!’".
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Cassie state

Slippery Cassie state

b Slippery Wenzel state

Figure 1.22. Diagram of possible wetting states on textured surfaces. (a) Cassie state: a layer of
air separates most of the water from the surface. (b) Slippery Wenzel state: a layer of an
immiscible liquid separates the water from the surface. (c) Slippery Cassie state: a layer of air

separates most of the water from the surface, which is coated with a second liquid.

Liquid-infused super liquid repellent surface (sometimes is also called slippery super liquid
repellent surface) is a concept that the surface is a combination of a superhydrophobic surface
and a slippery lubricant-infused porous surface. The oil layer can be infused in the top part of the
porous hydrophobic structures e.g. a pillar surface with a PDMS cap (Figure 1.23a) and a
doubly re-entrant micropillar (Figure 1.23b).°® Because of the infused oil layer, the
superhydrophobic surface will have an increased stability against pressure and impact, and

enhanced lateral mobility of water drops as well as reduced hydrodynamic drag.
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Figure 1.23. Liquid-infused super liquid repellent surfaces. (a) Fabrication process and

topological structure of the Salvinia-like slippery surface (SSS).%¥! Copyright 2020, Oxford
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University Press. (b) Blueprint for a slippery superoleophobic surface formed via combination of
a doubly re-entrant structure and a slippery lubricant-infused porous surface.®® Copyright 2018,

John Wiley and Sons.

Currently, the methods for preparing surface for slippery superhydrophobic surfaces are complex
and technically demanding. It is hard to use them in real applications. And even though the air
gap between the structures will reduce the friction, the micrometer-thick oil layer 3 6768 71l may
result in a meniscus near the contact line preventing the rapid drop shedding. To date, no work
has achieved a rapid drop shedding process on a slippery superhydrophobic surface as observed

on a dry superhydrophobic surface (defined here as a surface without any liquid component).
1.3.4 Covalently attached liquid surfaces (CALS)

Besides the liquid-infused surfaces, recently, covalently attached liquid surfaces (CALS) are
widely reported as another kind of slippery surface.[’” Both water and most solvents have low
values of contact angle hysteresis (CAH, less than 5°) on them. Despite their nanoscale thickness
(less than 10 nm), CALS exhibit behavior similar to liquid-infused surfaces, including high droplet
mobility and the ability to prevent icing and fouling.[’?> "3 To date, CALS have primarily been
obtained using grafted polydimethylsiloxane (PDMS), though there are also examples of
polyethylene oxide (PEO)," perfluorinated polyether (PFPE),”® and short-chain alkane.”® When
liquid drops are placed on such surfaces, there will be an interface composed of a soft-matter
(liquid-like) and a liquid. For such kind of surfaces, they have several advantages. First, their
liquid-like nature endows liquid repellency to smooth solid surfaces, without relying on surface
texturing. Second, they do not have the problem of the interface instability of air-mediated or
liquid-mediated liquid repellent surfaces due to air or lubricant loss, since the molecule layer is
covalently bonded which makes it not easily washed away or depleted. Third, the CALS have
unique characteristics, such as reduced friction and adhesion which is meaningful in real

applications.["”

To date, most of the work on CALS has been conducted on PDMS systems. PDMS CALS have
been prepared via several mechanisms, which here are grouped into three families: grafting-from
methods using chlorosilanes, grafting-from methods using methoxysilanes, and grafting-to

methods using high molecular weight PDMS.

Such a kind of surface is considered to be ‘liquid-like’. This ‘liquid-like’ concept had been proposed
previously in studies on polymer glasses, which found that the molecular chains are many orders

of magnitude more mobile on the surface than in the interior. There are three physical states for
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amorphous polymers because of temperature-dependent chain mobility: the glassy state, the
rubbery state and the fluid state. Glass transition temperature (T,) can also be defined as the
temperature when grafted polymers change from the solid-like state to the liquid-like. Some highly
flexible polymers with extremely low T, (less than =100 °C), such as PDMS (T, = —127 °C) are
liquid and highly mobile at room temperature. While one end of the polymer chain is fixed on the
surface by the covalent bond, the rest is free to rotate, bend and stretch (Figure 1.24). The
dynamic chain nature of grafted flexible polymers gives solid surfaces liquid-like qualities at

ambient temperature and unprecedented liquid repellency (ultralow CAH).

This kind of surface structure reduces CAH in two ways. First, CALS is self-smoothing and
chemically homogeneous, due to the high mobility of grafted molecular layers mask the chemical
or physical defects on the solid surfaces. Second, the grafted molecule chains are rotationally

flexible, which helps to overcome the energy barriers for moving the contact lines of the drops.

0,- GR = (°
ag<5®

<< T
g room

N
| & )
N

Chain mobility
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T9 of grafted polymers

Figure 1.24. The left curve shows the chain nature of the surface-grafted polymers with different
values of T,. When the T, of polymer is far less than the room temperature (T:wom), typically less
than —-100 °C, the grafted polymer layer exhibits a unique liquid-like nature. The right schematic
illustrates the low contact angle hysteresis and sliding angles (o) on the liquid-like surface, and
the high mobility of covalently bonded polymer chains of the attached liquid.["® Copyright 2023,

Springer Nature.

The comprehension of drop motion and friction on liquid-like CALS remains challenging, primarily
due to factors such as chain rearrangement, chain stretching and molecule reordering occurring
at the polymer/liquid interface.l’”! Because the polymer layer is highly soft and flexible, nano-scale
deformation can also happen on the CALS even though the coating thickness (< 10 nm) is much

thinner than that of a bulk soft matter.
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This kind of nano-scale deformation can be the main source of this energy dissipation on CALS
even though the drop friction is low. In prior research, Kristina et al. observed a nano-scale elastic
deformation at the contact line when good solvent of PDMS e.g. decane moving on PDMS

brushes by the contact angle difference in different scales (Figure 1.25).141 78

Fredrickson et al. give a theory to calculate the minimum work 7 we need to deform a thin polymer
layer:["®]

_ 1928R%,

7'C2h03

W (1.15)

where ¢ is the perturbation amplitude, R is the radius of the spherical tip which give the force to
the layer, u, is the shear modulus, %, is the layer thickness. It gives us the impression that both
thickness and the shear modulus of layer will affect the contact line deformation of the nano-scale
CALS. For poor solvents like water with polarity, such nano-scale CALS coating layer may
rearrange in it to create patches of chemical groups susceptible to hydrogen bonding resulting in
a higher force between drop and the soft coating at the three-phase contact line. Up to now, it is

still unclear how this kind of deformation affects the drop moving on CALS.
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Figure 1.25. Observation of nano-scale deformation at the contact line when liquid decane moves
on a pseudo-brush surface.*" (a) Dip-coating experiment and definitions of the contact angles on
a CAL. Due to the viscous bending of the liquid—vapor interface, on a viscoelastic surface e.g
PDMS brush, the force exerted by the fluid produces a deformation of the layer immediately below
the contact line. (b) The difference between the dynamics micro-scale receding contact angle
Omicro @and macro-scale receding contact angle ... reflects the response of the cusp-shaped

deformation when the contact line is moving. Copyright 2016, Springer Nature.
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Fabrication of Stretchable Superamphiphobic Surfaces
with Deformation-Induced Rearrangeable Structures

Xiaoteng Zhou, Jie Liu,* Wendong Liu, Werner Steffen, and Hans-Jiirgen Butt

Stretchable superamphiphobic surfaces with a high deformation resist-
ance are in demand to achieve liquid-repellent performance in flexible
electronics, artificial skin, and textile dressings. However, it is challenging
to make mechanically robust superamphiphobic coatings, which maintain
their superliquid repellency in a highly stretched state. Here, a stretchable
superamphiphobic surface is reported, on which the microstructures can
rearrange during stretching to maintain a stable superamphiphobicity even
under a high tensile strain. The surface is prepared by spray-coating silicone
nanofilaments onto a prestretched substrate (e.g., cis-1,4-polyisoprene) with
poly(dimethylsiloxane) (PDMS) layer as a binder. After subsequent fluorina-
tion, this surface keeps its superamphiphobicity to both water and n-hex-
adecane up to the tensile strain of at least 225%. The binding PDMS layer
and rearrangeable structures maximize the deformation resistance of the
surface during the stretching process. The superamphiphobicity and mor-

phology of the surface are maintained even after 1000 stretch—release cycles.

Taking advantage of the mentioned benefits, a liquid manipulation system is
designed, which has the potential for fabricating reusable and low-cost plat-

we now profit from an improved under-
standing of the mechanisms of a superam-
phiphobic surface, a less complex method
of preparation and a high mechanical
stability of the surface are still two of the
main challenges that have hindered its
widespread adoption.)

Recently, superliquid-repellent surfaces
with deformation-resistant performance
are becoming increasingly significant in
various situations such as flexible elec-
tronics,® artificial skin,® textile dress-
ings,' and liquid manipulation.'! Cur-
rently existing superamphiphobic surfaces
appear to lose their superliquid-repellency
to nonpolar liquids under small deforma-
tion, in particular when being stretched.!"!
The breakup of the surface structures
during stretching usually cause the low-
surface-tension liquids on the surface

forms for biochemical detection and lab-on-a-chip systems.

1. Introduction

Liquid-repellent surfaces are of interest for basic research and
industrial use in self-cleaning,! antifouling,? corrosion resis-
tance,l’! and droplet manipulation.! To achieve superliquid-
repellency, the liquid needs to be in the Cassie state, in which a
layer of air is entrapped between the liquid and the substrate.l’!
For liquids with low surface tension (7), the Cassie state with a
static contact angle larger than 150° can be achieved on super-
amphiphobic surfaces with microscopic overhanging mor-
phologies, sometimes called a re-entrant geometry.l® Surfaces
such as silicone nanofilaments(®l or template candle soot®d
have been reported to achieve superamphiphobicity by having
a sub-micrometer inward curved surface morphology. Although
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transiting from the Cassie state to the
Wenzel state (fully wetted) easily. Pan et al.
reported an excellent textile which repels
the wetting of liquid nitrogen with surface
tension of 8.8 mN m™, yet it loses the superoleophobicity when
being stretched to 20%.24] Even till now, there is no effective
way proposed to solve this problem that the loss of superam-
phiphobicity due to stretching.

In this work, we fabricated a stretchable surface whose
superamphiphobicity is maintained during stretching via con-
struction of spontaneously rearrangeable microstructures, and
which is fabricated by spray-coating silicone nanofilament (NF)
on a pre-stretched elastic substrate. A single NF usually has
a diameter of the order of 10 nm and can form on the over-
hanging structures due to its round, spaghetti-like shape.l°d
After spray-coating process, the NFs together with their
assembly lead to a re-entrant geometry from tens of nanometer
to hundreds of micrometers providing the underlying structure
for a superamphiphobic surface. Releasing the tension of the
substrate after fabrication leads to relatively compacted struc-
tures. During the surface stretching process, we observed the
rearrangement of these structures in situ. The rearrangement
of the structures includes the breakup of the largest NF clusters
and the movement of the structures with respect to each other
due to surface stretching. Through monitoring the size and
density of the structure, the reason why the surface remains
its superamphiphobicity in a high strain was understood. This
surface was further utilized to fabricate a programmable liquid
manipulation system to achieve drop coalescences and syn-
thesis of asymmetric hydrogels.

© 2022 Wiley-VCH GmbH
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2. Results and Discussion

Spray-coating is a simple and effective method to construct
hierarchical micro/nanostructures, but using nanoparti-
cles in spray-coating to prepare superamphiphobic surfaces
is usually a complex process. Particles size, concentration,
spray pressure, droplet size, and solvent all need to be opti-
mized in order to obtain a re-entrant structure.l'%13 Silicone
nanofilaments (NF) synthesized by cross-linking of hydro-
lyzed trichloromethylsilane (TCMS)!™ can easily form sub-
microscale re-entrant structures, which are one of the most
effective superamphiphobic coatings with ultralow sliding
angles of liquids.[®] However, direct growth of NF on the
surface usually needs to be carried out under specific condi-
tions including rinsing the surface in organic solvent or in
vacuum. This significantly reduces the area that can be cov-
ered and the efficiency to modify the surface, thus limiting its
widespread use.

To overcome the limits of NF direct growth and to reduce
the complexity of the preparation, we use pre-prepared
nanofilaments as the substitute of nanoparticles in spray-
coating. Only a low spray pressure (27 kPa) is applied, as
compared to the high spray pressure (150-300 kPa) that
is normally used,®™1 which further facilitates the pro-
cess. A poly(dimethylsiloxane) (PDMS, Sylgard184) layer is
used as the binder to fix the NF layer on the substrate.'”] To
achieve stretching stability of the superamphiphobicity, the
pre-stretching of the substrate was carried out to ensure the
surface to be covered by NF with a high density after spray-
coating. The “pre-stretching” method of preparing stretching
resistant superliquid-repellent surfaces was first proposed
by Genzer et al.l'¥! based on which various kinds of surfaces
such as tunable surface patterns,'” stretchable superhydro-
phobic surface,?% hierarchically wrinkled surfacel?!! were devel-
oped. As a model substrate, a commercial cis-1,4-polyisoprene
tape (Figure Sla,b, Supporting Information) was elongated to
the tensile strain € (e = (L — Ly)/Ly x 100%, in which L, is the
original length of the relaxed surface and L is the stretched
length) of 200% (Figure 1a). The solution of PDMS oligomers
and curing agent (10:1) in n-hexane (4.2 wt%) was spray-coated
on the stretched substrate (Figure Slc,d, Supporting Informa-
tion). The thickness of the PDMS layer was 0.85 + 0.10 um
(Figure S2, Supporting Information). Then the NF dispersion
(0.1 wt% in toluene) was spray-coated onto the PDMS layer
immediately. After curing at 80 °C for 2 h, the sample was fluor-
inated with trichloro(1H,1H,2H,2H-heptadecafluorodecylsilane)
by chemical vapor deposition after activating the surface with
oxygen plasma. The surface was always held in tension during
the preparation. A permanent strain of 10.5% remained when
releasing the surface to the relaxed state after pre-stretching
to 200% (Figure S3, Supporting Information). We define the
tensile strain of the relaxed surface after this permanent defor-
mation as g = 0% for following tests. The permanent strain
of the surface depends on the selected substrate, and might be
improved by optimizing materials or preparation techniques./??!

The nanofilament-structured and stretchable superam-
phiphobic (NFSS) surface shows a hierarchical micro/
nanostructure (Figure 1b,c). To clearly present the morphology
and the composition of the surface, we further observed the
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cross-section of the NFSS surface by SEM (Figure S4, Sup-
porting Information). Comparing to the porous nanofilament
structure on the top of the NF clusters, we observed a different
morphology at a certain region close to the substrate. The
nanofilament structure in this region is denser than that in the
upper side. This dense layer is the binding layer composed of
both nanofilament and cross-linked PDMS. The thickness is
around 1.5 + 0.5um, which is much lower than the thickness
(45 £ 20 um) of the nanofilament layer. For the gaps existing on
the substrate, the NF structure can only partially cover them.
As the gaps are so small that extra nanofilaments cannot fill in
them (Figure S5, Supporting Information).

As the NFSS surface is fabricated by keeping the substrate
under tension, the NF microstructures become more com-
pacted after the surface is released (Figure 1d). Thereby the
NFSS surface at the relaxed state exhibits both advancing
(®aca) and receding (®gca) contact angles of water and
n-hexadecane that are larger than 150° (Figure S6, Supporting
Information). In the preparation, we use pre-prepared nano-
filaments as the substitute of nanoparticles in spray-coating.
The NF dispersions for spray-coating were prepared when the
air humidity changed from 20% to 40% (Figure S7, Supporting
Information). At such humidity region, the superamphiphobic
NFSS surface is easy to be reproduced. For comparison, the
same process was also used to spray-coat SiO, particles on the
stretchable substrate. After fluorination, the surface was only
superhydrophobic, while the receding contact angle of n-hexa-
decane on such a surface is almost 0° (Figure S6, Supporting
Information). Thus, spray-coating NFs rather than nanoparti-
cles leads to a better liquid repellency and it means our method
has obviously reduced the complexity of preparation of the
stretchable superamphiphobic surface.

Drop impact experiments show the mechanical stability of
the surface against droplet impalement in the relaxed state.
Both water (Weber number We = 71; We = pUy?R/y, where p is
the density, U, is the impacting velocity, R is the radius of the
drop and yis the liquid—air surface tension) and n-hexadecane
(We = 11.1) bounce from the relaxed NFSS surface (¢ = 0%) with
no retention (Figure le,f). The porous microstructure increases
the impalement pressure of the surface and prevents the three-
phase contact line from moving downward on the structure.
Moreover, given a stable superamphiphobicity, both water and
n-hexadecane sessile drops maintain spherical shapes on the
stretched NFSS surface, even at a strain €~ 200% (Figure 1g).

The NFSS surface in the stretched state exhibits stable super-
liquid-repellent performance to both water and n-hexadecane
(Figure 2a). To avoid the effects of the inhomogeneous tensile
strength on the stretched NFSS surface,?¥l the advancing and
receding contact angles (@5ca and Ogc,) and the roll-off angles
(onof) Of liquids were all measured in the middle area. The
surface maintains high receding contact angles (@gcp > 150°)
for both water and n-hexadecane and low roll-off angles (10 pL
water, O4ooq < 1.2° and 10 pL hexadecane, ¢4opog < 3.3°) up
to € < 225%. At € = 250%, the NFSS surface was still super-
hydrophobic. However, both @xca and Ogca of n-hexadecane
are lower than 150° (Figure S8, Supporting Information). Nev-
ertheless, 10 puL n-hexadecane drops still rolled off the surface
at a low tilting angle of 3.4° £ 0.3° when € ~ 250%. In contrast,
if the NFSS surface is fabricated without pre-stretching, the
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Figure 1. The nanofilament-structured and stretchable superamphiphobic surface. a) Schematic of the fabrication process of the nanofilament-struc-
tured and stretchable superamphiphobic (NFSS) surface. b) 3D images taken by Nanofocus psurf 3D confocal surface measurement system of the
NFSS surface at € = 0%. Scale bar: 200 um. c) Scanning electronic microscopy (SEM) images of the NFSS surface at £~ 0%. Scale bar: 50 um (top),
2 um (bottom), and 500 nm (inset). d) Schematic to illustrate the changing of microstructures on the NFSS surface after releasing the surface. e) Image
series show the impact and bouncing of one 6 L water drop on the NFSS surface (€~ 0%). Drop release height: 2 cm, scale bar: 5 mm. f) Image series
show the impact and bouncing of one 3 pL n-hexadecane drop on the NFSS surface (¢ = 0%). Drop release height: 2 cm, scale bar: 5 mm. g) Optical
images of spherical shapes of 6 uL water and n-hexadecane drops on the NFSS surface under various strains ranging from 0 to 200%. Scale bar: 5 mm.

surface loses its superamphiphobicity at € > 50% (Figure S9,
Supporting Information).

The accessibility of the surface superamphiphobicity during
stretching is determined by the liquid entry or impalement
pressure Pppp.2Yl P pp represents the pressure required to force
the transition from the nonwetting Cassie state to the fully

wetted Wenzel state. For a particular liquid, the microstructure
size and spacing usually affect the value of P gp.>! Here, we
use the average distance between adjacent edges of two NF
clusters to illustrate the average structure spacing. When the
NFSS surface is stretched, the separation and rearrangement of
the structure allow slight changes in both the spacing and the
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Figure 2. Superamphiphobicity of the stretched NFSS surface. a) Advancing and receding contact angles (@aca and Orca) and roll-off angles (0)1.06)
of water and n-hexadecane on the NFSS surface with different tensile strains. Drop volume used in roll-off angle measurement was 10 pL. b) Evolution
of the average structure spacing (distance between two NF clusters) and the average cluster size (diameter of the NF cluster) with the change of the
surface tensile strain. c) Images using a Nanofocus psurf 3D confocal surface measurement system illustrate variation of the morphologies when the
NFSS surface was stretched. Strain: 0%, 100%, 200%, and 250%. The inset illustrates the measurement position (red dot) of the NFSS surface. Scale
bar: 200 um. d) Images show a rearranging process of the compacted microstructures after stretching from 0% to 200%. Scale bar: 200 pm. The color

bar to the right of (c) and (d) illustrates the measured height.

cluster size (Figure 2b). As a result, the NFSS surface exhibits
a quite stable superamphiphobicity resisting stretching because
of the slightly changed liquid entry pressure.

A Nanofocus wusurf 3D confocal surface measurement
system (Nanofocus AG, Oberhausen, Germany) was used
to monitor the topography of the NFSS surface in situ
during the stretching process (Figure 2c¢,d). The result shows
that when the surface was stretched in one direction, and
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the distances of NF clusters along the stretching direction
increased (e.g., d; < d, < d3 < dy) with the strain increasing
from 0% to 250%, while the distance of the clusters vertical
to the stretching direction decreased (e.g., di' > dy’ > dy' > dy)
(Figure 2c). Some compacted structures split and rearrange at
high strain (Figure 2d), and thereby the average diameter of the
NF cluster decreases with the increasing tensile strain. In our
view, the splitting of the structures into smaller clusters and the
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rearrangement of them during the stretching process prevent
breakup of the NF coating layer and the formation of big cracks
to ensure that thus the surface maintains a stable superamphi-
phobicity. Finally, the surface loses its superamphiphobicity due
to the low coverage of the NF cluster at a high tensile strain, in
our case at £~ 250%.

A continuous and alternating stretch-release test was con-
ducted to illustrate the mechanical durability of the NFSS
surface (Figure S10a, Supporting Information). The surface
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was repeatedly stretched along one direction with a speed
of 0.4 cm s7! to € ~ 100% and then released to & ~ 0% with
the same speed again. During stretch-release cycles, both
water and n-hexadecane rebounded and rolled off the sur-
face (Figure S10b,c, Movie S1, Supporting Information). After
1000 cycles, both water and n-hexadecane still have a high
receding contact angle (Orcy > 150°) and low contact angle
hysteresis (Figure 3a). Here, ®cp and Ogcy were measured
when the tensile strain of the NFSS surface was 0% and

174 ms
ogsg °QO°°°¢QOO

Water, € = 100%

o
=
(@)

118 ms
90%9°0400000000

n-Hexadecane, € = 100%

Figure 3. Durability of the NFSS surface after repeated stretching. a) ®aca, Orca, and A® of water and n-hexadecane on the NFSS surface after different
stretch—release cycles. The contact angles were measured at £~ 0% and £~ 100%, respectively. b) SEM images of the NFSS surface after 100, 1000, and
3000 stretch-release cycles. Scale bar: 100 and 50 pm (inset). ¢) ©aca, Orca, and A® of various liquids on the stretched NFSS surface (¢~ 100%) after
1000 cycles of test. Inset shows the image of sessile drops (10 pL) of corresponding liquids on the stretched NFSS surface. d) Image series showing
the impact and bouncing of a 6 uL water drop on the surface. Release height: 2 cm; scale bar: 5 mm; £ ~ 100%. e) Image series of the impact and
bouncing of a 3 uL n-hexadecane drop on the surface. Drop release height: 2 cm; scale bar: 5 mm; £~ 100%.
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100%, respectively. According to the SEM images (in random
positions), the morphologies of the surface after 100 and
1000 stretch-release cycles seem not to change qualitatively
(Figure 3b). After 1000 cycles, the NFSS surface is still super-
amphiphobic to a wide range of liquids even if it is stretched
to 100% (Figure 3c). Besides water (y = 72.2 mN m™) and
hexadecane (y = 274 mN m™), other liquids including glyc-
erol (y = 64.8 mN m™), dilodomethane (y = 50.2 mN m™),
dimethyl sulfoxide (DMSO, y=42.7 mN m™) and cyclopentanol
(y=32.7 mN m™) all maintain spherical shapes on the surface
with high receding contact angles (Ogca > 150°) and low con-
tact angle hysteresis (A® = ®@pca— Orca < 5°). The surface can
still withstand liquid drop impact after 1000 cycles of stretch—
release test (Figure 3d,e). When & was about 100%, both water
(We = 71) and n-hexadecane (We = 11.1) drops rebounded
at least three times. No retention caused by the impact was
observed on the surfaces. This enduring repellency is likely
due to the high coverage of the re-entrant structures. Although
the surface is still superhydrophobic after 3000 stretch—release
cycles, contact angle measurements show that the NFSS sur-
face starts to lose the superoleophobicity. This is reflected by
the receding contact angle of hexadecane on both relaxed and
stretched surfaces being lower than 150° (Figure 3a). The rear-
rangement seems to be irreversible after 3000 cycles as big
cracks happen on the cluster because of a failing regrouping
process (Figure 3b, 3000 cycles inset).

Besides the stretch durability, we further characterized the
mechanical stability of the NFSS surface against sand abrasion
(Figure S11, Supporting Information). After testing for more
than 5 min, the appearance of the coating changed little. Drops
of water (30 uL) and n-hexadecane (20 pL) still easily slide off
the surface with tilting angle of 45°. According to the contact
angle measurements, the superamphiphobicity of the surface
does not change with receding contact angles being lager than
150° when the surface is in both relaxed and stretched states
after the test. A sandpaper abrasion test was further conducted,
in which NFSS loaded with a weight of 30 g were placed face
down on a sandpaper (Starcke P1000) (Figure S12, Supporting
Information). The abrasion area was about 4.2 cm? and thereby
the loaded pressure during the test was around 0.72 kPa which
is within the range of the pressure values previously reported.l2°!
We define a movement of 10 cm of the surface along the ruler
as one abrasion cycle. After 10 cycles of abrasion, the surface
still maintains its superhydrophobicity, but has lost its supero-
leophobicity. The receding contact angle of water remained
around 155°, while the contact angle of n-hexadecane decreased
from 153° to 140°. From the SEM images, we observed that
after 10 cycles of abrasion, the NFSS morphology was destroyed
into pieces and no obvious compact cluster could be observed
anymore. Nevertheless, the remained structures fixed by the
binding layer were still superhydrophobic. The NFSS surface
with a good mechanical stability against both deformation and
abrasion has potential real applications including artificial skin,
flexible electronics and dressings.

By taking advantage of the repellency to low-surface-tension
liquids and the stretchability of the NFSS surface, we devel-
oped a setup that can help achieve repetitive drops coalesce
in a controlled way (Figure 4a). Two drops were placed side
by side onto a stretched NFSS surface. When the surface was
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gradually released, the decreasing distance between the drops
finally led to the drops coming into contact and coalescing.
Two water drops (15 pL) or two n-hexadecane drops (10 pL)
can be placed on a stretched NFSS surface with € = 100%
(Figure S13, Movie S2 and S3, Supporting Information).
Releasing the surface, drops coalesced and formed a merged
spherical drop. After removing the merged drop, the drop coa-
lescing process can repetitive occur if two new drops are placed
on the NFSS surface which is stretched again. Since even small
water drops have a low roll-off angle (04op.oq < 1°), placing and
keeping them on the surface is difficult. Therefore, poly(vinyl
alcohol) hydrophilic dots (diameter: 0.5 mm) were introduced
on the stretchable surface to fix the water drops (Figure S14a,
Supporting Information). For hexadecane drops with their
higher roll-off angle (411.0¢ = 3°), no hydrophilic dots were nec-
essary (Figure S14b, Supporting Information).

A programmable coalescence of a sequence of drops was
then orchestrated. We define programmable manipulation here
as the coordinated approach to control the movement and the
coalescing sequence of droplets. As an example, a trapezoidal
arrangement of water drops was controlled to coalesce on the
NFSS surface (& = 100%) (Figure 4b). When the surface was
gradually released, the two middle drops coalesce. Subse-
quently, coalescence with the drops on the left and right hand
side respectively of the merged drop occurs (Movie S4, Sup-
porting Information). This is because the distance between the
two drops in the middle was smaller than the distance between
the drop on the outside and one of the middle drops. Further-
more, four n-hexadecane drops were linearly arranged on a
stretched NFSS surface (¢ = 100%) in the stretching direction
(Figure 4c). When the surface was released, these drops merged
in a certain order from left to right (Movie S5, Supporting
Information). This programmable drop manipulation method
provides a possible one-by-one reaction process which could be
described as A+B — A+B+C — A+B+C+D. It is noted that the
NFSS surface based liquid manipulation system can be reus-
able due to its low adhesion to liquids.

The programmable coalescence of drops on this stretchable
superamphiphobic surface was not limited to miscible lig-
uids. One n-hexadecane and two water drops were placed on
a stretched NFSS surface (Figure 4d) at appropriate distances.
After coalescence, a merged drop with a dumbbell-like shape
formed with an apparent interface between these two different
drops. This led us to synthesize asymmetric or Janus parti-
cles by manipulating drop coalescence with two immiscible
liquids. As an example, we synthesized asymmetric hydrogels
with two reactive liquid drops (Figure 4e and Figure S15, Sup-
porting Information). Drops of sodium alginate aqueous solu-
tion (0.05 wt%) and iron chloride (FeCl;) aqueous solution
(100 wt%) were placed on the NFSS surface. The reaction of
sodium alginate and FeCl; started when the drops came into
contact, after which the iron ions diffused rapidly in the algi-
nate drop (Figure S15a, Supporting Information). As a result,
the alginate drop became a hydrogel in a short time, while the
FeCl; drops remained liquid. After removing the FeCl; drops,
hydrogels with different shapes were prepared. We controlled
the coalescence of two, three, and four drops. Depending on
the numbers and relative position of the drops, hemispherical,
cylinder-like, and triangular prism-like hydrogels have been
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Figure 4. Programmable manipulation of drop coalescences and synthesis of asymmetric hydrogels. a) Schematic to show the setup with a controllable
motor to manipulate drop coalescences repetitively. Drops on the surface coalesce via controlled release of the stretched NFSS surface. b) Program-
mable coalescence of four water drops (15 pL) with a trapezoidal arrangement. Scale bar: 5 mm. c) Programmable coalescence of four n-hexadecane
drops (10 pL) with a linear arrangement. Scale bar: 5 mm. d) Coalescence of one n-hexadecane drop (colorless) and two water drops (light green) on
the NFSS surface. Scale bar: 5 mm. e) Fabrication of asymmetric hydrogels with specific shapes. One alginate sodium aqueous solution drop (color-
less) and different numbers (from left to right: 1, 2, and 3) of FeCl; aqueous solution drops (yellow) are used in the hydrogel fabrication process. The
top schemes and images present three gels with distinct shapes (from left to right): hemispherical, cylinder-like, and triangular prism-like. The lower
images show the coalescence of the drops. Volumes of the alginate drops (from left to right): 20, 20, and 30 pL. Volumes of the FeCl; drops (from left
to right): 20, 20, and 15 pL. Scale bar: 2.5 mm. f) Images show spherical n-hexadecane drop (10 pL) on three different flexible substrates spray-coated

with silicone nanofilaments. From top to bottom the substrates are PDMS, PE fabrics, and nitrile rubber. Scale bar: 2 mm.

fabricated. By adjusting the volume ratios of the sodium alginate
drop to the FeCl; drop, it is possible to make more kinds of vari-
ably shaped hydrogels (Figure S15b,c, Supporting Information).

We further illustrate the fabrication of other three stretch-
able superamphiphobic surfaces with substrates of cross-linked
poly(dimethylsiloxane) (PDMS), polyester (PE) fabrics, and
nitrile rubber, in turn. All these surfaces were pre-stretched to
their maximum strains during the coating process. Hexade-
cane drops show high static contact angles (® > 150°), low con-
tact angle hysteresis (A® < 5°) and roll-off angles (.o < 5°)
on all these surfaces (Figure 4f and Figure S16, Supporting
Information).

3. Conclusion

We have fabricated a stretchable superamphiphobic surface by
spray-coating nanofilaments on a pre-stretched substrate. After
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drying, annealing, and fluorination, the surfaces were able to
withstand at least one thousand stretch-release cycles between
£~ 0% and €~ 100% with no loss of superamphiphobicity. By
using the stretching property, we were able to control the coa-
lescence of miscible and immiscible liquid drops on the sur-
face. We demonstrated that stretchable superamphiphobic
surfaces can be applied to let drops react in a programmable
manner. This outcome offers us the potential of using stretch-
able superamphiphobic surfaces to fabricate low-cost, reusable,
and programmable droplet-based microfluidic systems which
could help to study the reactions or interactions of multidrops.

4. Experimental Section

Preparation of Silicone Nanofilament Dispersion: 1.6 mL of
trichloromethylsilane  (TCMS, 99.0%, Merck Chemicals GmbH,
Germany) was dissolved in 400 mL of toluene (water concentration is

© 2022 Wiley-VCH GmbH
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about 150 ppm). The vessel with a narrow mouth was left open to the
air (at about 30% relative humidity). Under stirring for more than 12 h,
silicone nanofilaments were formed in toluene. The final dispersion was
diluted to 0.1 wt% and sonicated for about 30 min.

Fabrication  of a  Nanofilament-Structured — and  Stretchable
Superamphiphobic (NFSS) Surface: A commercial cis-1,4-polyisoprene
tape (length: 3.8 cm, width: 1.8 cm, thickness: 0.5 mm, Melloc
Handelsgesellschaft and Agentur GmbH, Germany) was used as the
substrate. The tape was then stretched to a tensile strain of 200%. After
treatment with oxygen plasma (Femto low-pressure plasma system,
Diener electronic GmbH, Germany. Treating time is 5 min, the pressure
is 0.4 mbar and the power is 200 W, 100%), the stretched substrate was
spray-coated with a layer of PDMS oligomers (the ratio of monomer to
curing agent is 10:1, Sylgard184, Dow Europe GmbH, Germany) by using
a spray gun with a nozzle diameter of 0.2 mm at a spraying pressure of
27 kPa. The sprayed PDMS solution was prepared by dissolving 1.0 g of
monomer and 0.1 g curing agent in 20 mL of n-hexane. Subsequently,
the nanofilament dispersion was spray-coated onto the substrate by
using the same spray gun and spraying pressure. Afterward, the surface
held under tension was heated at 80 °C to cure the PDMS layer for
2 h. Then, the surface was cooled to room temperature and treated
with oxygen plasma. The surface was further fluorinated with 5 plL
trichloro(1H,1H,2H,2H-heptadecafluorodecyl)silane (Alfa Aesar, 96%)
by chemical vapor deposition in a vacuum desiccator (Pyrex Labware
borosilicate vaccum desiccator, Fisher Scientific GmbH. The desiccator
was evacuated to less than 100 mbar.) for 12 h. Finally, the tensile force
was removed and the tape was allowed to relax.

Morphology Characterization: The samples were coated with a
thin layer of platinum (7 nm) by a sputtering process, and then the
samples were imaged by scanning electron microscopy (SEM, Hitachi
SU8000). The in situ images of the morphologies of this surface with
different tensile strains were characterized by a Nanofocus psurf 3D
confocal surface measurement system (Nanofocus AG, Oberhausen,
Germany). The light of Nanofocus confocal system was focused
through a multipinhole disk (MPD) and the objective lens onto the
sample surface. The reflected light was detected by the camera to obtain
confocal images. Each confocal image was a horizontal and nanometer-
range-resolution slice through the topography of the sample. Capturing
the images at different focal heights gave hundreds of confocal images
which could be reconstructed an exact 3D height image of the sample by
Gwyddion.l?’l For calculating the average structure spacing and average
diameter, the microstructures were marked by circles with comparable
size in the Nanofocus confocal images. The Feret diameter (D) of each
cluster was obtained by measuring the diameter of the circles. The
average structure spacing was measured according to the distance
between the edges of the circles.

Wetting Properties: Advancing and receding contact angles as well
as the roll-off angles of various liquids on the surfaces were measured
by DataPhysics OCA 35 goniometer (DataPhysics Instruments). Each
data point was the average of at least three individual measurements
on the middle area of the surfaces. Impinging dynamics of water and
n-hexadecane drops were recorded by a Photron Fastcam Mini UX100
high-speed camera (4000 fps) with a 2x lens.

Test of the Stretching Robustness: Two sides of a rectangular NFSS
surface (length: 4.2 cm, width: 1.8 cm, thickness: 0.5 mm) were fixed and
then moved by an electric motor in one direction. Alternatively control
of the strain of the surface to be 100% and 0% by the motor. Water or
n-hexadecane were dropped on the surface once during each stretch—
release cycle, so that it could be checked if the surface still has a good
superamphiphobicity. The dynamics were recorded by a Nikon D7100
digital camera (60 fps). After a certain number of stretch—release cycles,
the contact angles of water and n-hexadecane were measured on the
surface with strain of 0% and 100%, respectively.

Manipulation of Drop Coalescence: A rectangular NFSS surface (length:
4.2 cm, width: 1.8 c¢m, thickness: 0.5 mm) was fixed at two sides in the
motor-controlled stretching setup. Drops were placed on a stretched
NFSS surface (typical strain ~ 100%) with specific distances. Different
drops with different components were used. When the surface was
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released, drops coalesce in turn. The process was recorded by a Nikon
D7100 digital camera (60 fps). For the synthesis of asymmetric hydrogel,
drops of sodium alginate aqueous solution (0.05 wt%) and iron chloride
(FeCls) aqueous solution (1.00 wt%) were placed on the NFSS surface.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. Surface morphology. a) and b) SEM images show the morphology of a uncoated cis-
1,4-polyisoprene substrate at different magnifications. Scale bar: 50 pm (left) and 5 pm (right). c)
and d) SEM images show the morphology of a cis 1,4-polyisoprene substrate coated with cross-

linked PDMS layer at different magnifications. Scale bar: 50 um (left) and 5 um (right).
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Figure S2. Measurement of the thickness of the PDMS binding layer. a) Optical image shows a
scratch on the PDMS layer and the measuring position of atomic force microscopy (AFM). b)

AFM results show the heights of the PDMS layer at three different positions. Scale bar: 2 pm.
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Figure S3. Remaining permanent strain of the nanofilament-structured and stretchable
superamphiphobic (NFSS) surface after the preparation. a) Original cis-1,4-polyisoprene
substrate. Tensile strain: 0%. b) The NFSS surface prepared from the substrate shown in a).
White part in the middle shows the coating. Tensile strain: 0%. c¢) Scheme shows the length

difference before and after treatment. The yield strain of the NFSS surface is around 10.5 %.
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Figure S4. Characterization of the NFSS surface. a) SEM image shows the cross-section of the
NEFSS surface. Scale bar: 50 pum. b) SEM image shows the upper side of the NFSS surface. Scale
bar: 1 um. Inset shows the nanofilament structures. Scale bar: 500 nm. ¢) SEM image shows the
bottom of the nanofilament cluster close to the NFSS surface. Scale bar: 2 um. Inset shows the

binding layer composed of the dense nanofilaments and cross-linked PDMS. Scale bar: 1 um.
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Figure S5. Morphology of the NFSS surface. a) The SEM images of the NFSS surface. Scale bar:
100 pm. b, ¢) The SEM images show the morphology of the red area (the feet of the cluster)
marked in (a) at high magnification. Scale bar: 10 um, 1 um. d) The SEM image shows the
morphology of the green area (the gap far away from the cluster) marked in (a) at high

magnification. Scale bar: 2 pm.
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Figure S6. Dynamic contact angles of liquids on the stretchable surfaces when tensile strain & =
0%. Advancing and receding contact angle, and contact angle hysteresis (®aca, ®rca and A®) of
a) water and b) n-hexadecane were measured on four different stretchable surfaces. Tensile strain:
0 %. Surf. A: cis-1,4-polyisoprene substrate. Surf. B: cis-1,4-polyisoprene substrate with a
cross-linked PDMS layer. Surf. C: cis 1,4-polyisoprene substrate spray-coated with silicon

nanoparticles (diameter: 7 nm). Surf. D: the NFSS surface.
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Figure S7. Influence of relative humidity on the reproducibility of NFSS surface. a) The values
of the relative humidity in previous 10 experiments. b) The scheme to show the setup which is
used to control the humidity when preparing the nanofilament dispersion. c¢) The concentration of
the nanofilament dispersion when prepared in different humidity. The relative humidity was

controlled to be 20%, 30%, and 40%. d) TEM (transmission electron microscopy) images of
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nanofilament prepared in different humidity. e) The statistic value of the diameter of the silicone
nanofilament prepared in different relative humidity. f) ®aca., Orca and A® of water on the
NFSS surfaces (e = 200%) fabricated by nanofilament dispersions prepared at humidity of 20%,
30%, and 40%, in turn. g) Oaca., Orca and AB® of n-hexadecane on the NFSS surfaces (¢ = 200%)
fabricated by nanofilament dispersions prepared at humidity of 20%, 30%, and 40%, in turn. h)
The SEM image to show the morphology of the NFSS surfaces fabricated by nanofilament

dispersion prepared at different humidity.
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Figure S8. Optical images show the shapes of water and n-hexadecane drops during the
advancing and receding of three-phase contact line on the NFSS surface. Volume: 10 pL. Tensile

strain > 200 %.
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Figure S9. Advancing and receding contact angles (®aca and ®Orca) and roll-off angles (aroli-ofr)
of water and n-hexadecane on the stretched NFSS surface which is prepared without pre-
stretching of substrate. The tensile strains are 0%, 30% and 50%, in turn. Drop volume used in

roll-off angle measurement was 10 pL.
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Figure S10. The stretch-release test. a) Schematic to illustrate a stretch-release test of the NFSS
surface. Liquid drops were dropped intermittently during the test. b) Water and ¢) n-hexadecane

drops impact and rebound rapidly from the surface during the stretch-release test with strain

Figure S11. Sand abrasion test. a) The scheme showing the sand abrasion test. b) The
appearance of the NFSS surface during the sand abrasion test. ¢) Images show sliding of water
drop (volume: 30 uL) on the surface after 5 min sand abrasion test. Tilted angle: 45°. d) Images
show sliding of n-Hexadecane drop (volume: 20 uL) on the surface after 5 min sand abrasion test.
Tilted angle: 45°. €) ®aca., Orca and A® of water and n-hexadecane on the relaxed (¢ = 0%) and

stretched (e = 100%) NFSS surface before and after 5 min sand abrasion test.
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Figure S12. Sandpaper abrasion test. a, b) One cycle of the sandpaper abrasion test. ¢) ®aca.,
®rca and AO of water and n-hexadecane on the relaxed (¢ = 0%) and stretched (¢ = 100%) NFSS
surface before and after 10 cycles of sand abrasion test. d) The SEM image to show the
morphology of the NFSS surface before sandpaper abrasion test. Scale bar: 10 um. ¢) The SEM
image to show the morphology of the NFSS surface after 10 cycles of sandpaper abrasion test.

Scale bar: 10 pm
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Figure S13. Coalescence of a) two water drops (15 uL) and b) two n-hexadecane drops (10 pL)

on the NFSS surface. Scale bar: 5 mm.
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Figure S14. Schemes show the remote control of liquid drop coalescence by releasing the
stretched NFSS surface. a) Coalescence of water drops. Since the ultra-low adhesion of the
surface to water, hydrophilic polyvinyl alcohol (PVA) dots are introduced on the surface to
control the position of water drops. b) Coalescence of n-hexadecane drops. Each color represents

a certain drop with specific component.
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Figure S15. Synthesis of asymmetric hydrogels on the NFSS surface. a) One droplet (colorless,
15 uL) of alginate sodium aqueous solution and one droplet (yellow, 15 uL) of FeCls aqueous
solution merge and slide off the NFSS surface. White dot lines show the interface of two phases
after merging. Yellow phase of the drop first rolling off the surface illustrates that the reaction of
sodium alginate and FeClsz has happened. Scale bar: 5 mm. b) and c¢) Image series show the
merging process of alginate sodium and FeCls water aqueous droplets. The shape and size of the
hydrogel can be controlled by the relative volume of the two drops. In b), volumes of the alginate
sodium and FeCls droplets are 20 pLL and 30 pL, respectively. In c¢), volumes of the alginate

sodium and FeCls droplets are 30 uL and 20 pL, respectively. Scale bar: 5 mm.
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Figure S16. Advancing and receding contact angles (®aca and ®rca) and roll-off angles (ooll-ofr)
of n-hexadecane on the different coated substrates including cis-1,4-polyisoprene (PI),
polydimethylsiloxane (PDMS), polyester (PE) fabrics and nitrile rubber when they are relaxed.

All the substrates were spray-coated with NF by using our method. Drop volume used in roll-off

angle measurement was 10 pL.
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Supplemental Movies:

Movie S1. The resistance of the NFSS surface to the impacting of water and n-hexadecane drops.
Water (15 pL) and n-hexadecane (10 pL) drops releases from the syringe needle (diameter: 0.9
mm) and then slides on the NFSS surface during a stretch-release test. The release heights of

drops are more than 1.5 cm. Scale bar: 1 cm.

Movie S2. Remotely controlling the coalescence of two n-hexadecane (10 uL) drops by releasing

a stretched NFSS surface. Scale bar: 5 mm.

Movie S3. Remotely controlling the coalescence of two water (15 pL) drops by releasing a

stretched NFSS surface. Scale bar: 5 mm.

Movie S4. Programmable controlling coalescence of four water (15 uL) drops by releasing a

stretched NFSS surface. Scale bar: 5 mm.

Movie S5. Programmable controlling coalescence of four n-hexadecane (10 plL) drops by

releasing a stretched NFSS surface. Scale bar: 5 mm.
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INTRODUCTION

Superhydrophobic surfaces have been proposed as promising
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Abstract

Due to poor chemical robustness, superhydrophobic surfaces become susceptible to
failure, especially in a highly oxidative environment. To ensure the long-term efficacy
of these surfaces, a more stable and environmentally friendly coating is required to
replace the conventional aging-prone and unsustainable salinization layers. Here,
soot-templated surfaces with re-entrant nanostructures are precoated with
polydimethylsiloxane (PDMS) brushes. An additional nanometer-thick lubricant layer
of PDMS was then applied to increase chemical stability. The surface is
superhydrophobic with a nanoscale liquid coating. Since the lubricant layer is thin,
ridge formation is suppressed, which leads to low drop sliding friction and fast drop
shedding. By introducing a bottom “reservoir” of a free lubricant as an oil source for
self-replenishing to the upper layer, the superhydrophobic surface becomes more
stable and heals spontaneously in response to alkali erosion and O, plasma
exposure. This design also leads to a higher icing delay time and faster removal of
impacting cooled water drops than uncoated surfaces, preventing icing at low
temperatures.

designed. Rarely have strategies been reported to prevent the

formation of chemical defects'>*¢ by reactant oxidization®” of the

low-surface-tension silane coatings on these rough structures.*®-2°

materials for a variety of applications, including heat transfer,2

%7 and so

self—cleaning,3 fuel filters,* water harvesting,5 anti-icing,
forth. These surfaces mainly rely on hierarchical micro/nanostruc-
tures®1° and low-surface-tension chemistry.* %2 A general challenge
for these surfaces is the easily damaged surface structure and
chemistry under physical contact or oxidization.'®> Most recent
studies mainly focus on preventing physical damages??; for example,

a sacrificing coating layer'* and an “armor” surface frame® are

Generally, artificial superhydrophobic surfaces need to be

modified with organosilanes,11

such as fluorinated long-chain alkyl
silanes?! or methylated medium-chain alkyl silanes,?? to lower the
surface energy. These silanes limit the chemical stability of the
surfaces because of a hydrolysis reaction between the Si-O bond in
the silane and the OH" in the solution.>” Moreover, atoms present in
the side chain of the silanes can also be oxidized when exposed

to plasma discharging.?® This limits the use of these surfaces in
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spacecraft launch, water treatment, semiconductor manufacturing,
and energy generation in which strong oxidizing environments exist.
With respect to a low-temperature environment, the hydrophobic
segment in the organosilane combined with the nanoroughness will
provide more nucleation sites for the cooled water.?*?> This
will result in a high nucleation rate and a low delay icing time, which
will result in the impact drop being pinned on the cooled super-
hydrophobic surface.?>?” In addition, the widely used fluorinated
silanes pose a threat to the environment and bioaccumulate in
humans, animals, and plants. Therefore, fluorine-free alternatives are
urgently needed.?®

By combining superhydrophobicity and so-called liquid-infused
surfaces (LISs), we intend to make a step forward to overcome these
limits. A LIS is a rough or porous surface that is infused with oil, 2
providing protection against corrosion®® and enabling self-healing®!
or self-replenishing.%2 However, in contrast to superhydrophobic
surfaces, they still show high normal adhesion, which requires
significant effort to remove droplets and results in low drop velocity.
Additionally, the depletion of the oil layer limits their functionality to
a finite time or number of drops. Given the advantages of the liquid
layer in stabilizing surface chemical properties, it is promising to apply
a liquid layer as a coating for superhydrophobic surfaces. While some
previous work has attempted to combine a liquid layer with micro-
scale structures to create a lubricant-air interface,>33¢ the resulting
oil layer tends to have significant thickness (>1 um). Consequently, an
oil wedge is formed at the three-phase contact line, leading to a
decreased drop shedding velocity. It is still a challenge to fabricate a
superhydrophobic surface with high drop shedding velocities while
also being chemically stable, self-replenishing, and icephobic.®’

Here, we propose a general strategy for creating chemically robust
superhydrophobic surfaces by replacing the conventional solid coating
with a replenishable liquid film. To combine the advantage of a liquid
coating but prevent the formation of large oil menisci, a nanoscale
liquid coating is successfully fabricated. By incorporating a precoated
layer, a low-surface-tension liquid polydimethylsiloxane (PDMS) film
can be subsequently stabilized with the help of the chemically identical
interaction and the high roughness of the surface. The surface shows a
high drop shedding velocity similar to that on a nonoil-coated
superhydrophobic surface. Benefiting from the protection and
replenishment of the flowable liquid coating, the superhydrophobic
surface demonstrates outstanding stability, resisting alkaline corrosion
and oxygen aging. Such a design, which combines superhydrophobicity
and lubrication in one surface, significantly reduces lubricant depletion
from the surface. The liquid coating, resulting in a smooth liquid-air
interface, delays ice nucleation and accelerates liquid removal before

freezing, enhancing the surface's performance at low temperature.

RESULTS AND DISCUSSION

The SiO, candle-soot-templated surface’ was prepared as a model
surface with a nanoscopic re-entrant structure (Figure 1a). It is easy
to prepare without the need for complex equipment. A large area of
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similar coating can also be obtained by liquid flame spray using a
well-designed setup.®® The soot layer was typically Ho = 40 pm thick
(Supporting Information: Figure S1). Liquid PDMS preferentially wets

3940 rather than fluorinated

a smooth PDMS brush-modified surface,
surfaces; on a smooth surface, PDMS forms a static contact angle of
6° rather than =50° (Supporting Information: Figure S2). Thus, the
soot-templated surface was modified with PDMS chains first.** We
call it a “PDMS brush,” although the chains may be attached at
random points of the chain and there may be multiple links. The
nature of the bond is not clear. We assume that it is covalent because
the PDMS chains cannot be removed by exposing them to a good
solvent (Supporting Information: Section 1). We use the abbreviation
PDMS-SH (PDMS brush-modified superhydrophobic) surface to refer
to this surface. Since PDMS has a glass transition temperature
of around -125°C, the brush is in an almost liquid-like state.*?
Low concentrations of PDMS (viscosity: 100 cst; M,,: 6000 g/mol)
dissolved in toluene were spin-coated onto PDMS-SH surfaces
(4000 rpm, 60 s). The liquid PDMS was chemically identical*®“® to the
PDMS brush because of the same molecular weight and chemical
structure. After solvent evaporation, due to mixing entropy, oil
diffuses into the grafted PDMS and swells the brush (Figure 1a). This
kind of surface has a similar mechanical stability as that reported for a
superhydrophobic soot-templated surface (Supporting Information:
Figure $4).

After the preparation, we could observe a liquid nanofilm
surrounding the nanostructures from the force measurement by
atomic force microscopy (AFM) (Figure 1b,c). AFM is an effective tool
to detect the presence of oil on the nanoscale features because it can
locally probe capillary forces even on a rough surface** (Supporting
Information: Section 2). The “jump-in distance” illustrates the
thickness T of the fluid layer (Figure 1b). When the AFM tip
approached a PDMS-SH surface, the tip jumped from an average
distance of about 10 nm (Figure 1b, blue symbols). This value is the
same order of magnitude as the brush thickness. Similar jump-in
distances were observed on smooth PDMS-coated surfaces as
reported before*® On the liquid-coated PDMS brush-moditfied
superhydrophobic (L-PDMS-SH) (7.5%) surface, approaching force
curves showed a long jump-in distance (Figure 1b, red symbols)
before hard contact was established. The average thickness of the
nanoscale oil layer was around 20 nm, and it has a wide range from
10 to 100 nm. These large jump-in distances demonstrate that the
liquid swells the brush roughly by a factor of 2-3.

We used the quantitative imaging (QI) mode of the AFM, where a
force-distance curve is obtained in each pixel of an image and the
jump-in distance is extracted using a custom Python analysis script.
From the resulting map (Figure 1c), we can see the oil distribution
visually. For the PDMS-SH surface, the jump-in distance is lower than
10 nm over the whole surface, which illustrates a solid coating. For
the L-PDMS-SH (7.5%) surface, we can see that the re-entrant
structures are covered with a thin liquid layer. For a liquid-infused
fluorinated superhydrophobic (L-F-SH, 7.5%) surface, the oil infused
into the structure, but we could not detect continuous free PDMS on
top (Supporting Information: Figure S7). We conclude that the oil can
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Silicone oil

L-PDMS-SH Swollen brush

Liquid-coated polydimethylsiloxane brush-modified superhydrophobic (L-PDMS-SH) surface. (a) Schematic of the preparation

and structures of PDMS brush-modified superhydrophobic (PDMS-SH) and the L-PDMS-SH surface. (b) Approaching force curve measured on
PDMS-SH, L-PDMS-SH (7.5%) surfaces and histogram of the frequency count of jump-in distances on these surfaces. (c) Atomic force
microscopy topography (left) of PDMS-SH, L-PDMS-SH (7.5%) surfaces, and the corresponding maps (right) of the distribution of liquid coating
thickness. Scale bar: 500 nm. (d) Scanning electron microscopy images of a dry and a liquid-coated Cassie state. Scale bar top view (left): 10 um;
cross-section view (right): 5 um. The middle scheme illustrates the nanoscale liquid coating structure. The red dotted frame illustrates the
neglectable nanoscale deformation near the contact line. The red arrow in the cross-section view indicates the thickness of the bottom oil

reservoir.

only spontaneously cover the PDMS-coated surfaces because they
are chemically identical but not the fluorinated ones.

Our oil layer in the PDMS brush is much thinner than previously
reported liquid-coated surfaces.3**>4¢ Since its thickness is only
nanometers, it cannot be discerned in scanning electron microscopy
(SEM) images (Figures 1d and 2). The morphology of the upper
structure closely resembles that of the dry superhydrophobic surface.
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A =5-um-thick oil layer (bottom liquid “reservoir”) is visible only at the
lower portion of the surface in the cross-sectional view (Figure 1d).
By assimilating the findings from AFM force curves, it can be inferred
that a nanoscale oil layer envelops the nanosphere structures of the
soot-templated surface.

The lubricating PDMS also forms a bottom oil layer as a “pool”
underneath the nanostructures (Figure 2a). It can be used like a
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FIGURE 2 Wetting property transition. (a) lllustration of the oil structure in liquid-coated polydimethylsiloxane brush-modified
superhydrophobic (L-PDMS-SH) surfaces resulting from the different concentrations of oil infused (from left to right: 100%, 20%, 7.5%, and 0%).
Scanning electron microscopy (SEM) images show the cross-section morphologies of the surface with different bottom oil layer thicknesses;
scale bar: 10 um. Inset images show the static contact angles of water drops on the corresponding morphology. (b) Advancing and receding
contact angles (©aca and Orca) and roll-off angles (ao)-off) Of 10 pL of water on the L-PDMS-SH surfaces on infusing different concentrations of
silicone oil. Red part (m): Superhydrophobic state. Blue part (m): Slippery Wenzel state. Yellow part (- ): Slippery state. (c) SEM images of the top
views of the L-PDMS-SH surfaces after infusing different concentrations of liquid polydimethylsiloxane (PDMS). Scale bar: 0%-7.5%, 1 um; 10%

and 20%, 2 um; 60% and 100%, 10 um.

“gland” in animals for self-replenishing of the nanofilm on top when it
is depleted. In this way, liquid-coated self-replenishing surfaces,
denoted by L-PDMS-SH, are generated. We can adjust the thickness
of the bottom oil layer by choosing different concentrations of
PDMS-in-toluene solutions in spin-coating. On spin-coating 100%
silicone oil, the whole soot-templated layer was full of liquid, which
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can be considered as a LIS. On using the PDMS solutions, the
thickness of the bottom oil layer decreased below the maximum
height of the nanoscopic SiO, structures. During spin-coating, the
whole soot-templated SiO, structure is filled with solution. After
toluene evaporation, only silicone oil will leave, which results in a

thinner bottom bulk oil layer than that when coating the surface with
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pure oil. The wetting properties of L-PDMS-SH surfaces depend on
the thickness of the bottom oil (Figure 2a,b) and the static contact
angle is in agreement with the previous theoretical results (Support-
ing Information: Section 3). When the oil concentration was below
15%, the surface was superhydrophobic. The infusing oil viscosity did
not affect the apparent advancing and receding contact angles,
because the liquid layer is thin and their chemistry is almost
similar (Supporting Information: Figure 57).3°

When the oil concentration ranged from 20% to 60%, no Cassie
state was formed (Figure 2b) and it can be considered as a slippery
Wenzel state as reported before.*® When the surface was infused
with pure oil, a slippery surface with a smooth oil-air interface was
formed.

To visualize the interface of the L-PDMS-SH surfaces, which is
related to the wetting property,*” we infused the PDMS-SH surfaces
with a mixture of vinyl-terminated PDMS (M,, = 6000-8000 g/mol,
100 cst; Gelest) and polymethylhydrosiloxane (Sigma-Aldrich) at a ratio
of 9:1. Five microliters of 0.05wt% and Pt catalyst (platinum-1,3-
divinyl-1,1,3,3-tetramethyldisiloxane; Gelest) dissolved in toluene were
added. The mixture was diluted into 60, 20, 10, 7.5, 5, and 1 wt% in
toluene. The solutions were spin-coated immediately on the PDMS-SH
surface and annealed at 80°C for 2 h to cross-link the mixture. Then,
SEM images were taken in vacuum (Figure 2c). When the surface was
infused with pure oil (100%), it was hard to see the re-entrant
structure. Air gaps in the soot-templated structure start to appear after
the oil concentration decreased to 20%. When the oil concentration
decreased to 10%, some thick oil still remains outside the porous
structure. For this reason, we use L-PDMS-SH surfaces with a solution
concentration below 10% in the following tests. Once the infusing oil
concentration was below 10%, the topography of the L-PDMS-SH
surface was the same as that of the nonoil-infused surface.

To further characterize difference in the wetting property, we
carried out drop impact and drop sliding experiments. Four
microliters of Milli-Q water drops were ejected from a needle
controlled by a syringe pump at a height of 2 cm. The dimensionless
Weber number We is 10.9 (We = pUy?D/y, where p is the density,
Uop is the impacting velocity, D is the diameter of the drop, and y is the
liquid-air surface tension). Drop impact was recorded using a
Photron Fastcam Mini UX100 high-speed camera (5000 fps) with a
x2 lens. Impact water drops can rebound from superhydrophobic
PDMS-SH and L-PDMS-SH (7.5%) surfaces. However, the drop
impact dynamics differed (Figure 3a and Supporting Information:
Section 4). On PDMS-SH, the contact time =10 ms, while on the
L-PDMS-SH (7.5%) surface, we observed a contact time T=18ms
(Figure 3b). The restitution coefficient, e = Ur/Ugy (Where Uy is the
velocity at the moment of rebound), is higher for the PDMS-SH
surface (Supporting Information: Figure S10) and drops disperse
faster. The contact time of 10 ms for PDMS-SH agrees with the result
obtained from the inverse of the first resonance frequency of drops.
At the limit of low viscosity, the first resonance frequency is at an
oscillation period T = r1\/pR%/2y = \/m Here, R is the initial
radius of the drop, p is the density of the liquid, and V is the drop
volume.*®7%% Inserting y=0.072N/m leads to T=8ms. On the

66

D—/—)MM Wi LEY_m

L-PDMS-SH surface, oil is transferred to the drop surface, reducing
its surface energy. However, even if we take y=0.058 N/m, the
calculated contact time is only t=9ms. Thus, more energy is
dissipated on L-PDMS-SH than on PDMS-SH surfaces during the
impact process. We suggest that the spreading of the oil layer on the
drop's surface and the resulting Marangoni flow lead to this energy
dissipation, resulting in a longer contact time.>!

Water drops slide differently on L-PDMS-SH surfaces in three
wetting states (Figure 3c,d). On PDMS-SH and L-PDMS-SH (5%)
surfaces, water drops rolled over the surface at a low tilt angle (<5°)
with high contact angles. For a 33 pL drop sliding over the L-PDMS-
SH (5%) surface (titling angle: 40°) for a distance of 4cm, the
maximum velocity was =0.8m/s (Figure 3d). This velocity is
comparable to that observed on a dry superhydrophobic surface
(Supporting Information: Figure S12). Thus, drop friction on our
nanoscopic liquid-infused surfaces is almost similar to dry super-
hydrophobic surfaces. At 20%, the advancing angle remained high
and the receding contact angle decreased to around 90° (Figure 2b),
resulting in a high sliding angle (Figure 3c). The maximum velocity
after sliding 4 cm was 0.6 m/s, which is lower than that on a PDMS-
SH surface. For the fully slippery state achieved by infusing pure
PDMS, the sliding process was consistent with previous observations
on LIS, showing a low sliding angle but low drop velocity.
Furthermore, the increase in drop velocity with drop number
(Figure 3d, right) indicates oil depletion typical for LIS. The main
factor influencing drop movement and friction is the liquid layer
thickness. For a micrometer-thick oil layer, a continuous meniscus
wedge is formed, resulting in high dissipation caused by dragging this
wedge over the surface (Supporting Information: Figure S13). For the
nanoscale liquid layer, the formation of such a liquid wedge is
suppressed, which results in less dissipation (Figure 1d). The friction
force caused by dragging a liquid wedge across the surface is
absent.>?>3 Lower friction forces lead to a higher sliding velocity. The
drop velocity on different surfaces can be theoretically determined
by the energy dissipation based on previous models (Supporting
Information: Section 4).>*

For the silane-modified superhydrophobic surface, OH™ or H*
ions in the contact liquid cause hydrolysis of the Si-O bond
(Figure 4a). Using oxygen plasma, atoms in the side chain can be
oxidized. In our design, we added a flowable oil layer above the
PDMS brush. It can act as a sacrificial layer to protect the swollen
brush and improve the surface's chemical stability. This continuous oil
layer can also be replenished by the deposited bottom oil, leading to
long-term chemical stability.

To analyze the chemical stability of the surfaces, we measured
the dynamic contact angles of an aqueous drop with different pH
values on F-SH, PDMS-SH, and L-PDMS-SH (7.5%) surfaces first.
The drops with different pH values were prepared by diluting 0.1 M
H,SO,4 aqueous (pH=1) and 0.1M KOH (pH=14) to a certain
concentration. They all showed receding contact angles above 150°
and low roll-off angles (Supporting Information: Figure S14). How-
ever, in real applications, the surface needs to be stable for a long
time. We conducted experiments in which we applied alkali KOH
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FIGURE 3 Drop dynamics. (a) Four microliters of drop impact on PDMS-SH and liquid-coated PDMS brush-modified superhydrophobic

(L-PDMS-SH) (7.5%) surfaces (We = 10.9) and (b) time dependence of the scaled contact radius D(t)/Dax. (c) Three wetting states are indicated
by the corresponding schematics and video sequences of 10 pL water drop sliding over L-PDMS-SH surfaces with infusing oil concentrations of
5%, 20%, and 100% (images were recorded at intervals of 0.2 s). (d) Drop velocity versus position on L-PDMS-SH in these three wetting states.
The results were measured on a 40° tilted platform with 33 pL water drops. PDMS-SH, polydimethylsiloxane brush-modified superhydrophobic.

drops (pH = 14) to the surface and allowed them to slide for different
time periods at a constant velocity (drop size: 45 pL; Ismatec® Reglo
digital miniflex pump; pump speed: 10 uL/s). Then, the contact angle
of water was measured in the drop sliding path. F-SH and PDMS-SH
surfaces lost their superhydrophobicity after =100 min (Figure 4b).
For L-PDMS-SH (7.5%) surfaces, the surface failed after 800 min
treatment, and was thus almost a factor 7 longer. This observation
indicates that the oil coating and self-replenishment from the bottom
layer prevent the alkali drop from contacting the solid part directly
and prolongs the lifetime. This interpretation is supported by the
observation that once the L-PDMS-SH fails, AFM experiments no
longer showed a liquid layer on the surface (Supporting Information:
Figure S15).

The chemical stability of the surface after acid (pH = 1) drop sliding
was tested in the same way. Acid degradation for Si-O bonds has been
reported to be much lower than that of alkali.” Thus, the contact angle
hysteresis on F-SH and L-PDMS-SH (7.5%) surfaces was still below 10°
after 1000 min (Figure 4c) and the nanoscale oil layer on L-PDMS-SH
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could be detected after 1000 min of acid treatment (Supporting
Information: Figure S16). In contrast, contact angle hysteresis slightly
increases on the PDMS-SH surface after 1000 min. That is because
some PDMS chains on top were slowly degraded by the acid.
Comparing these results, we know that the enhanced stability is
because of the sacrificial nanoscale oil layer. The OH™ ions in the drop
will react with the Si-O bond in the liquid part first. Then, because of
the high degradation rate of alkali, the replenishment will meet its
limitation and the nanoscale oil layer will be used out. The protected
silane can be degraded as the other two surfaces after that, but this
process extends the failure time considerably.

Plasma is known to activate the surface and change the
interfacial chemical composition.’> >” We compared the wettability
of L-PDMS-SH (7.5%), PDMS-SH, and F-SH surfaces after oxygen
plasma treatment (power: 20 W; time: 30 s; Diener electronic GmbH).
The results show that for F-SH, one cycle of plasma treatment was
sufficient to make the surface superhydrophilic. It remained super-
hydrophilic for at least 24 h (Figure 4d). For L-PDMS-SH (7.5%), the
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FIGURE 4 Enhanced chemical stability. (a) The diagram shows the possible mechanism of how the liquid coating protects the bonded
organosilane from degradation in strong oxidation to enhance chemical stability. (b and c) Changes in advancing and receding contact angles
(©aca and Ogca) and hysteresis (AG) of 10 uL of water on the surfaces (b) after alkali drops and (c) after acid drops slide off fluorinated
superhydrophobic surface (F-SH), polydimethylsiloxane brush-modified superhydrophobic (PDMS-SH), and liquid-coated PDMS brush-modified
superhydrophobic (L-PDMS-SH) (7.5%) surfaces for different time periods (titling angle = 50°, 15 drops/min). (d) Change in the receding contact
angle of 10 pL of water on F-SH, PDMS-SH, and L-PDMS-SH (7.5%) surfaces after O, plasma treatment (power: 20 W; time: 30 ). The black
arrows inside represent plasma treatment carried out once.

receding contact angle decreased to zero after one plasma treatment. attribute this recovery to a self-replenishing process of the oil from

The AFM experiments demonstrated that the nanoscale oil layer still the bottom. Oil from the bottom layer diffuses upward following the
existed after plasma treatment (Supporting Information: Figure S17). gradient in surface energy created by the plasma. These PDMS chains
However, on placing the surface at room temperature (25-30°C) for may also react with the SiO, surface, or they may be cross-linked

3h, it recovered. Water drops formed a Cassie state again. We during this process. Experimentally, we observed that after seven
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cycles of plasma treatment, the surface no longer recovers to the
superhydrophobic state even after 24 h.

We also characterized the wettability change of PDMS-SH after
plasma treatment. The surface became superhydrophilic after one
cycle of plasma treatment. After being placed at room temperature
for 21 h, the water receding contact angle increased to more than 90°
within 21 h, but the surface remained in the Wenzel state. Comparing
this observation to the result on the L-PDMS-SH (7.5%) surface, we
conclude that the recovery to the Cassie state after plasma treatment
is caused by the flow and exchange of the bottom oil layer and the
top oil nanofilm.

The chemical stability of the superhydrophobic L-PDMS-SH
surface relies on the existence of the liquid coating and the
replenishment by free PDMS from the bottom. For this reason, we
further analyze the oil depletion. For the drop dynamics characteri-
zation, we can easily see the lubricate depletion by that if there is an
obvious velocity change with the drop number increasing when the
lubrication is high. However, for the designed liquid-coated super-
hydrophobic surface, the velocity change seems to be negligible.
Silicone oil has a low surface tension y=21mN/m. When a water

drop is placed on a silicone oil-infused surface, the oil spreads over

(@)

Drops (45 uL)

Syringe

Testing surface

Water collection

the water surface and covers it.>2 As a result, a water drop sliding off
this designed slippery superhydrophobic surface will also take some
oil with it. Therefore, we need more sensitive methods to check this
oil depletion. To test how fast oil is removed per drop, we measured
the surface tension of the water collected after sliding over a liquid-
coated superhydrophobic surface. In addition, we applied proton
nuclear magnetic resonance (*H NMR) to determine the amount of
depleted oil in the collected water (Figure 5a).

The controlled sample for the oil depletion comparison that we
use is a slippery smooth liquid-infused PDMS brush surface. This
ensures continuous mobility of the oil layer throughout the
experimental measurements. In the case of LIS where the depletion
of oil volume becomes substantial after multiple drops slide on the
surface, the presence of surface roughness introduces complexity in
the oil depletion process. To measure the surface tension of water
drops sliding over the L-PDMS-SH (7.5%) surface, 45 uL water drops
were deposited at the top of inclined samples (titling angle: 50°) by a
pump at a speed of 10 pL/s. The drops slid off the surface and were
then collected in a beaker. After different numbers of drops slid over
the surfaces, the beaker was placed in a Wilhelmy plate instrument
(PT 11 mode of Dataphysics DCAT 25, Wilhelmy plate length:

%
' Force
— Wilhelmy plateform
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. B o
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FIGURE 5 OQil depletion. (a) Schematic showing two methods to test the stability of a liquid nanofilm coating on the surface. (b) Interfacial
surface tension changes of the collected water after drops slide off different surfaces. (c) Proton nuclear magnetic resonance (NMR) result
showing the relative amount of depleted oil after 500 cycles of sliding of drops off the surfaces. L-PDMS-SH, liquid-coated polydimethylsiloxane
brush-modified superhydrophobic; PDMS, polydimethylsiloxane; PDMS-SH, PDMS brush-modified superhydrophobic.
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10 mm; width: 19.9 mm; thickness: 0.2 mm) and the surface tension
was measured. The oil film will collect on top of the water and
decrease the overall surface tension. To measure the interfacial
tension of silicone-water plus silicone-air, we added 2 uL of silicon oil
in a beaker filled with water. The interfacial tension for the interface
in saturation was 58 mN/m (Figure 5b, black dashed line).

When the drop slid off the slippery smooth liquid-infused
surface, the surface tension of the collecting water decreased to
62 mN/m even after one drop (Figure 5b). After collecting 50 drops,
the surface tension of the water was close to the saturated surface
tension. For the L-PDMS-SH (7.5%) surface, the surface tension
of the collected water decreased more slowly. After 10 drops slid off
the surface, the surface tension only changed from 72 to 69 mN/m.
After 500 drops slid off the surface, it reached the saturated surface
tension. This result illustrates that the oil depletion volume per sliding
drop is lowered on the L-PDMS-SH (7.5%) surface compared to that
on a smooth oil-infused surface.

We use *H NMR measurement to compare the total amount of
depleted oil on these two surfaces. Five hundred water drops slid off
the surface and were collected. The collected water was evaporated
at 60°C under vacuum for 24 h. The remaining oil was then dissolved
in deuterated dichloromethane (CD,Cl,) for the *H NMR measure-
ment. As a control, we dissolved 2 uL of silicone oil in CD,Cl,. The
chemical shift of silicon oil was found to be around 0.1 ppm (*H NMR)
as reported before.>® The spectra show that the relative peak integral
of depleted oil from L-PDMS-SH (7.5%) (Figure 5c, inset) to that from
the smooth tethered liquid surface was 1:22. The collected water
drops that slid over the smooth oil-infused PDMS brush surface had a
substantially higher amount of oil. During these experiments on the
L-PDMS-SH (7.5%) surface, the thickness of oil changed substantially,
after 500 drops slid over the surface (Supporting Information:
Figure S18). This is because of the replenishing from the bottom oil
“reservoir.” This kind of surface shows a longer lifetime when we
it to include 10,000 drops
Figure S19). These two results show that the lubricant is depleted

extend (Supporting Information:
more easily from the smooth surfaces than that from L-PDMS-SH
(7.5%) surfaces. We suggest that this is because of the reduced

? which is stabilized

contact area and sufficiently thin oil layer,’
because it is chemically identical to the brush*® and due to the
considerable roughness of the surface.°

To determine how oil depletion affects the bottom oil “reservoir” at
the same time, we studied the electric charging of sliding drops
(Supporting Information: Section 5). Water drops spontaneously acquire
a charge when they slide on hydrophobic, insulating surfaces.®*~% The
drop charge on the LIS was found to be affected by the bulk oil layer
thickness.®* We can determine if oil depletion will affect the thickness
of the bottom oil layer on L-PDMS-SH surfaces by varying the charge of
sliding drops (Supporting Information: Figure 20a). The increasing drop
charge, when the number of drops is low, indicates that the bulk oil layer
thickness decreases due to depletion on a slippery L-PDMS-SH (100%).
However, this phenomenon cannot be observed when the infusing oil
concentration is low, indicating that there is no loss (see Supporting
Information: Figure 20b-d).
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To test the icing delay time (the time interval between the
surface cooling to a certain temperature and ice formation) on the
surfaces, we placed 10 uL water drops on a cooling platform
THMSG600 (Linkam Scientific Instruments) inside a closed, insulated
chamber (Supporting Information: Figure $23). The humidity inside
was controlled by mixing certain volumes of dry and wet nitrogen
gas. The surface temperature was calibrated versus the temperature
in the chamber (Supporting Information: Figure S24). The cooling
platform could be cooled down to -20°C and heated up to 20°C at a
rate of 0.5°C/s.

Figure 6a shows the freezing and melting process of one water
drop on the L-PDMS-SH (7.5%) surface. When the characteristic tip
of the spherical ice was observed, the drop was fully frozen.®® The
surface could remain superhydrophobic after this process. After
10 freezing/melting cycles, we measured the friction force required
to move a 10 uL water drop on the surface using a drop adhesion
force instrument.®®%” The result (Supporting Information: Section 6)
shows that compared to that on PDMS-SH surface, the maximum
force for a water drop on L-PDMS-SH (7.5%) to start moving did not
change a lot after the 10 cycles of test. This means that the mobile oil
layer can prevent defect formation due to the drop during the
melting process. We have also measured the apparent contact area
change of sessile water drops on cooling and heating the surface
(Figure 6b). On flat fluorinated glass (F-glass), the contact area
remained constant during freezing and melting. On superhydrophobic
PDMS-SH and F-SH (fluorinated candle-soot-templated surface), the
contact area increased during the freezing process, but it did not
decrease after melting. The contact line was pinned. This observation
indicates that some defects were generated by an ice/water mixture
during the melting. Only for L-PDMS-SH (7.5%) did the contact area
increase slightly before the freezing process. After melting, the drop
contact area decreased to its original area. The results showed that
the mobile contact line3%8 of the oil-infused PDMS brush can help
to protect superhydrophobicity at low temperatures. Due to this
mobility of the contact line, the surface can maintain its performance
after more freeze/thaw cycles compared to previously reported work
(Supporting Information: Figure S26).

On the L-PDMS-SH (7.5%) surface, freezing was delayed. We
measured the delay time on four kinds of surfaces at a surface
temperature of -15°C and a humidity of 20%. The tethered liquid
nanofilm helps reduce the nucleation sites for the low-temperature
water, so that the delay icing time on L-PDMS-SH (7.5%) surfaces
was observed to be the longest before freezing (Figure 6c). The long
delay in ice formation indicates a low ice nucleation rate.

In many applications, preventing icing from impacting cooled
drops is important. We checked the drop impact process by placing
these three surfaces on a Peltier with a surface temperature of
-15°C. The high-speed camera, the Peltier, and the syringe were all
stored in a refrigerator at 0°C and 20% humidity. A 0°C water drop
was released from a syringe at a height of 0.5cm. The PDMS-SH
surface had a low icing delay time and many crystal sites so that the
low-velocity cooled water drop did not rebound from the surface
(Figure 6d). On the L-PDMS-SH (7.5%) surface, water drops easily
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Improved icephobicity. (a) Image series showing the freezing and melting process of a 10 pL sessile water drop on the liquid-

coated polydimethylsiloxane brush-modified superhydrophobic (L-PDMS-SH) (7.5%) surface. Scale bar: 2 mm. Surface temperature: -15°C;
humidity: 20%. (b) Contact area changes of a sessile water drop on four kinds of surfaces during the freezing and melting process. Yellow part
(+): Cooling process. Blue part (m): Freezing process. Red part (m): Melting process. (c) Delay icing time of a sessile a 10 pL water drop at -15°C
on four different surfaces: L-PDMS-SH (7.5%), PDMS brush-modified superhydrophobic (PDMS-SH), fluorinated superhydrophobic surface
(F-SH), and F-glass. (d) Drop impact on L-PDMS-SH (100%), PDMS-SH, and L-PDMS-SH (7.5%) surfaces in 89 ms, We = 2.15. Surface titling

angle: 5°. Scale bar: 4 mm.

detach from this slightly tilting surface (titling angle: 5°) in a short
time. For the surface in a slippery state, water drops will slide for a
short distance at the beginning because of the initial energy. Water
drops need quite a long time to slide over the surface (200 times
longer than that on the superhydrophobic surface)®’ and it will be

frozen on the surface in the end.

CONCLUSION

By coating the brush-modified nanostructure with liquid PDMS, we
were able to create nanoscopic liquid-coated surfaces on which
water drops form a Cassie state. The liquid nanofilm on top could be
replenished from a micrometer-thick bottom oil layer hidden inside
the nanostructure. The thickness and distribution of the oil-infused
brush were obtained from AFM force measurements. The shedding
velocity of liquid-coated surfaces was comparable to those observed
on dry superhydrophobic surfaces This liquid-coated superhydro-
phobic surface shows enhanced chemical stability based on the liquid
nanofilm acting as a sacrificial and replenishable layer. After chemical
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etching with an oxygen plasma, the surface recovered to the Cassie
state due to the flow and exchange between the two-level oil layers.
Qil depletion is quite low on the L-PDMS-SH (7.5%) surface
compared to that on a slippery liquid-infused smooth or porous
surface. The infused oil reduces the nucleation of cooled water drops
and they have the highest icing delay time on the low-temperature
liquid-coated superhydrophobic surface. Water drops can easily
detach from this cooled surface. This new coating strategy helps us to
fabricate robust superhydrophobic surfaces with high chemical
stability, maintaining their superliquid repellency at low tempera-
tures. This will be beneficial for the manufacture of long-term, self-

cleaning, and corrosion-resistant devices used at low temperatures.

MATERIALS AND METHODS

Soot-templated surfaces were fabricated as described before®: glass
slides (4x2cm? Epredia) were held 3cm above the flame of a
paraffin candle and moved back and forth for 30s until they were
coated with a black soot layer. The soot-coated glass substrates were
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placed in a desiccator together with two open glass vessels
containing 4 mL of tetraethoxysilane (TEOS, 98%; Sigma-Aldrich)
and aqueous ammonia solution (25%; VWR Chemicals). The desicca-
tor was closed and chemical vapor deposition of TEOS was carried
out for 48 h. Then, the surfaces were annealed at 550°C for 2 h in air
to remove the carbon cores. After treatment with oxygen plasma
(5 min, 200 W, Femto low-pressure plasma system; Diener electronic
GmbH) to increase reactivity, the slides were placed in 100 mL of
silicon oil (100 cst, 6000 g/mol; Acros Organics) at 150°C for 24 h.
Finally, they were immersed in a toluene environment for more than
10 min, and this process was repeated for three times to fully remove
unbound PDMS. We call this PDMS layer “brush” here as in previous
reports, although it is not clear if the bond to the substrate is really at
the end of the chain and if the polymer chain conformation is highly
stretched or not.

Silicon oil (100cst, 6000 g/mol) was dissolved in toluene at
concentrations of 100, 80, 60, 40, 20, 15, 10, 7.5, 5, 1, 0.1, 0.01, and
0 wt%. Then, 0.5 mL of these oil solutions was spin-coated (4000 rpm,
60 s) on the PDMS-SH surfaces. To evaporate the solvent, the surfaces
were placed on a horizontal plate at 60°C for 1 h.

For comparison, we also prepared fluorinated surfaces. The
candle-soot-templated surface was treated with oxygen plasma
(5 min, 200 W) to increase reactivity. Then, the surface was placed
in a vacuum desiccator containing a dish with 50 uL of 1H,1H,2H,2H-
perfluorooctadecyltrichlorosilane (97%; Sigma-Aldrich). The desicca-
tor was evacuated to 80-100 mbar. The reaction was allowed to
proceed for 2 h. Finally, the surfaces were rinsed with ethanol to
remove unbound silanes.

Silicon oil (100 cst) was dissolved in hexane in a weight ratio of
7.5 wt%. Hexane was used as a solvent because in penetrating the
soot layer, toluene solutions were repelled. Then, 0.5 mL of this oil
solution was spin-coated (4000 rpm, 60 s) on the fluorinated candle-
soot-templated surface. The surface was placed on a horizontal plate
at 60°C for 1 h to obtain the LIS.

Smooth lubricated PDMS brush surfaces were prepared as
reported before.***170 The glass slides were cleaned successively in
hexane and alcohol with sonication for 3 min. Then, the glass slides
were treated with oxygen plasma (5 min, 200 W). They were immersed
in 100 mL of silicone oil (100 cst) at 150°C for 24 h. Then, the surfaces
were rinsed with toluene three times. After that, silicon oil (100 cst)
was spin-coated on the surfaces in 4000 rpm for 60 s. The oil-infused
surfaces were then gently rinsed with ethanol (299.8%; Honeywell)
and Milli-Q water successively to remove nontethered oil.

To characterize the fluorinated surface, we also prepared
samples on smooth glass slides. The glass slides were cleaned
successively in hexane and alcohol with sonication for 3 min. Then,
they were fluorinated as the F-SH surfaces.

The morphology of the surface was characterized by SEM (Zeiss
LEO 1530 Gemini) at gun voltages of 1.5-3 kV using both the in-lens
(for top view) and the SE2 detector (for cross-section view). To avoid
charging, samples were sputtered with 7 nm Pt before measurement
using a BalTec MED 020 modular high-vacuum coating system (argon
pressure of 2 x 107> bar, current of 30 mA).
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Advancing and receding contact angles as well as the roll-off
angles of water on the surface were measured using an OCA 35
goniometer (DataPhysics Instruments). Side view videos of sessile
drops were recorded on changing the volume of a sessile water drop
gradually (0.5 uL/s) between 10 and 20 pL using a Hamilton syringe.
Advancing and receding contact angles were determined by fitting an
ellipse model to the contour images. Each data point is the average of
at least three individual measurements on different areas of the
surface.

The oil detection experiment was performed with cantilevers
with a nominal resonance frequency of f=70kHz and a nominal
spring constant of k=2N/m (Brucker OLTESPA). Spring constants
were also measured using the thermal tune method. Samples were
imaged using the JPK NanoWizard 4 AFM. The so-called QI mode
was used to obtain force-distance curves at every point of the
128 x 128 pixel size scanning area (3 x 3 um? at a set point of 5nN, a
z length of 1um, and a time per pixel of 20ms). To image the
presence of oil on the samples, we looked at the instantaneous jump
in the cantilever deflection signal on the approach cycle of the
force-distance curves due to surface tension forces. The piezo
position value at this point of the cantilever jump was subtracted
from its position at the end of the approach cycle to obtain the
“jump-in distance.” High values of jump-in distance indicate the
presence of liquid on the sample surface. The jump-in distance was
calculated for each force curve of the scan area automatically using a
custom Python script (https://github.com/PranavSudersan/afm_
surface_tension/blob/main/AFM_Liquid_Analyzer.ipynb).

1H NMR measurement was used to determine the volume of
depleted oil in the collected water. A 50 mL storage bottle was
cleaned with Milli-Q water, ethanol, and acetone successively. After
that, the bottle was heated at 60°C under vacuum to remove the
residuals. The water drops sliding over the surface were collected in
the bottle. The collected water was evaporated at 60°C for more
than 24 h to obtain the depleted oil. The oil was then dissolved in
CD,Cl, (Deutero GmbH). The *H-NMR spectra were recorded on an
AVANCE IIl Bruker NMR spectrometer (500 MHz) at 298 K with 16
scans and a relaxation delay of 12s. The spectra were calibrated at
5.36 ppm with the remaining proton signal CHDCI, signal of the
deuterated solvent.

Drop velocity was measured by a tilted platform as reported
before’? by sliding 33 uL drops of distilled water (Thermo Fisher
Scientific) over the surfaces. Drops were deposited at the top of a
tilted sample by a grounded syringe needle (1.5 mm outer diameter),
which was connected to a peristaltic pump (10 uL/s, MINIPULS 3;
Gilson). The drops fell from a height of =5 mm, which is similar to the
drop size to avoid drop rebounding. Drops were neutralized by a
grounded copper wire before they landed on the surface. We imaged
the drop with a frame rate of 1000 or 2000 per second on the
side over a length of typically 4.5cm with a high-speed camera
(FASTCAM Mini UX100 [Photron] with a TitanTL telecentric lens,
x0.268, 1in., C-mount [Edmund Optics]). The videos were analyzed
by an open drop-shape analysis from MATLAB. The dynamic contact
angles were determined by applying a polynomial fit to every frame
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of the images. Finally, we determined the drop velocity U by video

analysis. All the measurements were performed at a temperature of
20 £ 1°C and humidity of 20%-40%.
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Supplementary Figure S1. a Cross-section and b top view of candle-soot templated
SiO2 surface before PDMS modification. ¢ Cross-section and d top view of candle-soot
template SiO2 surface after PDMS modification (PDMS-SH surface).

a b

Supplementary Figure S2. a, b Static contact angle of a water and b 100 cSt silicone oil
on a smooth PDMS brush-modified Si wafer. c, d Static contact angle of ¢ water and d

100 cSt silicone oil on smooth fluorinated Si wafer.
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Supplementary Section 1. Characterization of the covalently
bonded PDMS brush

It is thought to be covalent, because one cannot remove the PDMS layer by e.g. exposing
it to a good solvent. In our preparation, we immerse the PDMS modified soot-template
surface in toluene for more than 10 minutes and repeat this process 3 times.

From the jumping-in distance in the AFM approaching force curve, we can know the
jumping distance measured on the PDMS coated surface is much higher than that
measured on a pure soot-template surface (Figure S3a and b). The retracting force curve
also shows an obvious soft retracting process compared to the pure soot-template
structure (Figure S3c). From these results, we can conclude the PDMS coated soot-
template surface has higher softness than that of a pure soot-template surface which

illustrates a soft brush morphology of the coated layer.

a s b
£ 2¢ —cs
g of e PDMS-SH
w1t ) ,-' ‘\\
0 5 10 15 R R e e
Vertical tip position (nm) ‘\‘
C CS
E 6 \
%g = 0 10 20 30 40 50 60 70 80 90100
207 0 20 40 60 80 100 Jumping-in distance (nm)

Vertlcal tip position (nm)

Supplementary Figure S3. (a) AFM approaching force curve measured on PDMS brush
modified soot templated surface (PDMS-SH) surface and pure candle-soot-template (CS)
surface. (b) The histogram of the frequency count of jump-in distances on PDMS-SH and

CS surfaces (c) AFM retracting force curve measured on PDMS-SH and CS surfaces
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Supplementary Figure S4. Mechanical resistance quantified by sand abrasion. (a) The
scheme showing the sand abrasion test. (b) (c) The appearance of the (b) F-SH and (c)
PDMS-SH during the sand abrasion test, scale bar: 1 cm. d) Advancing and receding
contact angles, and contact angle hysteresis A® of water on these two surfaces before

and after 5 min sand abrasion test.

Supplementary Section 2. AFM force measurement

In an AFM force experiment, the tip is constantly moved up and down. During the lower
part of this cycle, it contacts the topmost nanoscopic structures of the L-PDMS-SH
surface. When the tip contacts the top of the oil-infused PDMS brush, a meniscus is
formed between the tip and liquid, which leads to an attractive capillary force
(Supplementary Fig. S5). This force remains attractive while the tip further penetrates the
liquid layer. When it has fully penetrated the liquid and contacts the solid SiO», the tip
starts to deflect in the opposite direction, reflected by a sharp increase in force. The “jump-
in distance” is measured by calculating the difference between the piezo position value
at this point of the cantilever jump and at the end of the approach cycle. It can illustrate

the thickness T of the fluid layer.
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Supplementary Figure S5. The scheme to show the method to measure the force
between the cantilever tip and the oil on top of the surface by atomic force microscopy
(AFM).

150 nm

L-E-SH (7.5 %) L-F-SH (7.5 %) 0 nm

Supplementary Figure S6. The AFM topography of the L-F-SH (7.5%) surface and the
map illustrates the two-dimension distribution of the jump-in distance of the approaching

force curve in the corresponding area. Scale bar: 500 nm.
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Supplementary Figure S7. Advancing and receding contact angles, and contact angle
hysteresis A© of water on L-PDMS-SH surfaces with infusing 7.5 % oil/toluene mixtures.

The oil viscosities in these mixtures are 5 cst, 10 cst, 100 cst and 1000 cst, respectively.

Supplementary Section 3. Prediction of the static contact
angle

A reminiscent of the Cassie—Baxter equation cos8* = f; cos 8, — (1 — f;) to evaluate the
apparent equilibrium contact angle 6*. Here, fiis the solid surface area fraction (which is
covered by oil) and g is the contact angle of water on a flat oil infused surface. We neglect
the deformation of the oil-infused PDMS brush. The whole soot structure is covered by
an oil infused PDMS layer. For this reason, we can assume that the fraction fiis equal to
the solid fraction fs, estimated from AFM images (Supplementary Figure S8). The average
solid fraction measured by a binary process of the AFM morphology image is around 0.24
and 6/is around 106°. The calculated contact angle 6* is ~165°. It agrees with the contact
angle measurement for the drops on the surface in a superhydrophobic state.

However, if the bottom oil layer is too thick (Figure 2a when silicone oil concentration is
above 60%), the air gap between the structure disappears. The drop on the surface will
not be in a Cassie—Baxter state. In this state the contact angle hysteresis is so large, that

an estimation of the equilibrium contact angle does not make sense. A measured static
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contact angle is somewhere between the receding and advancing contact angle,
depending on how a drop is placed.

For slippery state drop (100 % sample), the static contact angle on them will be similar to
a water drop on a silicone oil surface which is 100°. This value agrees with one calculated

with the modified Young’s equation (McHale et al., Langmuir 2019, 35, 11, 4197—-4204)

cos © = Y2 of § = 101°. Here, y, = 21 mN/m is the surface tension of the silicon oil,

Yw

Ywo = 35 mMN/m is the interfacial tension of silicon oil-water, and y, = 72 mN/m is the

surface tension of water.

1.178 um

Slow Axis (jm)

10
Fast Axis (um)

Supplementary Figure S8. (a) AFM morphology image of the candle-soot template
surface in a 20 ym x 20 um area. (b) An 8-bit image to show the solid fraction at the

interface by a binary process to the image by ImageJ.

Supplementary Section 4. Drop dynamics

Tracking the drop mass center position

An algorithm in MATLAB software was developed to track the drop mass center position
during the impact at each frame of the high-speed videos. The algorithm considers that

the drop mass center coincides with the centroid of the drop. The tracking process serves

additionally to know the velocity of the moving drop at each frame.
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Supplementary Figure S9. Position of the center of mass of a drop rebounding from a
PDMS-SH (Left) and b L-PDMS-SH (Right).

Restitution coefficient
The restitution coefficients for PDMS-SH and L-PDMS-SH were calculated by e = Ui /U,,

where Uy, is the rebounding velocity, immediately after impact, and U, is the impact speed.

0.7
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Supplementary Figure S10. Restitution coefficient versus the drop number when water
drop impact on PDMS-SH and L-PDMS-SH surfaces.
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Evaluation of the drop velocity

For superhydrophobic surface, the velocity can be predicted as Pontus reported due to
the acceleration a that a = gsina — bg,gBo~1/?, a is the surface titling angle, g is the
gravitational acceleration, by, is the friction coefficient and Bo is the Bond number.

Inspired by this, we can add one more idea when drops sliding off the L-PDMS-SH

surfaces (Figure 2a). The equation of motion is in general: %U = mgsina — BU. Here, U

is the drop velocity, k is a factor which takes the inertia of the drop into account. It is 5/7

for a perfectly rolling sphere and 1 for perfectly sliding drop without rolling component.

This equation is solved by U =Uy(1—e™t/7) = U = %e‘t/f , (Uo: final steady state

m

mg sina Uy _
g and e /T =

B

velocity). %%e‘t/f =mgsina — U(1—e7t7) = U, =
BUse /" =17 = % The initial acceleration is U (t = 0) = kg sina. For drops at 40° ilt,

the expected initial acceleration is 5 m/s? for rolling sphere and 6.3 m/s? for perfectly

sliding drop.
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Supplementary Figure S11. The initial acceleration of 33 pyL water drops moving at 40°

tilting angle on four different surfaces.
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The measured initial acceleration of moving water drops on PDMS-SH and PDMS-SH
(5%) surfaces was ~5 m/s? (Supplementray Figure S11), highly agrees with the
calculation. If the drop is in a slippery Wenzel state, the drop will contact the bottom oil

layer. It will result in more friction. Therefore, the initial acceleration is smaller.

For a smooth slippery state drop (Figure 2a, yellow area), the magnitude of the velocity

(p9)*/*R®
Yo'/2Bno

viscosity is bigger than that of water. Here, p is the drop density, y, is the oil surface

data agrees with the model of Keiser et al. [l before U = sin3/%2a, when the oil

tension, n, is the oil viscosity, V is the drop velocity, R is the radius of the drop, § = In %

with [ being the meniscus size and h being the oil layer thickness, is the numerical factor
reflecting the singular dissipation at the wedge tip. We estimate it to be an order of 10
according to the reference.! For an apparent contact angle of 90° drop, it is related to

3V

3v (pg)*/?v
2T

. 3/2
7z Sin 2 a, to

1/3
) . Then, we can the equation: U =
ZTE\[?_’BY'OYO

the drop volume V by R = (

calculate the steady drop velocity on such smooth slippery surface. The calculated value

is around 0.02 m/s which agrees with the experimental result (0.04 m/s).
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Supplementary Figure S12. Drop velocity versus slide distance when water drops slide

over the PDMS-SH surface for a 4 cm distance.
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Supplementary Figure S13. The middle scheme illustrates the elastic deformation near

the three-phase contact line when the liquid coating thickness is in macroscopic scale.
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Supplementary Figure S15. Verification of absence of infused nano-scale oil layer on L-
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PDMS-SH (7.5%) surface after around 1000 min of alkali treatment. a AFM image of the
surface topography. b The force curve was measured in the indicated area. ¢ Map of

jump-in distances in the approaching force curve on the surface. Scale bar: 500 nm.
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Supplementary Figure S16. The nano-scale infused oil layer on L-PDMS-SH (7.5%)

surface after around 1000 min of acid treatment. a AFM image of the surface topography.
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b The force curve was measured in the indicated area. ¢ Map of jump-in distances in the

approaching force curve on the surface. Scale bar: 500 nm.
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Supplementary Figure S17. The nano-scale infused oil layer on L-PDMS-SH (7.5%)
surface after plasma treatment once. a AFM image of the surface topography. b The force
curve was measured in the indicated area. ¢ Map of jump-in distances in the approaching

force curve on the surface. Scale bar: 500 nm.
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Supplementary Figure S18. The nano-scale infused oil layer on L-PDMS-SH (7.5%)
surface after 500 drops sliding off. a AFM image of the surface topography. b The force
curve was measured on the indicated area. ¢ Map of jump-in distances in the approaching

force curve on the surface. Scale bar: 500 nm.
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Supplementary Figure S19. Maximum treatment cycles for different liquid infused or

liquid coated surfaces to maintain their original wetting property.
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Supplementary Section 5. Drop charge

Drop charges of series of 500-2500 drops (45 L, interval between drops: 2 s) were
measured with a tilted plate setup (Supplementary Fig. S20a) at a tilt angle of 40° at 25
+ 1°C and relative humidity of 20-30%.5! . After placing water drops on the top part of the
surface, drops were discharged by touching a grounded electrode. After 4 cm sliding, a
second electrode connected to an amplifier measured the discharge current (response
time: 0.8 ms, DDPCA-300, FEMTO). A current spike was recorded for every drop. The
drop charge was calculated by integrating the current over the first 2 ms. On L-PDMS-SH
surfaces, charging depended critically on the thickness of the bottom oil layer
(Supplementary Fig. S20b-d). For a thin bottom oil layer (5%, thickness ~11 um), drops
charges were similar to charging on PDMS-SH surfaces. The first drops were weakly
positively charged, starting at Q = +0.002 nC. For the PDMS-SH surface drops kept a
constant charge of 0.0004 nC (almost 0) up to more than 500 drops. For the L-PDMS-SH
surface drop charge further became negative and decreased to —0.008 nC after 500 drops
slid off the surface. Compared to smooth hydrophobic PDMS brush coated surfaces
(Supplementary Fig. S21), the first drop charging and the saturation charge was low,
presumably because of the small real contact area in the Cassie state. For L-PDMS-SH
(100%) which can be considered as a SLIPS, we observed no charging for the first drop
and then positively charged drops with Q up to +0.2 nC. This agrees with earlier
observations on smooth liquid-infused surface.*? After 500 drops, the drop charges like a
normal, flat hydrophobic surface. That's because the bulk oil layer thickness decreasing
because of the depletion (we can also see this in the velocity change in Fig. 3d). And after
that, the charging process behaves like that on L-PDMS-SH (20%) in a slippery Wenzel
state (Supplementary Figure S20d). Thus, drops are in the Wenzel state, but the oil
behaves like a solid PDMS layer. Then charging decreases, indicating that the real
contact area decreases. At very high drop number, negative drop charge was observed
in all cases. Why drops charge negatively is not clear yet. Until now we only observed
negative water drops on surfaces with amino coatings.[*l We assume that’s because some
satellite drop exist after the drop leaving from the lubricate layer on a rough structure as

reported beforel® (Supplementary Fig. S22).
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Supplementary Figure S20. a The scheme of the experimental setup for water drops
slide electrification measurement. b-d Water drop charge on the PDMS-SH and L-PDMS-
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Supplementary Figure S21. Water drops slide electrification on different L-PDMS-SH
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Supplementary Figure S22. The diagrams to illustrate the surface state of the L-PDMS-

SH surfaces after drops slide off.
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Supplementary Figure S23. The scheme to show the setup to monitor the sessile water
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Supplementary Figure S24. Calibration curve of chamber temperature versus surface
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Supplementary Section 6. Drop adhesion force measurement

DAFI (drop adhesion force instrument) measurement: The lateral adhesion force during
a constant velocity movement of a water drop has been measured using the drop
adhesion force instrument (DAFI). The device (Supplementary Figure S19a) consists of
a motorized linear stage to which the substrate is attached, a cantilever, and a side view
camera.l®! The liquid drop was held by the cantilever while the solid substrate moves

continuously with a constant predefined velocity. The force was calculated by the capillary

deflection.
a b "
—— L-PDMS-SH after 10 times of icing test
—— PDMS-SH after 10 times of icing test
Capi"ary deflection 40— L-PDMS-SH before icing test
—— PDMS-SH before icing test
€30} I
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0 1
0 1 2 3 4
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Supplementary Figure S25. a The scheme to show the setup for DAFI measurement. b
Drop adhesion force curves of 10 yL water drop on L-PDMS-SH (7.5%) surface before

and after 10 cycles of icing and melting process.
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Supplementary Figure S26. Maximum freeze/thaw cycles for different liquid infused or

liquid coated surfaces to maintain their original wetting property.
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One-Step Synthesis of a Durable and Liquid-Repellent

Poly(dimethylsiloxane) Coating

Jie Liu,* Yuling Sun, Xiaoteng Zhou, Xiaomei Li, Michael Kappl, Werner Steffen,

and Hans-Jiirgen Butt*

Coatings with low sliding angles for liquid drops have a broad range of
applications. However, it remains a challenge to have a fast, easy, and uni-
versal preparation method for coatings that are long-term stable, robust, and
environmentally friendly. Here, a one-step grafting-from approach is reported
for poly(dimethylsiloxane) (PDMS) brushes on surfaces through spontaneous

of liquid-repellent surface, slippery liquid-
infused porous surface (SLIPS), repels
liquids through dynamic liquid/liquid/
vapor contact-line motion.[®! The required
slippery liquid must be both immiscible
with and not be leeched out by the con-

polymerization of dichlorodimethylsilane fulfilling all these requirements.
Drops of a variety of liquids slide off at tilt angles below 5°. This non-stick
coating with autophobicity can reduce the waste of water and solvents in
cleaning. The strong covalent attachment of the PDMS brush to the substrate
makes them mechanically robust and UV-tolerant. Their resistance to high
temperatures and to droplet sliding erosion, combined with the low film
thickness (~8 nm) makes them ideal candidates to solve the long-term degra-

dation issues of coatings for heat-transfer surfaces.

Rapid removal of liquid droplets from surfaces is of great con-
cern in practical applications and fundamental research such as
water harvesting,!!l heat transfer,?l liquid manipulation,? and so
on. For drops to slide off surfaces easily even at low tilt angles, a
low contact angle hysteresis is required. Very low roll-off angles
can be found on super-liquid-repellent surfaces. Combination
of topographic features and low surface energy chemistry, in
particular combining re-entrant or double re-entrant textures
with surface fluorination, has been the typical strategy for fab-
ricating super-liquid-repellent surfaces.! This strategy requires
that liquids are supported on topographic features and an air
layer is maintained underneath. This so-called Cassie state
is, however, only metastable and can collapse under external
forces leading to a Cassie-to-Wenzel transition. Furthermore,
the surface textures tend to be fragile and the frequent use of
fluorinated chemicals to decrease the surface energy raises con-
cerns on their health and environmental impact.l’! Another type
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tacting liquid medium to avoid lubricant
loss and contamination. Ensuring the
long-term robustness of such coatings and
their wetting performance remains chal-
lenging.”) Therefore, other methods to
create surfaces with good liquid repellency
are desirable.

An alternative strategy, covalently
attaching flexible macromolecules brushes
such as PDMS and perfluorinated poly-
ether onto smooth surface was proposed
to repel liquids.®! The idea is that the high
mobility of the flexible macromolecules allows them to act as a
liquid-like lubricating layer to liquids with a broad range of sur-
face tensions.®d Due to the covalent attachment to the surface,
these molecular structures cannot be dissolved or displaced by
the contacting liquids. Specifically, surfaces coated with PDMS
brushes exhibit excellent resistance to high temperature treat-
ment, photodegradation, and even scratching.#° In addition,
since the layers are only a few nanometers thick, they are trans-
parent, do not influence the appearance of coated surfaces,and
have little impact on heat conductivity. Preparation of PDMS
brushes can be traced back to 1970, when Vermeulen et al.
deposited a low-liquid-adhesion PDMS brush layer on glass
surface with a vapor-phase reaction for 16 h.%1 However,
grafting polymers from surfaces is generally based on complex
and time-consuming preparative procedures, limiting their use
in practical applications.

McCarthy et al. systematically investigated new strategies to
fabricate PDMS brushes on surfaces."l They proposed to use
dimethyldimethoxysilane (DMDMS) as monomer to polymerize
PDMS brushes with sulfuric acid as catalyst.B3 After rinsing the
surface with a copious amount of solvent to remove residual oli-
gomer and acid, PDMS brushes with low liquid adhesion form
on the silicon (or glass) surface after drying the reactive solu-
tion (includes DMDMS, sulfuric acid, and isopropyl alcohol) for
some time. Compared to McCarthy’s method, we developed a
simpler approach to graft PDMS brushes on surfaces with no
catalyst required. Furthermore, we characterized the stability
of PDMS brushes under tape-peeling, sonication, drop sliding
corrosion, heating, UV degradation, acid corrosion, and more.
McCarthy et al. only investigated the effect of heating at 100 °C.

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Ultrafast processing of PDMS brushes. a) Schematic illustration of the formation of PDMS brushes from dichlorodimethylsilane (DCDMS)
monomers. b) Si 2p peaks (red line) measured by X-ray photoelectron spectroscopy (XPS) of the PDMS brushes grafted onto a silicon wafer. The

fit indicates the presence of O—Si—O (green line) and —O—Si(CH;),—O—

(blue line) bonds. Reaction time: 30 min. The sample was washed with

toluene for five times. c) Autophobicity of PDMS brushes on glass: after 30 s grafting time, the reactant can be fully removed by simple tilting.
d) Sliding of n-hexadecane on the PDMS-brushes-coated glass slide. Liquid volume: 5 L. ) Sliding of water on the PDMS-brushes-coated glass slide.
Liquid volume: 10 pL. Scale bar (c—e): T cm. f) Advancing contact angle (Oaca) and contact angle hysteresis (A©) of water as function of grafting time.
g) Advancing contact angle and contact angle hysteresis of n-hexadecane as function of grafting time.

Here, we report a further simplified processing method,
using a fast one-step approach to prepare PDMS brushes that
exhibit autophobicity and low contact angle hysteresis for a
broad range of liquids. PDMS brushes are synthesized directly
on the desired surface through polymerization of reactive
silane monomers (dichlorodimethylsilane, DCDMS) without
initiator. Polymerization of DCDMS happens under hydrolysis
of water.'”l Reacting with water, the Si—Cl group of DCDMS
is hydrolyzed to Si—OH. When a silicon wafer pretreated with
oxygen plasma is rinsed in DCDMS/toluene solution, DCDMS
attaches spontaneously and fast to the surface via reaction of
the Si—OH or Si—Cl group with hydroxyl groups on the surface.
Further condensation reactions between Si—OH and Si—OH or
Si—Cl at the surface will follow, finally forming PDMS brushes
(Figure 1a).3 The high reactivity of DCDMS promotes the fast
grafting process of PDMS brush.

With this recipe, PDMS brushes were fabricated by
immersing the substrate, in our case silicon wafer (used as

Adv. Mater. 2021, 33, 2100237 2100237 (2 of 8)

substrate in the following if not otherwise stated) or glass,
into a toluene solution containing DCDMS (0.24 x 1073 m). We
maintained a saturated concentration (Gyaier ® 0.024 x 1073 M) of
water in toluene at room temperature. X-ray photoelectron spec-
troscopy (XPS) of PDMS brushes on silicon wafers revealed the
existence of the —O—Si(CHj3),—O— (=102 eV) in addition to the
previously existing SiO, (Figure 1b). This proves the successful
grafting of poly(dimethylsiloxane) (PDMS) molecules. Grafting-
from of brushes occurs synchronously on the whole surfaces in
a homogeneous solution, therefore the final surface is smooth
with low roughness; AFM images of PDMS surface show a
roughness of Ra ~ 0.1 nm (Figure S1, Supporting Information).

Conveniently, the PDMS brushes are autophobic in the sense
that the reactant solution itself can be easily removed. When for
example coating a glass slide by covering its top with DCDMS
solution for 30 s (Figure 1c), the reactant solution was easily
removed by simply tilting the surface. No residual stains were
left (Movie S1 and Figure S2, Supporting Information). The

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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induced self-repellency toward the reactant solution implies
that no extra washing step is necessary to clean the surface,
which reduces solvent waste. The fast coating process makes
the glass surface repellent to liquids with both low (hexadecane)
and high (water) surface tensions. “Repellent” here means that
hexadecane and water droplets easily run off a tilted surface
(Figure 1d,e).

The advancing (O4ca) and receding (Gpca) contact angles as
well as contact angle hysteresis (A© = Oxcp — Orca) of water and
hexadecane drops were used to illustrate the liquid repellency
(Figure 1f,g). Within a reaction time of 30 s, the contact angle
hysteresis of the silicon wafer decreased to A® = 9° for water
and A6 = 5° for hexadecane (water: Oycp = 100°, Opcp = 91°
and hexadecane: Ocs = 35°, Opca = 30°). For a longer grafting
time (>15 min), PDMS brushes become thicker (Figure S3,
Supporting Information) and the contact angle hysteresis of
water was reduced to less than 5°. According to the stretching
length (L) of the PDMS molecules, the molecular weight of the
brushes can be roughly estimated. The length of —Si—O— is
around 1.61 A. By dividing the stretching length by the length
per monomer we get the minimal number of monomers per
chain. When the grafting time is 30 min (L = 13 £ 1 nm), the
molecular weight of the PDMS brushes must be larger than
3000 g mol ™. The reaction rate can be accelerated by increasing
the concentration of DCDMS (Figure S4, Supporting Informa-
tion). It turned out that the water concentration plays an impor-
tant role in the grafting process. The higher concentration of
water can effectively accelerate the reaction and reduce grafting
time (Figure S5, Supporting Information).

Contact angle hysteresis has an important physical signifi-
cance: It is directly linked to the lateral adhesion and the tilt
angle o required to let the drop slide off the surface:[

w°
ng (COS QRCA —Cos 6ACA ) (1)

sino =

Here, k ~ 1 is a geometrical factor, w is the width of the
contact area of the drop, yis the surface tension of the liquid,
g =9.81 m s72 is the acceleration of gravity and p is the den-
sity of the liquid. Since contact angle hysteresis is relatively low,
drop shapes of small drops can be well described by a spherical
cap model. In this aspect, a natural length scale for drops is the
capillary length K = \/y/gp, which for water is 2.7 mm. In the
spherical drop model, the width of the drop is twice the con-

tact radius a. The contact radius is given by the drop volume:
with = (1 - cos©)? (2 + cosO). Here O is the

o =sin@| —
B

mean contact angle. Therefore,

. 13
_ Zysin® (iJ (cosOgca —cOSOyca ) (2)
B

That implies that reducing the contact angle hysteresis
decreases the lateral adhesion and thus the sliding angle. Due
to the V-2/3 scaling, large drops easily slide down tilted planes
while small drops tend to stick. Therefore, we used small drops
(5 pL) to test our surfaces.

Silicon wafers coated with PDMS brushes show low sliding
angles for liquids with a broad range of surface tensions.
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An n-hexane (y = 184 mN m™) sessile drop slides down
from the PDMS brushes tilted by 2° (Figure 2a). An ethanol
(y=22.1mN m™) and a toluene (y= 28.4 mN m™) droplet slide
easily off the surface with a tilting angle of 5°. For comparison, a
surface coated with 1H,1H,2H,2H-perfluorooctyltrimethoxysilane
shows a higher lateral adhesion to liquids than PDMS brushes:
an n-hexadecane droplet slides on PDMS brushes but remains
stationary on a fluorinated surface when o = 5° (Figure S6,
Supporting Information). The lateral adhesion forces (f) of water
droplets (5 pL) on PDMS brushes (f= 18.9 + 1 uN) was much
lower than that on the fluorinated surface (f = 60.0 £ 3 uN)
when the relative speed between droplet and surface was
250 um/s (Figure S7, Supporting Information). Contact angle
hysteresis measurements show that liquids such as ethanol,
isopropyl alcohol (23.0 mN m™), hexadecane (275 mN m™), tol-
uene, dimethylformamide (DMF) (371 mN m™), dimethyl sul-
foxide (DMSO) (43.5 mN m™), diiodomethane (50.8 mN m™}),
and water (72.8 mN m™) all present a low lateral adhesion to
the surface with A@ < 5° (Figure 2b). The sliding angles of the
liquid droplets are studied versus the volume (5, 10, and 20 pL)
(Figure 2c). 10 pL droplets independent of the type of liquid
slide at & < 5°. The roll-off angles observed for liquids with dif-
ferent surface tension and drops with different volumes agree
with theoretical predictions of Equation (2). The PDMS-brush-
coated surface repels low and high viscosity liquids such as
poly(propylene glycol) (Mn =~ 725, viscosity: 115 cP), poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(M, = 2000, viscosity: 325 cP), and poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) (M, ~ 4400,
viscosity: 1200 cP) (Figure S8, Supporting Information).

For practical applications, robustness and durability of sur-
face coatings is of critical importance. In a first test, sonica-
tion (45 kHz, 60 W) of our grafted PDMS brushes for 6 h in
toluene did not alter the wetting properties for both water and
hexadecane (Figure 2d). This resistance to sonication cleaning
excludes the possibility that the low adhesion is caused by
embedded, non-grafted silicone monomer or oligomer.**!5 The
contact angle hysteresis of water and hexadecane on the PDMS
brushes starts to slightly increase after 7 h of sonication. Never-
theless, the hysteresis is still not larger than 10° even after 18 h
sonication. In contrast, on a 1H,1H,2H,2H-perfluorodecyltrieth-
oxysilane modified surface contact angle hysteresis increased
from 18° to 29° after 1 h sonication (Figure S9a, Supporting
Information).

In a second test, a Scotch tape (3M 810) was homogeneously
pressed onto a PDMS brush grafted silicon wafer (load: 11.5 kPa,
duration: 20 s) and then peeled off (Figure 2e). The peeling force
(Fpeeling) Of the tape on silicon wafer (Fpeeling = 110 + 12 N m™)
was markedly reduced by PDMS brushes (Fyeeling =4+ 1N mY).
Eighty adhesion—peeling cycles did not influence the repellency
of both water and hexadecane; the contact angle hysteresis
remained below 5° for both liquids. After 300 peel-test cycles,
the advancing and receding contact angles of water decreased
from 103° and 99° to 97° and 84°, respectively; contact angle
hysteresis increased from 4° to 13°. In contrast, wetting perfor-
mance for hexadecane was not altered even after 300 peel-tests.
Compared to the mechanical stability of the PDMS brushes,
the fluorinated surface rapidly lost their hydrophobicity. The
receding contact angle of water decreased from 99° to 78° and

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Robust liquid-repellent PDMS brushes. a) Time-sequence images of hexane (left), ethanol (middle), and toluene (right) droplets sliding down
a tilted silicone brush surface. To increase visibility of the hexane drop, a small air bubble was injected on the top of hexane droplet. Scale bar: 2 mm.
b) Contact angle hysteresis of various liquids on PDMS brushes. Grafting time: 30 min. c) Sliding angle of drops of various liquids (from left to right:
n-hexadecane, DMF, DMSO, diiodomethane, water) on PDMS brushes. The black line shows sliding angles of liquid drops (10 uL) versus surface ten-
sion plotted according to Equation (2). The mean, advancing, and receding contact angles were measured values of the five kinds of liquids. d) Water

(Oaca: @ and AG: O) and n-hexadecane (Opca: @ and AG: O) repellency

of the PDMS brushes versus sonication-washing time. e) Water (Gxca: @

and AG: O) and n-hexadecane (Opca: @ and AG: O) repellency of the PDMS brushes resisting tape-peeling tests.

the contact angle hysteresis increased from 18° to 25° after 100
peel-tests (Figure S9b, Supporting Information).

A temperature-tolerance test was carried out to study the
durability of our PDMS brushes (Figure 3a,b) for heat transfer
applications. The coating can resist long term heat treatment at
100 °C in air, as advancing and receding contact angles of water
and hexadecane on PDMS brushes remained constant for at
least 32 days. When the temperature was increased to 250 °C,
the advancing contact angle of water increased from 104° to
107° and remained constant for 15 days. A@ of water increased
slightly during this time, reaching 8° after 15 days of heat treat-
ment. So even at such high temperatures, little loss of wetting
properties was observed. Contact angles changed more in the
case of n-hexadecane but contact angle hysteresis still remained
very low (AO = 3°). The decrease of the contact angle of n-hexa-
decane might be caused by the reaction between end groups
(—OH) at 250 °C, causing the loss of the molecular mobility of
the brushes.®a11

Adv. Mater. 2021, 33, 2100237 2100237 (4 of 8)

In heat transfer, especially condensation heat-transfer, main-
tenance of a low lateral adhesion of droplets is a key factor to
enhance condensation rates.?l The PDMS brushes exhibit a
constant and low water adhesion independent of temperature
in a wide temperature window (0 °C to 70 °C) (Figure S10,
Supporting Information). A droplet sliding erosion test was
designed to characterize the durability of PDMS brushes under
high temperature (70 °C) water vapor treatment (Figure S11,
Supporting Information). The water vapor was prepared by
heating water at 200 °C to obtain water steam, and then the
steam was cooled to 70 °C on the surfaces during which con-
densed droplets formed. As shown in Figure 3¢, even after 40 h
of treatment (flow rate: 0.8 £ 0.1 L min™), the advancing con-
tact angle of water on the PDMS brushes did not change. Only
the contact angle hysteresis increased from 4° to 7°. For the
1H,1H,H,2H-perfluorooctyltrimethoxysilane coated surface as
a control, the initial contact angle hysteresis was much higher
(A© = 18°). After 20 h of treatment, the advancing contact
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Figure 3. Durability of the PDMS brushes under high-temperature and water vapor treatment. a) Water repellency of the PDMS brushes versus aging
time at 100 °C and 250 °C. b) Hexadecane repellency of the PDMS brushes versus aging time at 100 °C and 250 °C. c) Durability of wetting property of
water on PDMS brushes and fluorinated surface under water vapor treatment at 70 °C. d) Image sequence shows sliding of condensed water droplets
during water vapor treatment. Vapor temperature: 70 °C. e) Image sequence shows sliding of condensed toluene droplets during toluene vapor treat-

ment. Vapor temperature: 70 °C. Scale bar in (d,e): 0.5 cm.

angles decreased from 118° to 109°, accompanied with the con-
tact angle hysteresis increase from 18° to 24°. This deterioration
indicates degradation or partial removal of the fluorination layer
under the sliding of condensing water droplets. The reason
is that the fluorinated surface has a much higher adhesion to
water droplets than the PDMS brushes. This leads to a higher
peeling force loaded to the fluorinated molecules from water
droplets; thus the molecules are more easily detached from the
surface. In addition, the higher thickness of the PDMS brush
layer ensures its better stability than the fluorinated layer. Thus,
our PDMS brushes are significantly more stable than fluori-
nated silane coated surfaces.

Condensed water droplets are expected to move easily due
to the low hysteresis of water on PDMS brushes. Rather than
reporting the tilt angle at defined volume, we measured the
sizes of water droplets on different vertical surfaces (o = 90°
fixed tilt angle) such as PDMS brushes, silicone oil impreg-
nated PDMS brush surface (liquid-impregnated surface,
SLIPS), and fluorinated surface (Figure S12a, Supporting Infor-
mation). Condensed water droplets slid off the vertical PDMS
brushes with a diameter (D) around 1.2 mm, a little bit larger
than that on SLIPS (D = 1.0 mm). In contrast, the minimum
sliding size of water drops on fluorinated surface is much
bigger (D = 2.3 mm). Therefore, the mass transfer efficiency of
water on these three surfaces should differ greatly. Water-collec-
tion efficiency (water volume slid off per square meter surface)
was measured when we cooled the surfaces to 0 °C (room tem-
perature: 20 + 1 °C, relative humidity: 80 + 5%) (Figure S12b,
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Supporting Information). PDMS brushes present the similar
water-collection efficiency with the SLIPS in 1 h. Cloaking of
the droplets by the oil on SLIPS reduces the coalescence of
water dropsl®l, resulting in condensed droplets sliding earlier
on PDMS brushes than on SLIPS. Requiring a comparatively
large drop size for sliding (Figure S12a, Supporting Informa-
tion), no water was collected on fluorinated surfaces within 1 h
condensation time as the droplet remained pinned.

Depending on application, not only water may be used as
heat transfer medium. Due to their excellent liquid repellency
to a broad range of liquids, PDMS-brush-coated surfaces could
be used in heat and mass transfer in different situations.["!
Besides repellency to condensate water (Figure 3d), condensed
liquids with low-surface-tension such as toluene can also slide
fast and easily on the PDMS brushes (Figure 3e, Movie S2, Sup-
porting Information).

The fast and spontaneous grafting reaction of PDMS brushes
on surfaces allows using various coating methods such as dip-
coating, drop-casting, or spray coating to form PDMS brushes.
We applied the reaction solution with a soaked textile or paper to
modify large areas in a controlled way (Figure 4a). As an example,
a paper (80 g m~2) was used to hold the solution and spread the
coating solution on the surface. In this way, the coating area was
increased 16 times compared to the drop-casting method. After
grafting PDMS brush for 3 min, toluene droplets rapidly slid on
the surface (Figure S13, Supporting Information).

Transparency of coatings is required in many applications.®!
Good transparency of the PDMS brushes opens the possibility
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Figure 4. Applications of PDMS brushes. a) A window glass plate (soda-lime glass, 20 x 10 cm?) was covered with a piece of commercial paper
(80 g m™2). Then the reactant solution (200 pL) was applied. The paper was used to hold the reaction solution and promote its spreading on the sur-
face. Scale bar: 2 cm. b) UV-vis spectra show the film transmittance as a function of modification time. The inset shows a window glass (30 x 20 cm?)
coated for 30 min. c) Wearing tolerance of PDMS brushes on window glass (15 x 7 cm?). Grafting time: 3 min. d) Images show sliding of various lig-
uids on coated glass. Liquids from left to right: red wine, white wine, seed oil, castor oil, polystyrene solution in toluene (1 wt%), poly(ethylene glycol)
aqueous solution (50 wt %), and detergent aqueous solution (10 wt%). Scale bar: 1 cm. e) Pouring of red wine from wine glass and no staining on the
coated surface (iii). A layer of wine stayed on the glass surface after pouring (iii’). f) Washing of concentrated detergent (0.3 mL) on a coated glass with
water flux (25 mL). Grafting time: 3 min. Scale bar: 2 cm. Inset shows a water drop after the detergent was removed. Scale bar: 2 mm. g) Metal-oxide
surfaces with nanostructures. Surfaces from left to right: titanium dioxide (TiO,) nanotexture, silicone nanofilament (SiO,), and zinc oxide nanopillars
(ZnO). Scale bars (left to right): 500 nm, 500 nm, 1 um. h) Impacting and bouncing of a 5 pL water droplet shows superhydrophobic performance of

TiO, hierarchical surface after grafting with PDMS brushes in 3 min. Dropping height: 2 cm. Scale bar: 1 mm.

to coat surfaces without changing their outward appearance.
The overlapped UV/Vis spectra of the glass (thickness: 1 mm)
coated with PDMS brushes with different thickness indicates
no transparency loss was caused by the brush layer (Figure 4b).
This is mainly attributed to the nanoscale thickness of the
brush layer and its refractive index close to glass (silicone oil:
1.4, window glass: 1.5).

Wear tolerance is a key feature in practical applications.
One potential application we investigated preliminarily is pre-
paring low-adhesion and wash-free liquid containers based
on to the liquid-repellent performance of PDMS brushes. To
test how robust the surface is against wear, a piece of window
glass (soda-lime glass, size: 15 x 7 cm?) was coated with PDMS
brushes with a reaction time of 3 min (Figure 4c). The coated
window glass was subjected to wear by a hand-held commercial
scouring pad on a balance so that we can record the applied
pressure during forward/backward stroke cycles. The average
pressure during wearing test was 6.6 £ 1.2 kPa. After wearing
the brush-coated glass for 400 stroke cycles, water droplets can
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still easily slide on the surface. The PDMS-brush-coated surface
kept its repellency to both water and n-hexadecane even after it
was slightly destroyed by rubbing with sandpaper (1000 mesh)
under the pressure of 1.1 kPa (Figure S14, Supporting Informa-
tion). In addition, a water jet with a velocity of 47 m s was
applied to impact the surface three times for 1 s (Figure S15,
Supporting Information). After the treatment, the wetting prop-
erty of the surface remains unchanged with ABG, ., = 4° + 1°
and ABhexadecane = 2.7° £ 1°.

Liquid adhesion on surfaces causes waste of water or sol-
vents for cleaning. A glass bottle coated with PDMS brushes
presents low sliding adhesion to liquids such as wine, plant oil,
polymer solutions, and detergent (Figure 4d). After coating a
layer of PDMS brushes, red wine drops can easily slide down
the surface (Figure 4e). This indicates that much less wine
drops will stain the inner surface of the coated glass after
drinking, and therefore reduces the waste of water in cleaning.
In contrast, a thin layer of wine always stains the bare glass.
The easy sliding of oils such as castor oil and seed oil reduces
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waste of cooking oil attached to their bottles (Figure 4d). In
addition, cleaning of chemical reaction containers in the lab
is a daily nuisance. Chemicals left on the surface need a lot
of solvent to clean, because even little residues may spoil fol-
lowing reactions. This problem can be reduced by coating sur-
face with PDMS. For example, glass coated with PDMS brushes
presents good repellency to a polystyrene in toluene solution
(1 wt%) and poly(ethylene glycol) (PEG) aqueous solution
(50 wt%) (Figure 4d). The surface kept this antifouling benefit
even when it was placed outdoor for 21 days (Figure S16,
Supporting Information).

Furthermore, to clean dirty surfaces, a detergent solu-
tion is usually used. However, remaining stains of detergent
after drying raise concerns on their health impact. Removing
detergent stains requires a lot of water. We demonstrate that
aqueous detergent solutions (10 wt%) easily slide oftf PDMS
brushes (Figure 4d). Even when a coated glass was stained
with a concentrated detergent, it can be completely cleaned
by washing with a water flow (Figure 4f; and Movie S3, Sup-
porting Information). The complete removal of the detergent
from the surface was inferred from the shape (O = 101°) of
water drop and fast sliding of water drops on the surface after
washing. It is noted that the mass of water needed to clean
detergent on PDMS brushes is maximum 50% of that needed
to clean hydrophilic glass surface, and it is hard to know if the
hydrophilic surface is clean completely or not. Surfaces coated
with PDMS brushes also present tolerance to UV illumination
(Figure S17, Supporting Information), making them especially
suitable for outdoor applications. Its resistance to acid benefits
its application in corrosion resistance (Figure S18, Supporting
Information).

PDMS brushes can become a substitute to decrease surface
energy also of other materials than glass. Three metal oxide
surfaces such as titanium dioxide (TiO,) nanotexture, silicon
oxide (SiO,) nanofilament, and zinc oxide (ZnO) nanorod were
prepared according to previous studies.”>"! All these surfaces
are easily and rapidly coated with PDMS brushes and became
superhydrophobic in 3 min (Figure 4g). After modification,
water drops easily rebound completely from such surfaces
(Figure 4h). However, this method still has shortcomings. Since
surface hydroxyl groups are required, and since HCI is pro-
duced during synthesis, it is of limited use on wood and metals
such as steel, copper or gold (Figure S19, Supporting Informa-
tion). Only aluminum, with its oxide layer, becomes moderately
hydrophobic.

In conclusion, a fast one-step approach to coat
poly(dimethylsiloxane) brushes through direct polymeriza-
tion of dichlorodimethylsilane on surfaces was reported.
This cheap and green coating exhibits low lateral adhesion
to liquids including the reaction solution itself. To reduce the
amount of material required to form a PDMS brush, we hold
the reaction solution by a porous spreading layer (a paper).
Using paper also allows coating of defined areas. The auto-
phobic performance provides possibilities to apply PDMS
brush coatings to liquid containers, which avoids loss of prod-
ucts due to incomplete emptying and reduces waste of water
and solvents for subsequent cleaning. The strong tolerance of
PDMS brushes to high temperature treatment and UV illu-
mination as well as wear resistance makes them suitable to
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prolong the service time of hydrophobic surfaces used in heat
transfer.

Experimental Section

Fabrication — and  Characterization — of the PDMS  Brushes:
Dichlorodimethylsilane (DCDMS, Sigma—Aldrich) was dissolved in 40 mL
of toluene. The toluene was saturated with water (0.024 x 1073 m). The
molar ratios of DCDMS to water were controlled to be 5:1, 10:1, and 20:1
to determine the best reaction condition. The solution was swirled to
mix for about 30 s and allowed to stand for 5 min at room temperature
before use. Oxygen-plasma-treated silicon wafer (10 cm diameter, N-type
doped with phosphor, (100) oriented, 525 um thick) or soda-lime glass
was submerged in the reactive solution for a certain time (from 30 s to
1 h) to get PDMS-brush-coated surfaces. The wetting properties of the
surfaces were investigated using a contact angle measurement device
equipped with a side camera (IDS uEye camera) and a goniometer. XPS
was conducted using a Kratos Axis UltraDLD spectrometer (Kratos,
Manchester, UK) to characterize the element composition of the silicone
brush.

Fabrication of the Fluorinated Surfaces and Liquid-Impregnated Surfaces:
An oxygen-plasma-treated silicon wafer was coated with TH,1H,2H,H-
perfluorooctyltrimethoxysilane  (Sigma—Aldrich) under vacuum for
12 h. The surface was further heat treated at 120 °C for 2 h to obtain
hydrophobicity. Liquid-impregnated surfaces were prepared by spin-
coating (4000 rpm, time: 60 s) a layer of silicone oil (100 cSt, 10 wt% in
hexane, Sigma-Aldrich) on PDMS brushes (grafting for 30 min).

Droplet-Sliding Erosion Assays: A dual control system was established
to characterize the durability of PDMS brushes under high temperature
(70 °C) and high humidity water vapor treatment (Figure S11, Supporting
Information). A nitrogen flow was passed through boiling water in a
bottle with one inlet and one outlet. The wet nitrogen was heated to
200 °C in a spiral circular copper tube. Surfaces (fluorinated surface and
PDMS brushes) were treated with the heated water vapor. By changing
the distance between surface and outlet, the vapor temperature can be
controlled. The temperature of the vapor was monitored by a mercury
thermometer with measuring range of 200 °C. The durability of the
surfaces was demonstrated by measuring the wetting performance of
the surfaces with different treating time.

Coating PDMS Brushes on Various Sutfaces: Titanium dioxide (TiO,)
hierarchical surfaces (composed of 99 wt% TiO, and 1 wt% SiO,) were
prepared via liquid flame spray.l®d Hydrogen (50 L min™') and oxygen
(15 L min™") were used as combustion gases to achieve a turbulent,
high temperature flame (>2500 °C). Tetraethyl orthosilicate (TEOS, 98%
pure, Alfa Aesar) and titanium (IV) isopropoxide (TTIP, 97% pure, Alfa
Aesar) were dissolved in isopropyl alcohol. The overall Si + Ti atomic
concentration in the precursor solution was 50 mg mL™". The ratio of
silicon to titanium was 1/99 in precursor solution. Silicone nanofilament
was prepared from trichloromethylsilane (TCMS).[®! After immersing
an oxygen-plasma-treated glass in TCMS solution in toluene (water
content: 260 ppm) for 6 h, the surface was coated with nanofilaments.
The surface was further washed with hexane three times. The ZnO
nanorod surfaces were prepared by spin coating (speed: 4000 rpm,
time: 60 s) of zinc acetate dihydrate (0.75 m) in 2-methoxyethanol and
monoethanolamine (0.75 m).°!! Sintered the surface at 350 °C for 30 min
in order to get a ZnO thin layer. ZnO nanorods were further grown
for 2 h in an aqueous solution containing zinc nitrate (0.025 m) and
hexamethylenetetramine (0.025 m) at 90 °C. PDMS brushes were coated
for 3 min after oxygen plasma treatment. After oxygen plasma treatment,
all the surfaces were coated with PDMS brushes.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1 Morphology of PDMS brushes on silicon wafer. Image measured by atomic force
microscope (AFM) in tapping mode. This shows the smooth surface of PDMS brushes with a low
roughness of 0.1 nm (Ra) over an area of 3 x 3 pm?. Scale bar: 600 nm. Reaction time: 30 min. The
vertical profile of the PDMS along the labelled green line indicates a homogeneous PDMS brush

layer formed on silicon wafer.
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Figure S2 Easy fabrication of PDMS brushes. a) Fabrication of PDMS brushes on a glass slide by

dip-coating. No DCDMS solution stains stay on the glass slide when pulling it from the solution after
coating for 30 s. Scale bar: 1 cm. b) Fabrication of PDMS brushes on a glass slide by drop-casting.
The reactive solution was easily removed without leaving stains. Scale bar: 2 cm. ¢) Images show
toluene sliding on PDMS brush coated glass. In contrast to coated part, placement of drop occurs on

upper, uncoated part. Toluene was labelled with Nile red. Scale bar: 2 cm.
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Figure S3 Thickness evolution of the PDMS brushes versus grafting time. a) The thickness of
PDMS brushes on silicon wafers can be controlled from 2 nm to 8§ nm. Each data point was
calculated from 200 measurements. b) The thickness of PDMS brushes was extracted from force
spectroscopy measurements with an atomic force microscope (NanoWizard IV, JPK Instruments,
Berlin, Germany)!!!. The cantilever mounted on the piezoelectric translator of the AFM can be
controlled to approach or retract from surface with a constant velocity. The deflection of the
cantilever was measured as a function of the piezo displacement with a split photodiode during
approach and retraction. The resulting detector signal versus piezo position curves were converted to
force versus distance curves (force curves) by the following procedure: first, a linear fit of the zero-
force line was subtracted from the force curve. Second, the cantilever deflection sensitivity was
determined by fitting the linear compliance region of the force curve corresponding to the portion of
the measurement during probe contacting with a rigid substrate (clean silicon wafer without PDMS
brush). We subsequently obtained force curves by subtracting the cantilever deflection from the
piezo position to obtain correct position values and multiplying the deflection (obtained by dividing
the detector signal value by the cantilever deflection sensitivity) by the spring constant of the
cantilever to obtain force values. The black line shows the force between the probe and surface while

approaching. At a distance of about 6-7 nm, an attractive force is observed, leading to negative
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deflection of the cantilever. This event indicates the contact between tip and upper end of the PDMS
layer, leading to attractive van der Waals and capillary forces between tip and layer. As the tip
pushes further into the layer, forces become more and more repulsive, until a hard contact is reached
(vertical force line). The PDMS brush thickness was determined as the distance between jump-in
event and hard contact. At the same time, when the tip presses the PDMS brushes, some PDMS
molecules can physically be attached to the tip. Recording the force loaded on the tip when
withdrawing the tip from the surface, a stretching length (L) of PDMS molecules was defined, L = 13
+ 1 nm. We assume that the molecular chain is completely straightened under stretching. The length
of —=Si-O— is around 1.61 A. By dividing the stretching length by the length per monomer we get the
minimal number of monomers per chain. Therefore, the molecular weight of the PDMS brushes must

be larger than 3000 + 200 g/mol.
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Figure S4 Influence of DCDMS concentration on grafting kinetics of PDMS brushes on silicon

wafer. a) Contact angle hysteresis (A® = @aca - Orca) of water on PDMS brushes as function of

grafting time and DCDMS concentration. b) Contact angle hysteresis (A®) of n-hexadecane on

PDMS brushes as function of grafting time and DCDMS concentration. The water concentration

(Cwater) 1n toluene was 0.024 mM. The DCDMS concentration (¢pcpms) was 0.12 mM (blue), 0.24

mM (green), or 0.48 mM (red). The grafting kinetics is accelerated with higher DCDMS

concentration.
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Figure S5 Influence of water concentration on the grafting process of PDMS brush. With a low

water concentration (0.0055 mM) in toluene, the grafting speed is much slower than that when the

water concentration is 0.024 mM. After reacting for 30 min, the PDMS brushes prepared from a low

water concentration exhibit contact angle hysteresis of A® = 13° which is much higher than A® = 4°

of the brushes grafted from cwater = 0.024 mM. Therefore, the higher concentration of water can

effectively accelerate the reaction and reduce grafting time.
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Figure S6 Sliding of n-hexadecane on hydrophobic coatings. 10 uL n-hexadecane droplet slides
more easily on PDMS brushes than on the fluorinated surface. The fluorinated surface was modified

with 1H,1H,2H,2H-perfluorooctyltrimethoxysilane. Tilt angle: 5°. Scale bar: 2 mm.
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Figure S7 Measurement of lateral adhesion force of water droplet on surfaces. a) A drop of
liquid is placed on a solid substrate mounted on a linear stage driven by a step motor.!?) A laser beam
incident on the capillary is reflected to a position-sensitive detector (PSD). The contact width
between the drop of liquid and the solid surface (orthogonal to the direction of motion) and contact
length (parallel to the direction of motion) are simultaneously monitored by cameras (not shown). b)
The lateral adhesion force of a water droplet (5 pL) on PDMS brushes and fluorinated surface. The

relative moving velocity of the drop is 250 umy/s.
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Figure S8 Sliding of liquid drops (30 pL) with high viscosity on the PDMS brush coated surface.
The liquids are (a) poly(propylene glycol) (Mn ~725, viscosity: 115 cP), (b) poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol) (Mn ~2,000, viscosity: 325 cP), (c)
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (Mn ~4,400,

viscosity: 1,200 cP). Tilt angle: 20°. Scale bar: 1 cm.
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Figure S9 Mechanically robustness of fluorinated surface resisting sonication and tape-peel
treatments. a) Advancing (®aca), receding (Orca) contact angle, and contact angle hysteresis (A®)
of water on the fluorinated surface as function of sonication-cleaning time. The fluorinated surface
was coated with 1H,1H,2H,2H-perfluorooctyltrimethoxysilane. b) Advancing (®aca), receding
(®rca) contact angle, and contact angle hysteresis (A®) of water on the fluorinated surface as

function of tape-peel test cycles. The receding contact angle of water decreases from 99°to 78° and

the contact angle hysteresis increases from 18° to 25° after 100 peel-tests.
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Figure S10 Stable wetting performance of PDMS brushes independent of temperature. Contact
angle hysteresis of water on PDMS brushes was measured in a wide temperature window (from 0 °C
to 70 °C). The test was done in a closed chamber with saturated water vapor, so that the evaporation
or condensation effects of water have less influence on the wetting property measurements. The

PDMS brushes exhibit a constant and low water adhesion independent of temperature.
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Figure S11 Schematic of the drop sliding erosion test. The setup was used to characterize the
durability of PDMS brushes under high temperature (70 °C) and supersaturated water vapor
treatment. Nitrogen was bubbled through boiling water with a flux of 0.8 = 0.1 L min™. Then, the
wet nitrogen was heated to 200 °C in a spiral circular copper tube. The PDMS brush coated surface
was located in front of the outlet of the N> flux. Through changing the distance between surface and
outlet, the vapor temperature can be controlled. The vapor temperature at the position of surface was

determined by a mercury thermometer with a measuring range of 200 °C.
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Figure S12 Mobility of condensed water droplets on PDMS brushes. a) The minimal sliding sizes
of water droplets on different vertical surfaces (a = 90° fixed tilt angle) such as PDMS brushes,
silicone oil impregnated PDMS brush surface (liquid-impregnated surface), and fluorinated surface.
Condensed water droplets slid off the vertical PDMS brushes with a diameter (D) around 1.2 mm, a
little bit smaller than that on liquid-impregnated surface (D = 1.0 mm). In contrast, the minimal
sliding size of water drops on the fluorinated surface is much bigger (D = 2.3 mm). b) Water-
collection efficiency (water volume slid off per square meter surface) on different vertical surfaces
such as PDMS brushes, liquid-impregnated surface, and fluorinated surface at 0 °C (room
temperature: 20 = 1 °C, relative humidity: 80 + 5%). PDMS brushes present the highest water-
collection efficiency in one hour. Requiring big droplets for sliding, no water was collected by

sliding at the bottom of the fluorinated surfaces when condensed for 1 hour.
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Figure S13 Large-scale fabrication of PDMS brushes on glass. a) Optical images show the

pinning effect of toluene drops on window glass (20 x 10 cm?) plate without PDMS brushes. b)
Optical images show the sliding of toluene drops on window glass plate after coating PDMS brushes.

Toluene drops are labeled with Nile red. Scale bar (a and b): 4 cm.

n-hexadecane Water

Figure S14 Abrasion test. a) A PDMS brush coated silicon wafer was rubbed with a sandpaper
(1000 mesh) under the pressure of 1.1 kPa along the direction of the arrow. Scale bar: 1 cm. b)
Digital image shows the scratches on the surface after abrasion for two times. Scale bar: 1 mm. c)
Sliding of n-hexadecane (5 pL) and water (10 uL) droplets on the surface after sand paper (1000

mesh) abrasion. The dashed frame marks out the abrasion position. Scale bar: 1 cm.
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Figure S15 Stability of the surface resisting water jet impact. A water jet with mean velocity of
4.7 m/s was applied to impact the surface three times for 1 s. After the treatment, the wetting
property of the surface remains unchanged with A®yater = 4° £ 1° and A®nexadecane = 2.7° £ 1°. Inset

shows the impacting of water jet on the surface. Scale bar: 1 cm.
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Figure S16 Real outdoor environment test. a) Contact angle hysteresis (A®) of water and n-
hexadecane on PDMS brush coated silicon wafer after being placed in real outdoor environment for
different time. b) Images show the sliding of various liquid drops on the PDMS brush coated surface

after 21 days outdoor. Scale bar: 2 cm.
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Figure S17 UV illumination resistance of PDMS brushes. Water (®aca: @ and ro: O) and n-

hexadecane (®Oaca: @ and Ao O) repellency of the PDMS brushes versus UV illumination time.
PDMS brushes present perfect wetting performance for at least 32 days under UV illumination.

Wavelength: 365 nm. Intensity: 5 mW cm™.
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Figure S18 Stability of PDMS brushes in acid solution. HCI solution with pH = 1 was used. The
surface is very stable even after immersing in acid solution for 24 hours. The wetting property
remains the same with the original one. However, the surface is not stable and becomes hydrophilic
after being immersed in the base solution. This might be caused by the chemical composition of the

PDMS brushes, in which —Si—O- can react with the OH".
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Figure S19 Advancing and receding contact angles (®aca and ®Orca) and contact angle hysteresis

(A®) of water on various surface coated with PDMS brushes.
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Movie S1 Fast and spontaneous grafting of PDMS brushes on glass surface. No residual stains
were left. The induced self-repellency towards the reactant solution implies that no extra washing

procedures are necessary to clean the surface, which reduces solvent waste.

Movies S2 Dropwise condensation of toluene on PDMS brushes. Condensed toluene can slide fast

and easily on the PDMS brushes.

Movie S3 Washing of detergent stain on the PDMS brushes. The detergent can be completely

cleaned by washing with less water flux. After cleaning water droplets slide easily on the surface.
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Abstract

Layers of nanometer thick polydimethylsiloxane (PDMS) are widely applied as hydrophobic
coatings because of their environmentally-friendly and chemically-inert properties. In applications
such as heat exchangers or fog harvesting, low water drop friction on surfaces is required. While
the onset of motion (static friction) has been studied, our knowledge of dynamic friction needs to
be improved. Which processes lead to energy dissipation and cause friction? This knowledge is
important to minimize drop friction. Here, we measured the dynamic friction of drops on PDMS
layers of different thicknesses and architecture, covering the whole available velocity regime. The
layer thickness L turned out to be a predictor for drop friction. 4-5 nm thick PDMS layer showed
lowest dynamic friction. A certain minimal layer thickness is necessary to form homogeneous
surfaces and reduce the attractive interaction between water and the substrate. The increase in
friction above L= 4-5 nm is attributed to the PDMS meniscus formed at the contact line. When
the contact line moves, the meniscus is dragged. Energy is dissipated due to chain stretching and
viscous dissipation. AFM force and friction measurements support this interpretation. The effect

is enhanced with increased viscosity of PDMS layer caused by entanglement of the chains.
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Introduction

Environmentally-friendly polydimethylsiloxane (PDMS) coatings are often used to fabricate
hydrophobic surfaces.! These surfaces can help to reduce interfacial friction,? and exhibit anti-
fouling and anti-icing properties.®! One way to coat PDMS is by chemically anchoring PDMS
chains to substrates, which prevents surface depletion.?®! In this case, one end of the polymer
chain is fixed on the substrates by the covalent bond, the rest of the chain is free to rotate, bend,
and stretch due to the low glass transition temperature (<—100°C) of PDMS.®! Such surfaces are
called covalently attached liquid surfaces (CALS)!"! or an omniphobic liquid-like surface.® Limited
by the length of the polymer chain and its tendency to pack randomly, the film thickness of CALS

is typically a few nanometers in size.

When a liquid drop is placed on a soft layer, the surface tension of the liquid exerts a tensional
force at the contact line.! As a result, the layer is locally deformed. When the drop moves over
the surface, this deformation moves with the drop and energy is dissipated. In contrast to
micrometer-thick PDMS layers, viscoelastic deformation at the contact line is minimal and less
energy is dissipated on a nanoscopic layer than on thick PDMS layers.® This liquid-like behavior
in combination with low viscoelastic energy dissipation in thin layers makes PDMS CALS a
promising coating for use in applications such as fluid manipulation, in heat exchangers, and in
microfluidic applications.® In engineering applications, it is important that drops move fast, with
little resistance.['” Here, we study the dynamic drop friction of water drops on PDMS CALS. The

aim is to identify conditions minimizing drop friction.

The static friction force F is typically measured by placing a water drop on a solid surface and
then tilting the surface until the drop starts sliding off at a tilt angle a. Low roll-off angles a indicate
low static friction."] The reason for such low roll-off angles is low contact angle hysteresis. Drops
slide off surfaces once the gravitational force, mgsin a (m is the drop mass, g = 9.81 m/s?) exceeds

the capillary force F,, which is the main component of the static friction force:
F=~Fy=wyk(cos®% — cos O% ) (1)

Here, w is the width of the drop’s contact area, y is the surface tension of the liquid, and k£ ~ 1 is
a geometrical drop shape factor, ©% and ©Y are the static advancing and receding contact angles.

The difference between ©% and ®% determines the onset of sliding. Because of the capillary force
in equation (1) low roll-off angles of a tiny drop (< 100 uL) imply low contact angles hysteresis

% — e%.
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Nanoscopic PDMS coatings often lead to particularly low contact angle hysteresis.[" € Grafting-
tol'? and grafting-from["*l methods have been developed to coat surfaces such as glass, Si wafers
or textured structures with nanometer thick layers of PDMS. Different preparations result in
different architectures of the polymer layers.[" € In previous work, the onset of sliding was
correlated with the reduced grafting density, = = onRg.['""l Here, c is the grafting density in m=2 and
R. is the radius of gyration of the polymer in a melt. Empirically, the layer thickness was found to
help predict the static friction changing.[": 8! Gresham et al. found that the static friction is minimal
at 2-5 nm layer thickness.[¥ In order to achieve low friction, grafted chains should fully cover the
substrate with a homogeneous brush. Moreover, the chain length needs to be long enough to
display its full liquid mobility.

In this study, we focused on dynamic friction. Dynamic friction F(U) is the force required to move
a drop at a given velocity U. In a steady state it is related to energy dissipation (that is the work
done to move the drop per unit time P) by P = F(U) x U. Only when a drop is moving, can it
dissipate energy. As far as we know, dynamic friction forces F(U) have neither been
systematically measured on PDMS layers, nor have the relevant energy dissipation processes
been identified. To analyze which processes, dissipate energy and cause friction, we needed to
look at dynamic friction. The questions we addressed were: What is the ideal layer thickness and
architecture to achieve the lowest drop friction? Is the layer thickness a sufficient descriptor of
dynamic drop friction or does the architecture of the brush influence drop friction? What is the
energy dissipation processes in thin PDMS layers during drop movement?

To answer these questions, we investigated how coating thickness and architecture influence
drop sliding. Three methods of coating surfaces with PDMS were applied (Table 1), including one
grafting-from method and two grafting-to methods. Grafting-from leads to PDMS chains anchored
at one end to the solid substrate.['l In one grafting-to method we allowed the PDMS chain with
one functional end to bind to the surface. Both methods led to polymer brushes. In the second
grafting-to method, the PDMS chains were able to spontaneously bind to the substrate and could
have more than one adsorption point. This is usually called pseudo-brush.[" To test the different
PDMS coatings, we imaged water drops sliding down tilted surfaces and obtained the friction
force by solving the equation of motion. Layer thicknesses were measured by atomic force
microscopy, X-ray reflectivity and ellipsometry. The layer mobility variation, which results in the
friction difference, was also characterized by AFM friction measurements and by using
fluorescence correlations spectroscopy (FCS). In addition, the interfacial water structure and
microscopic polymer structure was explored using sum-frequency generation (SFG).
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Experimental Section

Si wafers as substrates: To reduce the contribution of electrostatic interactions!'®l, P-doped silicon
wafers were used as substrates. Silicon wafers (orientation: <1-0-0>, resistivity: -1072° Q cm,
polished, SiMat Inc.) were cleaned by sonication in hexane and ethanol for 3 min. Subsequently,
the wafers were treated with oxygen plasma (Femto low-pressure plasma system, Diener
electronic GmbH, Germany) for 5 min at 200 W to enhance their reactivity and generate surface

hydroxyl groups.

Fabrication of PDMS layers by grafting-to methods using methyl-terminated PDMS: Wafers were
immersed in 20 mL methyl-terminated liquid PDMS (Sigma-Aldrich), with different molecular
weights (My, = 1350, 3500, 6000, 14000, 18500, 30000 and 117000 g mol') in an oven at 150°C
for 24 hours. To reduce the influence of free silicon oil or other adsorbed organic molecules,
PDMS surfaces were carefully rinsed before use. The wafers were washed with toluene at least
three times to remove free PDMS.['?2 12¢l The samples were named as GT_M,, e.g. GT_1350 and
GT_117000.

Fabrication of PDMS brushes coatings by grafting-from methods: A reactive solution was
prepared by dissolving 1.4 mL of dichlorodimethylsilane (DCDMS, Sigma—Aldrich) in 40 mL of
water-saturated toluene. The silicon wafers, previously treated with oxygen plasma, were
immersed in the reactive solution for either 10 seconds or 30 minutes to allow the DCDMS to
polymerize starting from surface hydroxyl groups. Afterwards, the samples were washed three
times in toluene to remove any unreacted monomers. The samples were named GF_10s and
GF_30min. The molecular weight of such a brush is evaluated by a fitting due to its linear structure

(Supplementary Section 1).

Fabrication of PDMS layer by grafting using chlorine terminated PDMS: Silicon wafers were
immersed in a PDMSC (polydimethylsiloxane-chlorine terminated, Sigma-Aldrich) liquid.
Afterwards, the wafers were placed in a sealed container inside an oven at 120°C for 12 hours.

Finally, the samples were washed three times with toluene, creating sample GT_SCT.

Wetting properties measurement by goniometer: Static advancing and receding contact angles
as well as the roll-off angles of water on the surface were measured by an OCA 35 goniometer
(DataPhysics Instruments, Germany). Side view videos of sessile drops were recorded when
changing the volume of a sessile water drop gradually (1.0 uL-s™") between 10 and 20 pL using a

Hamilton syringe. Static advancing and receding contact angles were determined by fitting an
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ellipse model to the contour images. Roll-off angles of the water drop on surfaces were
characterized by goniometer with a 33 uL drop by titling the platform at a speed of 0.1%s. Each

data point is the average of at least 3 individual measurements on different areas of the surface.

Table 1. The abbreviation and properties of the PDMS layer coated on the Si wafer.

Units! M., (g/mol)} 04 () @4 (°)* Method
GT_1350 18 1350 102 95 Grafting-tol'2a
GF_10s 22 1750 104 98 Grafting-froml13al
GF_30min 38 2800 105 101 Grafting-from
GT_3500 46 3500 106 101 Grafting-to
GT_6000 80 6000 108 106 Grafting-to
GT_14000 186 14000 108 103 Grafting-to
GT_18500 246 18500 110 108 Grafting-to
GT_SCT 127 9500 108 106 Grafting-tol'2d]
GT_30000 400 30000 109 104 Grafting-to
GT_117000 1560 117000 107 76 Grafting-to

tThe obtaining of the units and Mw are described in Supplementary Section 1. * @‘,1 and G)% are the static

advancing and receding contact angles measured by goniometer.

Tilted plate experiments: To characterize dynamic wetting, we conducted the tilted plate
experiment as previously reported.l'® 33 uL drops of distilled water (<1 uS/cm, Gibco, Thermo
Fisher Scientific) were deposited at the top of a tilted platform by a grounded syringe needle (1.5
mm outer diameter), which was connected to a peristaltic pump (MINIPULS 3, Gilson). Before
every experiment, the surface was neutralized by an ionizing air blower for 5 min (Aerostat PC
ionizing air blower, Simco-lon). The drops fell from a height of =5 mm which was similar to the
drop size itself to avoid drop re-bouncing. The drops were neutralized by a grounded copper wire
immediately after they landed on the surface. We imaged the drops from the side with a frame
rate of 1000 or 2000 per second over a slide length of typically 4.5 cm using a FASTCAM Mini
UX100 (Photron) with a TitanTL telecentric lens (x0.268, Edmund Optics). The videos were
analyzed by open drop-shape analysis programmed in MATLAB. The dynamic contact angles
were determined by applying a polynomial fit to each frame of the images. In the end, we analyzed
the drop velocity U, dynamic contact angles at the front (advancing contact angle, ®4) and rear
(receding contact angle, Or), and the length of the drops. All the measurements were done at 20
1+ 1 °C and at 20—40% relative humidity.
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Atomic force microscope (AFM) measurements: The layer thickness, thickness distribution
mapping, and chain length measurements were performed with cantilevers having a nominal
resonance frequency of /= 70 kHz and a nominal spring constant of &, = 2 N " m™ (Brucker
OLTESPA). Spring constants were determined by the thermal tune method.['! Samples were
imaged using the JPK NanoWizard 4 AFM. The “Quantitative Imaging” (Ql) mode was used to
obtain force-distance curves at every point of the 128x128 pixels with a scanning area of 3x3 uym?
at a set point force of 5 nN (Vertical movement 1000 nm, time per pixel 20 ms). To determine the
PDMS film thickness and obtain information about the PDMS chain length we recorded force-
piezo displacement curves, briefly called “force curves”. In the approach stage of force curves,
we calculated the difference in piezo-position of the point where the tip first touched the surface
and was pulled onto the film and the point where attractive and repulsive sample forces balanced.
At this point there is no net force acting on the tip. This distance is called jump-in distance Ljump-in.
Accordingly, we determined the “PDMS chain length” in the retracting cycle. We calculated the
difference in piezo-displacement for the point where attractive and repulsive forces balance and
the point where the tip snaps off the surface, i.e., detaches from the PDMS chains. We call it
“jump off distance” Lump-or It is important to note that this value may be lower than the real chain
length because the point where the tip attaches from the PDMS chain may not be the end of the
chain. The jump-in and jump-off distances were calculated for each force curve of the scan area
automatically using a custom Python script
(https://github.com/PranavSudersan/afm_surface tension/blob/main/AFM_Liquid Analyzer.ipyn
b).

X-ray reflectivity (XRR): X-ray reflectivity measurements were applied to measure the thickness
of the PDMS layers. X-rays impinged on the sample at grazing incidence angles and probe
scattering angles slightly above total reflection. At the interfaces of a film (PDMS, substrate), the
electron density changes. The reflected X-ray intensity is measured as a function of 26. Kissing-
fringes appear due to interference of the reflected X-rays at the different interfaces, the period of
the fringes is inversely proportional to the thickness of the film.l'"®! Here, we used a Rigaku
SmartLab Instrument with a rotating Cu-Anode, at an X-ray energy of 8.04 keV. The measured

XRR data were analyzed using the software package (SmartLab Studio I1).['%

Ellipsometry measurement: The thickness of PDMS layers was measured by an ellipsometer
(Nanofilm EP3, 658 nm. Laser 50 mW) using a 10x lens and by fitting, using a dispersion model.!?"!

The fitting parameters for the silicon wafer (refractive index: 3.836) and PDMS (refractive index:

132


https://github.com/PranavSudersan/afm_surface_tension/blob/main/AFM_Liquid_Analyzer.ipynb
https://github.com/PranavSudersan/afm_surface_tension/blob/main/AFM_Liquid_Analyzer.ipynb
zhoux
Rectangle


O©CoO~NOUAWNE

1.428) were kept constant. The native SiO; layer (refractive index: 1.457) on the Si wafer was

measured as 1.6 + 0.1 nm. The error reflects the variation within a series of measurements.

Characterization of PDMS layers: We measured the thickness of the PDMS layers using three
independent methods (Figure 1a and Supplementary Section 2): AFM force curves utilizing the
jump-in distance,?"! X-ray reflectivity (XRR),['® and ellipsometry.?” We sorted the layer according
to average thickness from these measurements. The results from the three thickness
measurement techniques were in good agreement up to L= 6 nm. For thicker layers, the difference
in results obtained with different methods increased. One possible reason for the different results
could be a non-uniform thickness of layers. To further analyze the thickness distribution across
the surface, the AFM QI™ mode was utilized to map the surface thickness distribution using force
curves (Supplementary Figure S2b). Typically, the thickness at different locations on one sample

varied by =2 nm.

AFM friction measurement. The measurement was performed with a JPK NanoWizard 4. We
calibrated the cantilever spring constant k, and the sensitivity S, in the lateral direction using a
non-contact method reported by Mullin und Hobbs.?? We used PPP-CONT-W (NANOSENSORS,
width: 50 pm, length: 450 ym, nominal resonance frequency: 13 kHz) as sensors. Friction is
measured in liquid using the contact mode. The applied normal force was adjusted from 30 to
10 nN. Initially, the AFM tip was brought in contact with the PDMS surface in water at a high
normal force (30 nN). Then the friction force was measured over a scan size of 10 ym at a tip
velocity of 10 um/s (scan rate: 1 Hz). The normal load was then lowered subsequently to 20 nN
and 10 nN and the friction force was measured again. All measurements were carried out at 24 °C,

measured inside the acoustic housing of the AFM.

Fluorescence correlation spectroscopy (FCS) measurement. FCS experiments were performed
on a commercial confocal microscope (LSM 880, Carl Zeiss, Jena, Germany) using a C-
Apochromat 40x/1.2 W (Carl, Zeiss, Jena, Germany) water immersion objective. A HeNe laser (A
= 633 nm) fiber coupled to the LSM 880 was used for the excitation of the terrylene diimide (TDI)
dyes. The emission light in the spectral range 650-700 nm was detected using a spectral detection
unit (Quasar, Carl Zeiss, Jena, Germany). A glass coverslip coated with a PDMS layer infiltrated
with TDI molecules was mounted in an Attofluor® stainless steel chamber (Thermo Fisher
Scientific, Waltham, MA, USA). The TDI dye molecules were infiltrated into the PDMS layer by
adding a hexane solution on top, followed by hexane evaporation and vacuum annealing at 70°C
overnight. The chamber was then filled with 1 mL MiliQ water so that the PDMS layer was

completely covered by water. The confocal detection volume was placed over the PDMS layer
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and FCS autocorrelation curves were recorded for 150 seconds in repetitions of 30 seconds. The
experiments were performed multiple times at 3-7 different lateral positions on the layer. The
experimental autocorrelation curves were fitted with an analytical equation for a two-dimensional

Brownian motion:®!

N Sl
™D,i

G()=1+ [1+1’—;T e'T/TT] Loym 2)

Here fr and zr are the fraction and the decay time of the triplet state, respectively, and N denotes
the average number of fluorescent species in the observation volume. f; is the fraction of the
fluorescent species possessing the diffusion time ;. The diffusion coefficient D; of the i-th species
is related to their diffusion time through D[=rf)/4rD,,~ where r, is the radial dimension of the

confocal volume. The fits were done using the ZEN 3.0 software (Carl Zeiss, Jena, Germany).

Heterodyne-detected sum-frequency generation (HD-SFG) measurements: We used the non-
collinear HD-SFG setup, the details of which are described elsewhere.?* In short, a Ti:Sapphire
regenerative amplifier laser system (Spitfire Ace, Spectra-Physics, centered at 800 nm, ~40 fs
pulse duration, 5 mJ pulse energy, 1 kHz repetition rate) was employed in this setup. A part of
the output was guided to a grating-cylindrical lens pulse shaper to produce a narrowband visible
pulse (10 uJ pulse energy, FWHM = ~10 cm™). The other part of the output was used to generate
a broadband infrared (IR) pulse (3.5 pJ pulse energy, FWHM = 530 cm™") through an optical
parametric amplifier (Light Conversion TOPAS-C) with a silver gallium disulfide (AgGaS2) crystal.
The IR and visible beams were first focused into a 200 nm-thick ZnO deposited on a 1 mm-thick
CaF, window to generate a local oscillator (LO) signal.?® Subsequently, the IR, visible, and LO
beams were re-focused by using a pair of off-axis parabolic mirrors. These beams overlapped
spatially and temporally at the sample position at the angles of incidence of 33°, 38°, and 37°
respectively. We used a fused silica glass plate with a 1.5 mm thickness for phase modulation of
the LO signal. The SFG signal from the sample interfered with the SFG signal from the LO,
generating the SFG interferogram, which was then dispersed in a spectrometer (Shamrock 303i,

Andor Technology) and detected by an EMCCD camera (Newton, Andor Technology).

The samples of the PDMS brushes were modified on the SiO2 substrates (25 mm diameter with
a thickness of 2 mm, PI-KEM Ltd.) for the HD-SFG measurement. HD-SFG spectra were
measured in an N2 atmosphere to avoid spectral distortion due to water vapor. The measurement
was conducted in the ssp polarization combination, where ssp denotes s-polarized SFG, s-

polarized visible, and p-polarized IR beams. To control the height of the samples, we used a

134



O©CoO~NOUAWNE

height displacement sensor (CL-3000, Keyence). The peak area of the C-H peaks was obtained
by fitting the Imx@ spectra with Lorentz curves. The complex-valued spectra of second-order
nonlinear susceptibility (y®) of the SiO.-PDMS brush/water interfaces were obtained via the
Fourier analysis of the interferogram and normalization with that of the SiO,-PDMS brush/gold
interface. The interferogram of the SiO,-PDMS brush/gold interface was collected immediately
before the sample measurement to ensure a precise and stable reference phase. The phase of
gold was determined based on the fact that the (Imy'?) spectrum of the SiO,-PDMS brush/D20

interface shows a flat zero line.

RESULTS AND DISCUSSION

Static wetting phenomena

PDMS brush/ pseudo-brush coated surfaces with different thicknesses (Figure 1a) were prepared
as described in the Experimental Section. To characterize their wetting properties, we measured
the static advancing and receding contact angles of water on horizontal surfaces by gradually
changing the drop volume at a rate of 1 pL/s in a goniometer. The static advancing % and
receding contact angles ®% increased slightly up to a layer thickness of ~ 4 nm (Table 1, Figure
1b). In parallel, the contact angle hysteresis, A® = 0% — ©%, remained constant at A® ~ 5°. Only
at very high M,, (more than 100 kg/mol), did it increase again (Figure 1b). These results agree
with earlier reports.” Accordingly, the roll-off angles of 10 uL water drops were between 2° to 4°
(Figure 1c) except for M,, = 117 kg/mol. By means of the static advancing and receding contact
angles, we can calculate the capillary force required to start sliding (equation 1). We call it “static
friction force”.'"! To enable a comparison with other reports we plotted the static friction force
divided by the width of the drop in Figure 1c. When inserting measured contact angles into
equation (1), the slight difference in contact angle hysteresis on different surfaces when the
thickness is below 10 nm did not result in a significant correlation with the thickness (Figure 1c,

red points).
Coating thickness determines drop velocity and dynamic drop friction

A constant roll-off angle indicates that the acceleration a drop undergoes in a tilted plate

experiment is constant for different PDMS thicknesses. We expected that the velocity change of
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drops sliding down would also be identical (except for M,, = 117 kg/mol). However, the velocities
of drops moving down tilted surfaces (Figure 1d) varied by up to a factor of 2 across the different
PDMS-coated surfaces (Figure 1e). At 60° tilt and 4 cm slide distance, water drops reached a
velocity of 0.36 m/s on GT_6000. In contrast, on GT_SCT it was only 0.18 m/s and on GT_30000
0.22 m/s. When plotting such drop velocity versus the PDMS layer thickness a peak velocity value
was observed around a coating thickness of 5 nm (Figure 1f). This peak velocity at L ~ 5 nm was
detected at a range of tilt angles (30° to 60°). We do not show results for lower titling angles
because the drop velocity variation was too low. This thickness-dependent phenomenon was
observed on PDMS-coated surfaces irrespective of the specific preparation. The surface
roughness was indistinguishable for all layers prepared (Supplementary Figure S3). We conclude
that the polymer layer thickness is the main predictive parameter for drop velocity. We further
conclude that the dynamic friction force and thus energy dissipation depends on the PDMS layer

thickness. Energy dissipation is minimal around a thickness of 5 nm.

To analyze where the low energy dissipation at intermediate layer thickness comes from, we
measured dynamic advancing and receding contact angles (®4 and @g) using the tilting platform
at low and high drop velocities. Equation (1) can also be used to evaluate the dynamic drop friction
per unit width,"" provided the dynamic contact angles (®. and ©g) ?® are inserted. To obtain
dynamic contact angles over a wide range of velocities, experiments were carried out at tilt angles
between 30° and 60°. The advancing contact angle remained constant with velocity for all the
samples (~120°). In contrast, the receding contact angles on different surfaces decreased with
increasing drop velocity. They decreased by up to 20° (L = 8.3 nm) when the drop velocity reached
more than 0.35 m/s (Figure 1g). For thin and thick PDMS layers, the receding contact angle
decreased more with velocity than for a layer thickness around 5 nm (Figure 1h). Thus, the

reduced energy dissipation for 5 nm thick films is primarily situated at the receding contact line.

To further analyze dynamic drop friction, we determined drop friction forces F acting on drops by

evaluating the equation of motion as described before:[?¢!

F =mgsina -m*%j (3)

Here, m* ~ 1.05m is an effective mass, which considers a rolling component of drop motion.!®!
m* Z—Z represents the inertia of the drop. We extracted the drop position from the side view videos

and calculated the velocity so that we could solve the equation of motion and obtain F versus U.
This analysis is only an approximate method because m* depends slightly on velocity and we

assumed that the drop is always in a steady state shape, without any vibrations.

136


zhoux
Rectangle


O©CoO~NOUAWNE

a 10 b20 1t
Eli t D
: X_'gs;,omery A O RO RR-Q-- 5 {70
8F 1 AFM 32 100} 2 ' ’ ; B
T Average value : |
@ < 5> 80} O- 0,
Q Y - [ / @0
g 4 Q © g Q :
g ) 60 - Advancing  Receding A®
’— ¥
2t S [
401 C .
T ' s ' 12 3 456 7 8 19 20
S F LSS C}\ S
25 & TP EEF TS Thickness (nm)
<) OQ/ [N é\/ é\/ [€) 0&/
C 0.040 —
0.035) .
—-\E\ 0.010F ‘\ § Camera
< 0.005} 20 2
®
2
\O 0.000 + ?
w 10 (%
-0.005 \ ‘ Light source
Q@O----0-p--O--¢
-0.010 - ; L A ()
1 2 3 4 5 6 7 8 19 20
Thickness (nm) f
e 0.36 F /'6 O~ : O 60
GT 1250 - 0.30f @ Q/ s
s s A A £ O =0
GT_3500 » 0.24} "o
Y-7v-7 - E 3
[GT_6000 S 2 0.18+} O
— S
T 30000 g 0.12¢
GF_30min ) I m———y 0.06 -
,G_F_S_c?._ | 0.00L. . s ,
. . T 2 4 6 8 10
1 2 3 4 5 cm Thickness (nm)
g 130 - h 130
Tlegii &
i X e 8- g ¢ 4
1204 w7 & B B . 120} & = |
m e
100% ' ® L=83nm 7 O U~0.02m/s-® -0, U~0.28 m/s ]
> % L=6.8nm » 90l -».~-®RU~002m/s70—®RU—0.28m/s_
m-L=47 .
® %0 ¢ by m E=z22rim -+, A ——+
4ol gol & " x+ *—u
80 LN R - g—a
: . [ | b ol
P ¥s ® Or P T
70+ R 701 *
\ . i a0 L % @ e § o poyrw iy el g
0.1 0.2 0.3 04 1.2 3 4 5 6 7 8 9
U (m/s) Thickness (nm)

Figure 1. Characterization of PDMS-coated surfaces and motion of water drops.
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Thickness values from three independent methods and average values corresponded to the
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different samples. (b) The static advancing (©%) and receding (©%) contact angles measured by
goniometer with a goniometer when both the advancing and receding contact line start to move
versus the PDMS layer thickness and the corresponding contact angle hysteresis of a 10 uL water
drop. (c) Capillary force in unit width at the three-phase contact line calculated by equation (1).
The drop width w was set to twice that of the drop contact radius.['® (d) The scheme of the tilted
plate setup for drop velocity measurements and dynamic contact angles. (e) Sequences of video
side images of drops on different PDMS-coated surfaces. The time interval between images was
15 ms, the tilting angle was 60°. (f) Drop velocity versus PDMS layer thickness after 4 cm drop
sliding at tilting angles of 60°, 50°, 40°, 30°. The dashed lines are to guide the eye. (g) Dynamic
advancing (®.) and receding contact angles (®r) versus drop velocity for different layer
thicknesses. (h) Dynamic advancing (®.) and receding contact angles (®r) measured by the titled

plate versus layer thickness at a velocity of 0.02 and 0.28 m/s.

When plotting drop friction versus velocity (Figure 2a), the force starts at a certain threshold given

by equation 1. Then it increased approximately linearly. The results can be fitted by:2°
F = Fy + pwnU (4)

Here, F\ is a threshold force which needs to be exceeded to initiate drop motion (equation 1).
is a dimensionless friction coefficient. When plotting the F-vs-U slopes for various PDMS
thickness, a minimum friction coefficient at 4.7 nm was observed (Figure 2a and b). Although the
surface chemistry was the same for all samples, the measured friction coefficient confirms that
energy dissipation is significantly higher for both thin and thick layers as compared to layers of ~5

nm thickness.
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Figure 2. Friction of moving water drops. (a) Linear fitting of the friction force (F) as a function
of velocity. (b) The slope of the linear fitting (friction coefficients) for the reference force plotted
versus the coating thickness. (c) AFM retracting force curves obtained on various PDMS brush

surfaces. (d) The disparity between the “jump-off distance” Ljump-or and contour lengths of the
polymer chains. (e) The scheme to show the AFM measurement of the friction on PDMS brush
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surfaces in a water environment. (f) Friction force versus the thickness when the load force is 10

nN, 20 nN and 30 nN (dash lines are guides for the eye by Gaussian peak fitting).

Hypothesis to explain minimum in friction

What are the possible explanations for the observed minimum in the dependence of the friction

on the PDMS layer thickness? While interpreting their data on ®% — ®% and static friction,
Gresham et al.l'"¥ concluded that “the PDMS chains must be sufficiently long and densely packed
to uniformly coat the silicon wafers substrates, but not so tightly packed that chain entanglement
compromises mobility.” In the same way, we assume that the thickness-dependent architecturel?’!
of the PDMS layer will significantly influence drop sliding and dynamic friction. Thus, we used
FCS!28 to monitor the diffusion of small tracer molecules in the PDMS layers. The mobility of tracer

molecules is influenced by the heterogeneity and effective viscosity of the PDMS layer.

In an FCS experiment, the fluctuations of fluorescent light intensity caused by the diffusion of
fluorescent tracers through a small observation volume (<1 pm?®) were measured using a confocal
microscope. A correlation analysis of these fluctuations provided information on the diffusion time
7p that the tracers needed to cross the observation volume and similarly information on their
diffusion coefficient and the mobility/viscosity of the environment.?8! Here, we studied the diffusion
of small (~ 1 nm) terylene diimide (TDI) dyes dispersed in a PDMS brush as described in the
Experimental Section. For the FCS experiments the brushes were covered with water to better
mimic the contact angle hysteresis and the drop sliding experiments. It should be noted, however,
that no TDI molecules were observed in the water because they are hydrophobic and remained
in the PDMS layer. Typical autocorrelation curves and their corresponding fits with equation (2)
are shown in Figure 3a. The diffusion times for all PDMS layers are plotted versus layer thickness
in Figure 3b. The diffusion time tp shows a minimum for layers with intermediate thickness of
around 5 nm. TDI tracers diffused relatively quickly in such layers. Due to the high mobility of
these PDMS layers the tracers experienced low local (nano) viscosity. For thicker layers the
diffusion time increased, indicating lower mobility of the PDMS chains probably due to increased
grafting density and entanglements. The diffusion time was highest and the mobility lowest in the

very thin brushes.

As the autocorrelation curves measured in the very thin brushes could not be represented well
with single component fits, a two-component model (m=2 in equation 2) was used. The second

component has only a small fraction (. in eq.2) of 5-10% of the amplitude in the autocorrelation
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curve. The corresponding diffusion time, tp> was several orders of magnitude slower than 1p, .
This extremely slow process is related to a temporal absorption of the TDI tracers to the glass

substrate. Its presence clearly indicates lower grafting density and inhomogeneities in the coating.
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Figure 3. FCS measurements of tracer diffusion in PDMS layers. (a) Typical autocorrelation
curves and their corresponding fits for PDMS layer with low, medium, and high thickness. (b)

Diffusion time of TDI tracers versus PDMS layer thickness.

Further to the discussion of the reasons for the observed minimum in the dependence of the
friction on the PDMS layer thickness (Figure 2b), we noted that the inhomogeneities evident in
the FCS experiments for PDMS layers with thickness < 4 nm can affect not only tracer mobility,
but also Such inhomogeneity are highly affect the drop friction e.g. on a series of rigid
octyltrichlorosilane (OTS) surfaces as recently reported.?®! Inhomogeneity leads to local pinning
of the contact line and energy dissipation during drop sliding. Energy is dissipated as heat when
at a specific point the stretched contact line points de-pins and jumps back to the original position.
In addition, we suggest that a decreasing van der Waals interaction between the substrate and
the brush plays a role (Figure 4). Water interacts more strongly with the native oxide layer on the
silicon wafer than with PDMS; this is one reason why the contact angle of water on Si wafers is
lower than on PDMS. With increasing layer thickness, the distance between the surface of the Si
wafer and water increases. As a result, the attraction between the Si wafer and water decreases.
The initial increase in velocity can be attributed to the progressive thickening of the PDMS, thereby
reducing the substrate effect. This reduced van der Waals force would also explain the increase

in contact angles ®, and ®gfor L <4 nm.
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Figure 4. The interaction between the drop and the substrate. A schematic representation to
show the van der Waals force between a water drop and the inhomogeneous layer on the
substrate and the deformation near the three-phase contact line due to the drag of brush chains

by the drop surface tension.

Why does the friction coefficient increase again for L > 5 nm (Figure 2b)? We argue that the effect
is mainly caused by the formation and shifting of the meniscus at the contact line (Figure 4). The
thicker the PDMS layer, the larger the PDMS meniscus, the more energy that is dissipated in drop
motion. This effect is enhanced by the increasing viscosity of the PDMS layer caused by
entanglement of the chains (Figure 4). In prior research, it has been observed that energy
dissipation of good solvent moving on PDMS brushes is caused by a possible elastic deformation
at the contact line.!"> 3% For poor solvent like water, energy is still dissipated because the PDMS
chains in the meniscus are elastically stretched.®'! When they relax back to their initial
configuration the energy is dissipated as heat. The maximal deformation increases with layer
thickness and thus more energy is dissipated in the case of thicker layers. Therefore, viscous
shear between the chains during the process of meniscus formation is directly dissipated. A third
factor is the increase in interfacial areas (PDMS-air and water-PDMS), which may result in an

interfacial energy change.

An important yet unsolved question concerns hydrodynamic viscous dissipation in the wedge of
the water drop. On flat, infinitely rigid and homogeneous solid surfaces viscous dissipation due to
flow of the liquid near the contact line is thought to be the dominating energy dissipation

process.®® %2 Based on a flow field calculated by C. Huh & L.E. Scriven,® Kim et al. calculated
the energy dissipation per unit contact line caused by wedge dissipation: ®,=4c(0)qU? In(A/L)

with ¢(®)=sin’ ©/2(0-sin @ cos ®).54 Here, O is the contact angle. A is a macroscopic length
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scale of typically 1 mm (size of the drop or capillary length) and X is a cutoff length; below a length
scale A the usual no-slip boundary condition is relaxed. It is typically set to the order of 1 nm. Thus,
viscous dissipation in the wedge critically depends on the boundary condition near the contact
line. This boundary condition can change when the substrate is flexible enough. Elastic substrates
react by deforming due to large local shear stress. It is not yet clear how deformation influences
viscous dissipation in the drop. A change of a factor of 10 in the cutoff length A would change

energy dissipation by a factor of 2.3.
AFM experiments

To support the hypothesis of energy dissipation by nanoscopic ridge formation we further
analyzed the retracting part of AFM force curves. The main question is: Could the work done to
form and move a nanoscopic meniscus of PDMS along the contact line account for the energy
dissipation leading to dynamic drops friction? When retracting the AFM tip from the PDMS layer
(Figure 2c), the attractive force (F..) typically increased to F,, = 3-6 nN. Then it remained relatively
constant up to a characteristic jump-off distance L. The jump-off happened at a distance
between 6 nm (GT_1350) and 50 nm (GT_30000). We compared the jump-off distance to the
contour length of the polymer chains calculated from the molecular weight. Up to L ~5 nm, the
jump-off distance agreed with the calculated chain length (Figure 2d). For thicker layers, the
measured jump-off distance was 2-3 times lower than the contour length. The AFM retracting
curves did not show any stretching of single chains, which would lead to an order of magnitude
of lower forces.®¥ This can be explained by the fact that these chains can be attached in their
middle section, and in the case of longer chains even more attachment points can be formed.
Thus, they behave more like a molten film. We interpreted the attractive forces as the stretching
of a PDMS meniscus formed by bundles of polymer chains (Supplementary Figure S4). Since

PDMS is nearly incompressible, it behaves like a molten film.

The meniscus formed on a retracting AFM tip has similarities to the meniscus formed at a contact
line. The difference is the radial symmetry for the AFM tip while the symmetry is along a line for
the drop. To convert the work done by the AFM to a similar work at the contact line, we first
needed to convert the force of the tip to a similar force exerted by the surface tension of water at
the contact line. To reach an attractive force of F,, by the surface tension of water one would need
a contact line of length / given by F,,=ylsin 6, 6 is the contact angle of tip on the brush. Here, for
simplicity and because the contact angles are of the order of 90°, we set sin § =1. Thus, to reach

an attractive force of 3-6 nN, the contact line of a water drop would need to be / =42 - 83 nm long.
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To compare the AFM experiments to drop friction we needed to calculate the work carried out to
form the meniscus. The work required to form the meniscus with an AFM tip ., can be estimated
from the integral underneath the force-vs-distance curve (Figure 2d). It varied from W,, ~ 4x10°"
J for a 4 nm thick PDMS layer to 3x107'¢ J for 8 nm thick layers. The corresponding work done at
the contact line per unit length would be w,, =W, /I. Interpreting F,, as the mean force applied
during retraction, we get W, =F uLjump-of- ThUS, Wy = FosiLjump-off / (Fate/?) =Ljump-of v- This work per
unit length for the formation of a meniscus increased because Lj,m,—orr increases with the
thickness of the PDMS layer (Figure 2f). w,, increased from 1.2 nN for 4 nm thickness to 3.5 nN
for L = 8.4 nm. In conclusion, the AFM experiments confirm that for thicker PDMS layers more

energy is required to form the meniscus than for thinner layers.

Is the energy dissipated by the formation of a meniscus sufficiently high to account for drop friction?
The typical scaled friction force of a drop on PDMS surface was F/w = 0.06 N/m (Figure 2a). In
case energy dissipation is only caused by forming and shifting the meniscus, the equivalent of
one meniscus needs to be formed every lateral distance Ax estimated by 4x=2w,,w/F; the factor
2 accounts for the front and rear side of the drop. Inserting typical values, we obtain Ax = 40 nm
for 4 nm thickness and 117 nm for 8.4 nm thickness. Thus, if sliding of two menisci by 40 nm or
117 nm, respectively, dissipates as much energy as their formation, viscoelastic deformation of

the PDMS layer contributes substantially to drop friction.

To support our view on energy dissipation, we measured friction force using AFM tips (Figure 2e).
Similar to the contact line of a moving drop, the tip will deform the PDMS layer locally. The PDMS
will form a meniscus around the tip which will shift when the tip is moved laterally over the surface.
The main difference is the different symmetry. Underneath a drop the polymer layer is deformed
along a line. In the AFM experiments it is deformed around a central point. In addition, a load is
applied by the AFM tip while the contact line of a drop only applies a tensional force. The AFM
experiments were carried out underwater (Figure 2e). The applied loads ranged from 30 nN to 10
nN. Initially, the AFM tip was brought into contact with the PDMS surface at a load of 30 nN. Then
friction force was measured by calibrating the lateral deflection of the cantilever tip over a 10 um
distance (Figure 2d and Supplementary Figure S5). Then the load was reduced to 20 nN and 10
nN, and the friction force was measured again (Figure 2f). At low layer thickness (< 3 nm), the
friction force was high. High friction illustrates more torsion when the tip slides on the coating.
This is because of the low mobility of the polymer chain that is affected by the uncovered substrate
or the possible stretching of the polymer chain. Given this, a pronounced minimum in the friction

force was observed for all applied loads, irrespective of the specific architecture of the layer. Once
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the thickness exceeded ~ 6 nm, the friction increased again with thickness. If we divide the lowest
AFM friction force by the equivalent length of a contact line of the order of 50 nm,¢! the friction
force per unit length is around 0.1 N/m, which agrees with the drop friction we measured in

maghnitude.

In addition to the effects proposed by Gresham et al.?? and by our group, other factors may be of
significance. Our understanding of drop friction is certainly not yet complete. One gap in our
knowledge is our poor understanding of dynamic processes at the interface on a molecular scale.
For this reason, we carried out additional experiments to learn more about how the structure of

water at the PDMS-water interface affects the drop friction.
Sum-frequency generation spectroscopy (SFG)

To understand the interfacial water organization at the polymer-water interface on different
samples, we carried out the HD-SFG measurement at the interface of water and the PDMS layer
supported by a SiO; substrate (Figure 5a and Supplementary Figure S6). The Imyx® spectra
(Figure 5b) shows the broad O-H stretch of water features spanning from 2950 cm™ to 3550 cm-
" as well as the C-H stretch modes of the terminal -CH3 group of the polymer (antisymmetric C-H

stretch mode at 2940 cm™' and symmetric C-H stretch mode at 2880 cm™").57]

The O-H stretch Imy® bands are positive irrespective of PDMS layer thickness, indicating that the
water dipole moment points up from the bulk water to the PDMS layer. However, the spectral
areas of the Imy® bands vary with the thickness. To quantify the spectral area in the Imy® bands,
we integrated the spectra from 3000 cm™ to 3500 cm™. The data is shown in Figure 5c revealing
that the peak area is maximized at a thickness of 4.7 nm. The large (small) peak area of the O-H
stretch mode indicates more (less) ordering of the interfacial water. Thus, the SFG data suggests
that the interfacial water is the most ordered for the sample with a thickness of 4.7 nm, because
the water-polymer interaction is the strongest. This correlation of water ordering seen in SFG
measurement of the O-H band and drop friction may indicate that molecular level interaction of

water-polymer reduced the drop friction.

How can the water-polymer interface alter the SFG signal and drop friction? To answer this
question, we first obtained the ratio of the symmetric stretch peak area vs. the antisymmetric
stretch peak area. The ratio of the symmetric/antisymmetric stretch peak area is an indicator of
the structural alignment of the polymer at the interface;®® smaller (larger) ratio of the
symmetric/antisymmetric peak area indicates that the terminal -CHs group is randomized

(ordered). In the case of the polymer with a thickness of ~5 nm, the ratio is minimal, manifesting
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that the terminal -CH3; group of the PDMS is more ordered for the sample with its thickness of ~5
nm (Figure 5d). When the PDMS layer thickness is smaller than 5 nm, the surface is more
randomized. The polymer chains are more or less self-organized. When the PDMS layer
thickness is larger than 5 nm, the polymer chains are again more disordered, as the terminal of

the polymer chains are too long to support their ordered structure (Figure 5 ¢ and d).

When the polymer thickness is < 4 nm, the ordering of both the polymer interface and interfacial
water is enhanced. This means that the polymer phase and water regions are well disentangled.
In contrast, for L > 4 nm, the ordering of the polymer interface and interfacial water is reduced.
This strongly suggests that at the water-polymer interfaces, the tails of the polymer and water are
entangled, reducing the specific ordering along the surface normal (Supplementary Figure S7).
Such entangling of the polymer and interfacial water microscopically increases the effective

contact area of the polymer and water, resulting in an increase in friction.
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Figure 5. The impact of coating thickness variations on the interfacial water. (a) Schematic
of the PDMS/water interface. The red, green, and white spheres indicate oxygen, carbon, and
hydrogen atoms, respectively. Atoms other than carbon atoms are removed from the PDMS layer
for simplicity. The vibrational mode probed by the SFG spectroscopy is also illustrated. Symmetric
stretch and antisymmetric stretch modes are denoted as “ss” and “as”, respectively. (b) SFG
stretching spectra obtained at the SiO2-supported PDMS/water interface for various PDMS brush
surfaces. ¢) Changes in peak area of the O-H stretch mode Imy® signatures spanning from 2950
to 3400 cm™ in (b) versus thickness of the coating thickness. A higher value illustrates more
ordered water molecule at the interface. (d) The ratio of symmetric (PA1) to antisymmetric (PA2)
stretches peak area of C-H bonds in (b) versus the coating thickness. A higher value illustrates a

more ordered polymer tail at the interface.
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Conclusions

In this work, we focus on the dynamic friction of water drops moving on a nanoscopic PDMS layer.
The energy dissipation depends on the thickness L of the layers. The lowest dynamic friction is
achieved at a brush thickness of 4.7 nm. We explain the increasing friction below L <4 nm with a
decreasing homogeneity of the surface: inhomogeneities and defects hinder the smooth motion
of the contact line. We further suggest that below ~4 nm thickness the van der Waals interaction
between the substrate and water increases the interaction between substrate and the water drop.
When the thickness is high (> 5 nm), viscoelastic deformation of the PDMS layer may start to
dominate. The vertical component of the surface tension of water leads to the formation of a
meniscus at the contact line. This meniscus moves with the drop and energy is dissipated. AFM
experiments showed that this effect becomes stronger for thicker layers. It may be enhanced by
an increasing effective viscosity due to entanglement of PDMS chains. SFG measurements
showed a decrease in the ordering of the polymer interface and interfacial water when the
thickness is smaller or larger than 5nm, suggesting that the polymer and water are microscopically
more entangled at the interface. Such microscopic entangling of water and polymer interface

increases the effective contact area of the polymer and water, resulting in increased friction.
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Supplementary Section 1. Molecular weight estimation for grafting-

from method.

For the grafting-from methods, GF_10s and GF_30 min, we do not know the molecular weight of
the PDMS chains. To estimate it we used two methods. First, we plotted the molecular weights of
all known samples versus their thickness (Figure S1a). For low molecular weights, the results
could be fitted with a linear function.!"! The point obtained with the SCT polymer lies above the
curve obtained for the grafted to samples. The reason is most likely that for the Krumpfer method,
PDMS chains do not necessarily attach the end.!? We deliberately included the thickness obtained
with the SCT polymer because it is end-grafted, like the grafting-from samples. Then, we used
the linear fitting to get the molecular weight of the GF_10s and GF_30 min samples. Second,
using AFM retracting force curves, we obtain the maximal stretching distances in retracting force
curves (Figure 2e, Figure S1b). Again, we used the three low-molecular weight PDMS layers
formed by the Krumpfer method and the SCT PDMS layer to calibrate. The molecular weights of
GF_10s and GF_30min were obtained as 1.6 and 2.8 kg/mol, respectively (Supplementary Figure
S1).
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Supplementary Figure S1. (a) Mean layer thickness versus molecular weight for samples
prepared by “grafting-to” (Krumpfer method, black circles) and from the end-functionalized PDMS
(SCT, red squares). The linear fit (dashed) calculated for the four samples with low molecular
weight was used to estimate the molecular weight of the grafting-from samples. (b) Mean stretch

distance from AFM retracting curves.

Supplementary Section 2. Thickness measurement

The thickness of the PDMS layer was measured by three independent methods: AFM force
curves utilizing the jump-in distance (Figure S2a),! X-ray reflectivity (XRR) (Figure S2c),*! and
ellipsometry (Figure S2d).P! The thickness distribution was characterized by the AFM QI mode
(Figure S1b).
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Commonly, bulk Si wafers are covered with native silicon dioxide layers of =2 nm thickness.®

Here, we verified this value by the ellipsometry and measured a thickness of around 1.7 nm. This

value is used for fitting the PDMS thickness as measured by XRR and ellipsometry.
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Supplementary Figure S2. Thickness measurement. (a) AFM measurement: Approaching

force curves on different PDMS-coated surfaces. (b) Maps of the jump-in distance measured by

AFM. (c) X-ray curves measured by the X-ray reflectivity (XRR) changing. (d) Ellipsometry

measurements of the thickness of PDMS brush.
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Supplementary Figure S3. Root-mean square (RMS) surface roughness measured by atomic

force microscopy (AFM) in a2 um X 2 uym area.

Detach

Supplementary Figure S4. The scheme shows the attractive forces caused by the stretching of

a PDMS meniscus formed by bundles of polymer chains when the tip of cantilever detaches from

the PDMS brush surface.
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Supplementary Figure S5. The lateral deflection corresponding to torsion of the AFM-cantilever

for a scan size of 10 um. The setpoint force was adjusted to 30 nN for these measurements.

Supplementary Figure S6. Schematic representation of the measurement conducted using SFG
(Sum Frequency Generation) spectroscopy and the wavelengths for different vibrations. In the

experiment for practical reasons the the water is underneath the PDMS layer.
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Supplementary Figure S7. Schematic representation of the the ordered and disordered water
and polymer tail at the interface detected by (Sum Frequency Generation) spectroscopy. Left
ordered case consistent with smaller SFG amplitude of water’s O-H signal and right disoredred
case as is observed from the high ratio of the SFG C-H stretch PAs (symmetric vs. anti-symmetric

C-H stretch modes) and stronger SFG amplitude of water’s O-H signal.
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Chapter 3. Conclusion and outlook

In this thesis, we focus on the evaluating and improving the liquid-repellency of soft PDMS-coated
surfaces. By using the fundamental wetting theory, we understand and reduce the friction coming
from the energy dissipation when drop moves on these surfaces. There are three main

conclusions for this thesis:

1. In Chapter 2.1, we prevent the induced deformation or swelling when water or low-surface
tension liquids are placed on a highly stretchable PDMS-coated substrate by a two-level
structured polymerized organosilicon coating. Such superamphiphobic coating isolates the soft
PDMS layer from the liquid. The liquid cannot contact the soft substrate directly even in a
stretched state. Therefore, the surface can maintain its super-liquid-repellency even when the

surface is stretched to a strain of 250%.

2. In Chapter 2.2, a liquid-infused superhydrophobic surface with a nano-scale liquid layer is
prepared. Compared to previous liquid-infused surfaces, by decreasing the lubricant layer to a
nano-scale, ridge formation caused by the elastowetting is suppressed which leads to low drop
sliding friction and fast drop shedding. Due to the liquid layer, the surface also have an improved

chemical stability and anti-icing performance at low temperatures.

3. In Chapter 2.3 and 2.4, a new grafting-from method is studied to fabricate covalently attached
liquid surfaces (CALS). Mixing this method and other grafting-to processes, we investigate how
such nano-scale coating layer thickness affects the drop motion. A coating thickness (4-5 nm) is

determined to have the lowest drop friction when it slides off these surfaces.

The newly designed liquid repellent surfaces have potential in fabricate waterproof stretchable
electronics, anti-fouling artificial skin and further study on efficient heat transfer process of these
applications. Moreover, understanding the layer effect when drop moving on a soft thin polymer
surface hold significant implications for future research focusing on the influence of nano-scale
polymer coatings on drop sliding, microfluidics and heat transfer process on polymer packaging

circuits.
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