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Abstract

There is a long history of obtaining inspiration from nature for the design of purposeful
materials and systems. With recent advances in nanotechnology, biomimicry has been
gaining increasing attention as a way to achieve such multifunctional materials.
Bioinspired techniques for the control of surface wettability especially have potential
applications ranging from industrial coatings to biomedical materials. For instance, the
outstanding properties of the lotus leaf, moth eye, spider web, legs of water striders, gecko,
cactus spine, and desert beetle offer remarkably effective ways to design functional
materials with special wettability for self-cleaning, anti-fouling, biofouling resistance
surface, anti-icing coating, oil purification, and microfluidic systems. The advancement
of these types of biomimetic materials with special types of wettability relies on
discoveries of new mechanisms, advances in processing, and/or adding multifunctionality
such as transparency and durability for practical use.

In this work, bioinspired functional materials are designed for the control of surface
wettability. Each chapter in this thesis is structured by first overviewing previous studies
which investigate how natural systems achieve function, and then biomimetic materials

specifically replicating those functions are designed and developed.



Lotus leaves provided inspiration for the design of functional anti-wetting materials:
highly mechanically durable superhydrophobic coating, and potassium ion sensor in
blood with anti-blood adhesion properties. Spider’'s webs offered the idea of designing a
self-supporting nanofiber sheet with selective wettability of hydrophobicity and
oleophilicity at the same time for versatile oil-water separation. Inspired by the pitcher
plant, which has a “slippery” wetting surface: a surface withteraction based liquid
adsorption, smoothness and hydrophobicity (SPLASH) is proposed as an anti-fouling
surface with transparency and mechanical durability. Finally, inspired by the anisotropic
wetting properties of cactus spines, hydrophobic patterned surfaces with different liquid
adhesion properties were designed to control droplet motion. This technique was then
applied to micro-fluidic devices. These efforts to develop biomimetic functional materials
with controlled wettability can help future scientific development and expand into new

industrial applications.
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List of Figures

Figure 1-1. Number of peer-reviewed publications including the keyword of biomimetic

or biomimicry per year. This output is derived from Elsevier's Scdflis.

Figure 1-2. Top 50 journals with the number of peer-reviewed publications including the
keyword of biomimetic or biomimicry. This output is derived from Elsevier's Scéfls.
Figure 1-3. Overview of the thesis. This thesis is composed of background chapter,
discussion chapters of biomimetic special wettable materials, and their summary
chapter.

Figure 2-1. Schematic illustrations of superhydrophobic structures with different
structure by NPs or NPs/Resin composite, which are (A) single layer NPs coating by a
single step spray method, (B) NPs/Resin composite coating by spraying NPs/Resin
mixture, (C) NPs and resin double layer coating by double steps spray method, and the
NPs/Resin gradient coating by single step movable spray method, respectively.

Figure 2-2. (A) XPS spectrum of coatings at different SDs. (B) Si-2p peak and (C) N-1s
peak were analyzed. (D) The SD dependence on Si/N atomic ratios. The higher Si/N ratios
indicate the higher surface NPs occupancy. (n=3)

Figure 2-3. Morphological analysis of coatings at different SDs. (A)-(C) Laser
microscopic images of coatings at (A) SD=10 cm, (B) SD=20 cm, and (C) SD=30 cm
with Rms values. (D)) SEM images of coatings at (D) and (G) SD=10; (E) and (H)

SD=20; (F) and (I) SD=30 cm.

Figure 2-4. Schematic illustrations of (A) the spraying mixture change in spraying. The
mixture aggregates driven by solvent evaporation. Because the affinity of Et-CA to
solvent is higher than that of NPs, Et-CA enter inside the mixture rather than NPs. It
results the aggregation of Et-CA in the mixture. (B) the models of structure formed at
each of the SDs. As increasing the SD, the surface volume of Et-CA as well as acetone in
the mixture decrease; thus, the Si/N ratio and surface roughness can be controlled by the

SD.

Figure 2-5. (A)Water contact angles on the coatings at various SDs before and after
abrasion. The abrasion was conducted under the pressure at 5 kPa. (n=3) (B) Water droplet
adhesion test on the coatings at SD=10 and 20 cm to differentiate the wetting model
whether the surface is Wenzel state or Cassie-Baxter state.

Figure 2-6. (A) GD-OES spectrum of NPs/Resin gradient layer on Al substrate as a
function of etching time. (B)-(D) SEM images of the gradient layer on the substrate of
(B) the tilting section, where the black dashed line indicates the border between the top



and side of cross-section: (C) top view, and (D) side view.

Figure 2-7. (A) Abrasion strength versus hydrophobicity of the gradient layer coated
various substrates and simple NPs coating without Et-CA on glass. (B) A photographic
image of the gradient layer coated glass.

Figure 2-8. (A) Mechanical durability comparison of the NPs/Resin gradient layer, NPs
+ Resin layer, NPs/Resin mixed layer, and NPs single layer. (B) Schematic illustration to
study the mechanical durability difference between NPs/Resin gradient layer (upper one),
and NPs + Resin layer (bottom one).

Figure 2-9. (A) Schematic illustrations of potassium ion determination mechanism of
polymeric bulk optode. (B)-(E) Chemical structures of the polymers (B), host molecule
(C), dyestuff (D), and cationic exchanger (E) used in this work. To give hydrophobic
properties to the optode, PVDF-HFP is used as bulk polymer instead of PVC.

Figure 2-10. Cross-sectional SEM images of (A) PVDF-HFP based optode and (B) PVC
based optode. The thickness of the PVDF-HFP based one and that of the PVC-based one
are 92.5 m, and 96.8 m, respectively.

Figure 2-11. SEM images of PVDF-HFP based optode surface in (A) protonated and (B)
deprotonated state.

Figure 2-12. (A) Absorption spectra of the dyestuff KD-M13. In protonated state, it is
yellow and turns blue upon deprotonation. Spectra were measured by dipping the film
into aqueous HCI solution for the protonated state, or in aqueous NaOH solution for the
deprotonated state. (B-D) Response curve in the linear region obtained by monitoring the
intensity of 10 mM KClI tris-buffer at 470 nm (C) and 625 nm (D) in each pH.

Figure 2-13. Comparison of sensing ability between the PVDF-HFP and PVC based
optode. (A) Absorption spectra of the PVDF-HFP based one and (B) the response curve
to K*. (C) Absorption spectra of the PVC based optode and (D) the response curve to
potassium ion.

Figure 2-14. lon selectivity of the PVDF-HFP based optode. (A) Response to NaCl, KClI,
CaCbk, and MgCt. (B) Photographic image of the PVDF-HFP based optodes after
immersion in 1 M KCI, NaCl, Caglor MgCk aqueous buffer.

Figure 2-15. Comparison of anti-blood-contamination properties between PVDF-HFP
and PVC based optode. (A) Contact angle and sliding anglepdf i@ blood on PVDF-

HFP or PVC based optode. (B-C) Color histogram for each optode polymer after sliding
the blood. (B) Red color area indicates the remaining blood contamination whereas (C)
blue color area indicates the reacted area with blood.

Figure 2-16. Determination of human blood potassium level by a standard addition
method %4 (A) Absorption spectra of before response, blood response, blood with 3 mM



KCI added, blood with 5 mM KCI added, and blood with 10 mM KCI added. (B)
Response curve of blood with potassium addition for the standard addition method.
Figure2-17. Color value change with potassium addition to human blood obtainee by

situ measurement using color difference meter. Linear response was obtained for the
potassium ion determination as well as the response by UV-vis spectra.

Figure 3-1. Schematic illustration of strategy for enhancing selective wettability. The
control of surface-liquid interaction and surface roughness can contact liquid A with
Cassie-Baxter state and liquid B with Wenzedtate at the same time.

Figure 3-2. Schematic illustration of liquid wetting behaviors on a porous material. (A)
Liquid fail to penetrate into the porous material with the robustness fdctsr 1. Here,

Ris a cylinder radius and 2D is an inter-cylinder space. (B) Liquid penetrate the porous
material with A* < 1. (C) Liquid | fail to penetrate the porous material due to the
existence of liquid Il withYoung-Laplace pressureAp > 0. Here, R’ is a radius of a
curvature of liquid | at inter-cylinder space.

Figure 3-3. Biomimetics ofUloborus walckenaerius spider web to design an attachable
self-standing NF-S. (A) Schematic image of the predation mechanisaiobbrus
walckenaerius. (B) Photo-image and (C) SEM image of an attachable self-standing NF-
S. (D) Attachment of a NF-S to a Kimtowel and (E) its magnified image. (F, G)
Attachment of a NF-S block to (F) a finger and (G) an insect.

Figure 3-4. Schematic images of the designing procedure. i. The design of the NF-S using
an electrospinning method. ii. Peeling the NFs-S from the aluminum foil, which allows
the NF-S to become self-standing and negatively charged. iii. The self-standing NF-S was
attached to a melamine sponge for oil absorption, to the tip of PVC tube for oil-water
separation by filtration, and to a container for oil collection.

Figure 3-5. Cross-sectional SEM images of the NF-S. The thickness of the NF-S is 135
pm.

Figure 3-6. (A) The NF-S strength and elastic properties. (B) Distribution of fiber
diameter in the NF-S. (C) BET fit for thexlddsorption isotherm of the NF-S.

Figure3-7. (A) Elemental composition and (B) elemental distribution of carbon, nitrogen,
oxygen, fluorine, and overall distribution of the NF-S.

Figure 3-8. Wetting behaviors of water and oils on the NF-S. (A) Schematic illustrations
of a water droplet on: (i) the N&-(ii) a toluene-infused NB: and (iii) hexadecane-
infused NFS; and (iv) a toluene droplet and (v) a hexadecane droplet on the NF-S. (B)

Water contact angle on (i)-(iii). (C) Oil contact angles of (iv) and (v). (D) The contact
angles and surface tensions (20 °C) for an ethanol-water migtLifdae limit for wetting

or repelling is at a surface tension in the range of 36.09-38.56 TaN m



Figure 3-9. Dynamic wetting behaviors water and oil on the NF-S. (A) Time-lapsed
images (i)-(iv) and (B)-(D) selected magnified images.

Figure 3-10. Application of the NF-S to oil absorbent. (A) A photo-image of an uncoated
melamine sponge (sponge) and the NF-S attached melamine sponge (sponge + NF-S)
with a schematic image of the magnified oil absorbents. (B) A photo-image of the samples
in a beaker half-fulfilled with dyed water. (C) Photo-images of the sponge + NF-S being
used in separating oil in processes (i)-(iii). (D) Mass change of toluene inside the sponge
with cycles of absorption and squeezing. (E) Absorption capacities for the oil-water
mixtures with different types of oil. (F) Cyclical pressing measurements for the sponge +
NF-S.

Figure 3-11. Dynamic wetting behaviors water and oil on the NF-S. (A) Time-lapsed
images (i)-(iv) and (B)-(D) selected magnified images.

Figure 3-12. Application of 2D oil-water separation. (A) Oil-water separation filter.
Photo-images show the separation of toluene from the toluene-water mixture in processes
()-(ii)). (B) A photo-image of toluene and water after separation. (C) Separation
efficiency and (D) separation flux of oil-water mixtures with different types of oil. (E, F)
Separation flux of the toluene-water mixture with different NF-S thicknesses (E) and pore
diameters (F) adjusted by folding and extending the NF-S. (G, H) Photo-images and (I,
J) microscopic images of the emulsified toluene-water mixture before (G, I) and after
separation (H, J).

Figure 3-13. Application of an oil collector. Photo-images of toluene collection in a
container from a toluene-water mixture in processes (i)-(iii).

Figure 3-14. Effect of PVDF-HFP: Et-CA ratio on (A) extension ratio, (B) water contact
angle, and (C, D) fiber diameter with the SEM images (D). (E) Atomic ratio of fluorine
per nitrogen for each ratio of PVDF-HFP with Et-CA. (F) Elemental distribution of
fluorine and nitrogen in the fibers with respect to the ratio of PVDF-HFP to Et-CA.
Figure 3-15. Electrospinning device for large-scale fabrication of NF-Ss. The slider
moves in the direction of the arrow and the drum roller rotates to design uniform and
large-scale NF-Ss

Figure 4-1. Schematic illustrations showing the fabrication of a SLIPS reproduced with
permission. Copyright 2011, Nature Publishing GrBup

Figure 4-2. Schematic illustration which explains criteria for thermodynamically stable
SLIPS formation. When configuration 1, and 2 are more stable than configuration A,
SLIPS is stably let liquid A slide on the surface.

Figure 4-3. Wide-range x-ray photoelectron spectroscopy (XPS) analysis of theP&iO

and SiQ-C10 showing the @, Cis, and Sip spectra employing an MgkKlaser.



Figure 4-4. AFM images of (A) Si@Ph and (B) Si@Ciocoated glass substrate.

Figure 4-5. (A) Photographic images of various liquids dropped on the surface gf SiO

Ph or SiG-Cio. These liquids are castedusing micropipette (10 (B) Check of LL
wetting on SiG-Ph compared with S©©9Cio (withoutn electrons). Sliding angle (SA) of
various liquids measured on each surface. These liquids are casted on the surface using
micropipette (1QL). When the test liquid is adsorbed, the liquid does not slide. (C) Static
contact angle (SCA) of various liquids measured on each surface.

Figure 4-6. (A) Preparation procedure of the patternable LL formation. Patterned mask
substrate (green) (1) is modified with S#@io (red) to give (2). Si®@-Ph precursor
solution is then cast on the surface after the mask is removed (3) and th€:58dea

(blue) repels this liquid (4) to give the patterned surface (5). Dyed acetone as LL is cast
on the patterned surface. (B) LL is formed in the shape of KEIO the scale bar is 10 mm.
(C) Preparation procedure of the programmed LL transportation. Movement of LL on the
patterned surface by the pinning effect. (1) SQo precursor solution (blue) is cast on

the substrate and the (2) S#Ph precursor solution (red) is cast using a micropipette
during the Si@-Cio modification to program the way to transport (3). The LL (dyed
acetone in this case) navigates along the blue dots by MarangeithFgravity F forces,
resulting movement of a LL droplet on the programmed surface. (D) The LL slides along
the direction of the blue dotted arrow.

Figure 4-7. m-interacted liquid wetting analysis. (A) Cil-interactions between
decyltrimethoxysilane (DTMS) as LL and SiPh as BL. (B, C) Time-lapsed DTMS

(10 pL) wetting behaviour on (B) Si#&©Cio and (C) Si@-Ph. The scale bar is 5 mm.
Because of the CH/pi interaction between LL and$#® BL, DTMS showed the
extreme superoleophilicity (static contact angle SCA<1°) on-$0 coated glass (25

mm x 25 mm) after 30 s. (D) Spreading width W of DTMS droplet wetting on-Bi®©

(Red) and Si@-Cio (Blue) per time t. (E) Approximation of droplet spreading with the
law of WA(W*=Wimpacf) ~ 1.cODad(T—Timpac).

Figure 4-8. n-interacted liquid wetting analysis on different 3 functionalized smooth
surfaces. (A) Images of LL wetting behaviour on the BLs of2-&®l, SiC®-Cio, and
SiOx-Ph. (B)-(D) The wetting behaviour of water droplet on DTMS cast BLs of (B)-SiO
OH, (C), SiQ-Cuo, (D), and Si@-Ph.

Figure 4-9. Photo image and schematic illustration showing the condition of water
droplet casting on smooth BL with PFPE LL.

Figure 4-10. (A) Schematic illustration of procedure for designing SPLASH, and (B)
Check of LL (DTMS) thickness formed on smooth base layer with shearing stress by a
spin coater.



Figure 4-11. Hydrophobicity of the SPLASH. (A) Static contact angle (SCA) and (B)
sliding angle of water droplet on each layered coating. Their values change after attaching
SiOz2-Ph as the BL and DTMS as the LL. (C, D) Wetting image of (C) advancing contact
angle faay) and (D) receding contact angléef) measurement of water droplet. The
calculated contact angle hysteregig)(was 0.75°, that is extremely low values realized

by fluidity of LL not resisted by the roughness of BL. (E) Photo-images of self-cleaning
procedure of the SPLASH. Sands covering the SPLASH are cleaned by water droplet. (F)
Various liquids with high temperature, chemical complexity, different states, and
biomedia sliding on the SPLASH tilting 15°. (G) Images of glass (left) and coated glass
(right) after dipping in blood. (H) High-speed camera images of ice cream, which is a
complex with water/salt and solid/liquid, on BL+LL tilting 15°. (I) Various fluidic foods
(soy sauce, ketchup, honey, coffee, mayonnaise, curry, carbonara sauce) slide on a
SPLASH when a LL of silicone oil KF-54 is chosen. Soy sauce, ketchup, honey, coffee,
mayonnaise, curry and carbonara sauce from supermarket.

Figure 4-12. Time-lapsed images that compare water sliding behavior on rough
BL+DTMS and smooth BL+DTMS.

Figure 4-13. An analysis of water droplet sliding behaviour on the SPLASH. (A) The
sliding length L of various volume water droplet per timen the SPLASH tilting 6°
following the linear approximation with the law d@f = vt (t < 1). (B) The sliding
velocities v of various volume V of water droplet on the SPLASH tilting 6°. This graph
revealed even L of water droplet slides on the SPLASH. (C, D) Photo images of (C)
control and compared to (D) the SPLASH after misty water spraying test. Misty water
was sprayed several times to them with same conditions. The scale bars are 20 mm. (E-
H) Magnified images and schemes of water mist sprayed several times on the SPLASH
tilting 75°. The water droplets circled in yellow coalescence into the droplet circled in red
in an interval of 20 ms. The misty water droplets were removed by two steps of (E, F)
and (G, H) process. (E, F) Microsized water droplets (yellow circles) coalesce into the
large droplet and then the droplet slides (red circle). (G, H) Large water droplet moves
absorbing microdroplets. The blue dotted area is the passage of the large droplet. No
droplets remain in the blue dotted area.

Figure 4-14. Optical properties of the hydrophobic-liquid-adsorbed smooth surface. (A—
D) Transparency of the SPLASH. (A) Photograph of the BL-coated glass substrate and
(B) photograph of dyed water sliding on the BL with LL coating. (C) Total transmittance
(TT), parallel transmittance (PT), haze (HAZE), and diffusion (DIF) of each surface. PT
means the degree that light passes through a sample within a small range of angles (<15°).
The HAZE value is given by haze (%) = DIF/TT x 100. (D) Solar cell application of the



SPLASH. Photocurrent densitysJversus voltage (34 for solar cells tilting 30°, one
covered with a glass substrate, and one covered with SPLASH. Inserted table is a
summary of the photovoltaic performance of solar cells under various conditions. (E-H)
Assessment of the optical properties with the smooth BL [the same coating as the BL in
(C)] and rough BL with DTMS as the LL. (E, F) The SEM images of smooth BL (E, the
scale bar is 1@m) and rough BL (F, the scale bar is Qr8) by self-assembly of StO
nanoparticles. (G), Optical values of PT and DIF for the smooth BL, smooth BL with LL,
smooth BL with LL with time (30 min) to decrease LL thickness, rough BL, rough BL
with LL, and rough BL with LL with time. (H), Schematic illustrations of the surface
scattering change in the surface structure on the smooth BL and the rough BL with LL
thickness. Smooth BL with LL shows stable transmittance with LL decrease whereas
rough BL with LL increase light scattering with LL decrease.

Figure4-15. Assessment of SPLASH stability. (A) Sliding angle of deionized water after
adding shearing stress from 0 to 6000 rpm by a spin coater for 30 s. (B) Long-term storage
of glass slides covered with the SPLASH under air conditions (20°C, blue dots) and under
water (red dots). Even though DTMS can possibly react on water or evaporate under air
condition, the 0.08.L cm? of DTMS casted Si®-Ph on glass slides (25 mm x 25 mm)
kept the sliding angle low (<5°) for about 2 weeks under both conditions. Although the
sliding angle decreased after long time, re-cast of LL have regenerated the sliding
property. (C) Stability of the SPLASH against various pH conditions of water droplet
ranging from 1.82 to 13.88. The sliding properties was stable in pH conditions ranging
1.82-13.06. In the case of pH 13.88, the water droplet was soaked into the SPLASH. (D-
F) Flexibility of the SPLASH coated on PET film. (D) Photographs of the flexible
SPLASH and (E) Schematic illustrations of water slides on the bent surface. Even though
the thickness of the LL decrease, the hydrophobicity of the SPLASH does not change.
That’'s because of the smoothness of the BL. (F) Quantification of the flexible SPLASH
hydrophobic property by changing the ratio of H/L. (G, H) Self-healing property of
SPLASH. (G) Photographs of the cut SPLASH maintaining the hydrophobicity and (H)
schematic illustrations showing why the SPLASH retains the hydrophobicity after cutting.
(1, J) Mechanical durability against cotton abrasion. (I) Photographs of the SPLASH after
cotton abrasion showing that the hydrophobicity is retained and (J) schematic illustrations
showing why the SPLASH retains the hydrophobicity after cotton abrasion.

Figure 5-1. Schematic illustration of anisotropic wetting approaches. (A) surface
chemistry driven forcef{emistry) @nd (B) morphology driven forc&frphology) WOrk

toward droplets on surfaces, respectively. The scheme is reproduced with the permissions.
Copyright 2015, American Chemical Soci€dy.



Figure 5-2. Schematic illustration of droplet motion is restricted by (A) morphological

or (B) chemical heterogeneity of the surface. (A) When a droplet comes on the slope
surface, it cannot wet the slope area until its advancing contact angle gets larger than sum
of slope angle and static contact angle. (B) When a droplet comes on the surface 1, it
cannot wet the surface 2 till its advancing contact angle on the surface 1 becomes higher
than its static contact angle on the surface 2.

Figure 5-3. Schematic illustration of ‘omniphobicity’-based patterning to obtain an
anisotropic wetting surface.

Figure 5-4. (A) Schematic images of thexdPh patterned surface. The height gap is
thought to be controlled by the surface energies of the precursor solution and omniphobic
area. (B) Thickness of thex€and Ph coating on thei@Ph patterned surfaaesing a

Dektak profilometer over a scanning area of 0.5 mm employing 3000 plots per modified
area. (C) Surface uniformity and height distribution measured by Laser microscopy.
Figure5-5. (A) Dynamic contact angles (DCAs) and sliding angles (SAs) L Water
droplets with photographic images. These values were measured by a tilted plate method
together with resistance force for a moving contact line. (B) Water SA on a 2 mm wide
Ph- tethered path (yellow line in scheme) ane @thered remaining area, rotating the
sliding direction from 0-90°. When the rotating angég (s 0° (or 90°), droplet
transportation on the Ph- tethered path follows a parallel (or perpendicular) direction. (C)
Droplet motion control on Ph-4G patterned surface. (D) Photo image of a 20 pL water
droplet on a Ph-/(- patterned surface measured using a digital microscope.

Figure 5-6. Change to the water droplet mass as a function of transportation time
measured using an electronic balance with 0.1 mg accuracy at 28.3 °C, 49% relative
humidity.

Figure 5-7. Total force, kota, analysis between the water droplet and the &d Ph-
tethered border area (see scheme in (A)). (B) graph showing total liquid droplet force as
a function of volume when the head of a droplet overlaps, dx, on the border oriented
perpendicular to the trajectory tilting at 24° with photographic images in (C). When V is
greater (less) than 84 as in (D), kta on the border becomes positive (negative) and
the droplets larger than 80 uL overlap beyond the border as in (E), whereas droplet sizes
under this threshold level stop on the border. (F)-(I) Driven force analysis between the
water droplet and thei& and Ph- tethered border area as a function of liquid droplet
volume when a tip of a droplet overlaps, dx, on the border oriented perpendicular to the
trajectory tilting at 24°.

Figure5-8. (A) Study of various volume water droplet sliding on patterned surfaces with
the width of the Ph- tethered area ranging between 1-3 mm. When the volume of the



droplet is <4QuL, the SA of the micro-droplet can be controlled by the width of the Ph-
tethered area. (B) Reaction procedure on V shape patterned surfaces. Based on its volume,
a reactant is transported in a downward motion, is captured, and not until coalescing with
another reactant is the downward motion continued under the conditionss,of: V
V2<Vcriticat and Vi+V2>Veriical. (C-D) Time-elapsed photo images of a micro-reactor
application under acidic and basic conditions: (C) Bromophenol blue (BPB) protonation
by hydrochloric acid agqueous solution with a pH value of 2.13 (V gl29A = 40°,¢

= 18°, path width = 1 mm (right), 2 mm (left)) and (D) Thymol blue (TB) deprotonation
by sodium hydroxide aqueous solution with a pH value of 13.06 (Vs 3%A = 60°,¢

= 18°, path width = 1 mm (right), 2 mm (left)). (E-F) Surface durability under acidic or
basic conditions of the (E)1& and (F) Ph- tethered area. SAs ofulOaqueous droplets

as a function of pH are measured on each surface after contacting for 0, 1 or 60 minutes.
When the surfaces are applied to a micro-reactor, the liquid-solid contact time must be <1
min. Thus, the surfaces are sufficiently durable for the application.

Figure 5-9. (A) EDX spectra and (B) Elemental contamination presented by normalized
atomic ratios of a dynamically hydrophobic patterned surface (blue) and a dynamically
hydrophilic surface (-OH tethered surface, red) after casting agueous droplets of BPB (i),
TB (ii), HCI (iii) and NaOH (iv), respectively. Because of the volatility of aqueous HCI,
the chloride peaks were not observed after aqueous HCI contamination. Although sodium
peaks were observed on both surfaces, the peaks were derived Onm e substrate.
Figure5-10. (A) Wide-range x-ray photoelectron spectroscopy (XPS) analysis okthe C
coatings showing the 1 Cis, and Sip spectra employing an MgKlaser (seé&igure 4-

2 in Chapter 4 for XPS analysis of the Phwg-@rea). (B) FTIR attenuated total reflection
spectra of @ (blue), G (Black), and Ph (red) modified Si-wafer surfaces. The peak shifts

* and ** (circled yellow) are based on theoGpectra.

Figure 5-11. Solvent droplets motion control. (A-D) Dynamic contact angles and (E-H)
static CAs of various liquids on various functional tethered smooth surfaces. Based on
this study, we adapteds@Cio- patterning for solvent manipulation. (I-K) Time-elapsed
photo images of omniphobic liquid manipulation by replacing the Ph- tethered area with
a G- tethered area to realize diagonal sliding of (I) acetone, (J) toluene, and (K)
hexadecane (V = 10p TA = 8°, ¢ = 20°, path width =1 mm).

Figure 5-12. SAs of 10uL aqueous droplets as a function of aqueous liquid viscosity
adjusted by mixing sodium alginate with water.

Figure 5-13. Optical analysis of (A) uncoated area, (Bjo-Ctethered area, (C) Ph-
tethered area, and (D) the interfacial border on the patterned smooth surface measured by
total transmittance (TT), parallel transmittance (PT), haze (HAZE), and diffusion (DIF).



PT means the degree of light that passes through a sample within a small angle range
(<15°). The HAZE value is given by haze (%) = DIF/TT x 100.

Figure5-14. (A) Mechanical durability analysis measured by abrasion time versus SA of

a 10uL water droplet. (B-C) Flexibility of the patterned smooth surface coated on a
polyethylene terephthalate (PET) film. (B) Quantification of bending resistance measured
by bending times versus SA of aflOwater droplet. (C) Photographic images indicating

that the water droplet can diagonally slide on the bent patterned smooth surface while the
water droplet can perpendicularly slide on the @thered area.

Figure 6-1. Summary of conclusion. The inserted pictures are reproduced with the
permissions. Copyright 2015, American Chemical Society. Copyright 2015, American
Chemical Society. Copyright 2016, American Chemical Society. Copyright 2014,
American Chemical Society.



List of Tables

Table 2-1. The spraying parameters used in this work.

Table 2-2. Exchange constants ity

Table 2-3. lon selectivity Kij°?, i = KV

Table 2-4. Color change values with potassium addition in human blood

Table 3-1. The cost of materials for fabrication of the NF-S. All costs were taken from
Sigma-Aldrich (St. Louis, MO, USA) HP éttp://www.sigmaaldrich.confaccessed on

22 January 2016).

Table 3-2. Weight and atomic ratio of the NF-S elemental composition.

Table 3-3. Characteristics for each oil.

Table 3-4. Summary of 2D materials for oil/water separation properties

Table 3-5. Normalized atom ratio of fluorine, carbon, oxygen, and nitrogen by changing
the ratio of PVDF-HFP to Et-CA.

Table 4-1. Summary of the types of liquid that can be adsorbed on the smooth surface
and act as a liquid-repelling surface.

Table 4-2. Surface tensions of each surface calculated by the Van Oss method.

Table 5-1. Changes to water droplet masses before and after transportation over an 8 mm
patterned surface for ~40 seconds. The mass of droplets and substrates were measured
using an electronic balance (GR-200, A&D Co., Ltd., Tokyo, Japan) with 0.1 mg accuracy.
Droplet yield was calculated by [Mass of droplet before manipulation] / [Mass of droplet
after manipulation] x 100 [%)]. Although, in theory, the material balance should be 100%,
partial evaporation of a droplet decreases the yield as shown in Figure 5-6.




List of abbreviations

A
AAS/AES: atomic absorption/emission spectroscopy

BL: base layer
BPB: bromophenol blue

CA: contact angle
CE: capillary electrophoresis
CNTs: carbon nanotube

DCA: dynamic contact angle
DIF: diffusion

DOS: bis(2-ethylhexyl)Sebacate
DTMS: decyltimethoxysilane

E
EDX: energy-dispersive X-ray spectrometry
ET: etching time
Et-CA: ethyl-alpha-cyanoacrylate

G
GD-OES: glow discharge optical emission spectroscopy

H
HAZE: haze

IPA: isopropanol
ISEs: ion selective electrodes



K
KD-M13: bis[(benzo-15-crown-5)-4-yImethyl]pimelate

LL: liquid layer

N
NaTFPB: tetrakis[3,5-bis(trifluoromethyl)phenyl]borate sodium salt
NF-S: nanofiber sheet
NPs: nanopatrticles

PET: polyethylene terephthalate

PFPE: perfluoropolyether

PT: parallel transmittance

PTES: phenyltriethoxysilane

PVC: poly(vinyl chloride)

PVDF-HFP: poly(vinylidene fluorideo-hexafluoropropylene)

S
SA: sliding angle
SCA: static contact angle
SD: spraying distance
SEM: scanning electron microscopy
SLIPS: slippery liquid infused porous surface
SPLASH: surface with-interacted liquid adsorption, smoothness, and hydrophobicity

T
TB: thymol blue

TEOS: tetraetoxysilane

THF: tetrahydrofuran

TMOS: tetramethoxysilane

TT: total transmittance



We: weber number
WT: wetting threshold

X
XPS: x-ray photoelectron spectroscopy



Chapter 1 Introduction
1.1 Background

Biology has provided materials engineers with a number of jumping off points for
discovering new materials, and scientists are continuously amazed by the sophistication,
uniqueness, and efficiency found in natural materials and sys$t&hiature is indeed a

great teacher of materials science and its associated fields such as physics, chemistry,
biology, and engineerindf! Recent developments in nanoscience and (super)molecular
engineering have allowed for the establishment of a discipline called ‘biomimetic’ or
‘biomimicry’. ["°1 When the number of international research journals including the
keyword of ‘biomimetic’ or ‘biomimicry’ is searched using Elsevier's ‘Scoptf’'the

largest abstract and citation database of peer-reviewed literature, at least 28662 peer-
reviewed papers can be found to have been published. Moreover, the number of
publications including these keywords have been increasing from year to ydag(see

1-1). Here, the top 3 journals with the highest publications of biomimetics are ‘Journal of
the American Chemical Society (796)’, ‘Biomaterials (609)’, and ‘Angewandte Chemie
International Edition (432)’ (sefeigure 1-2 for the top 50 journals and their publication
numbers). These 3 journals receive strong attention in materials science due to their high

citation by the Thomson Reuters Impact Factor and Google Scholar h-5 [{id&x.



Therefore, again, it is of current importance for the design of state of the art materials
inspired by nature.

Keyword: Biomimetic or Biomimicry
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Figure 1-1. Number of peer-reviewed publications including the keyword of biomimetic

or biomimicry per year. This output is derived from Elsevier’s Scopus. 1%
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Figure 1-2. Top 50 journals with the number of peer-reviewed publications including the

keyword of biomimetic or biomimicry. This output is derived from Elsevier’s Scopus. [!*]

In the long history of biomimicry, bioinspired materials with special wettability are
one of the most studied fields. ['* For instance, the outstanding properties of lotus leave,
(151 moth eye, [ spider web, [!71%] the leg of water strider, ?°! gecko, !! cactus spine, %!
pitcher plant surface, [2>2#! plant stoma, (> buprestidae antenna, *°! desert beetle, 2" and

lose petal 281 among other things %3] offer remarkably effective ways to design materials



with special wettability or systems for various applicatidr®e aim of this thesis work

was to design and develop bioinspired mateRaf! with unique wetting properties by

the control of interfacial interactions, nanostructure, and surface chemistry. It is also
aimed to give new insight into the biomimetic special wettable materials for the
development of whole materials science.

The thesis is organized into 6 chapters including a background chapter (Chapter 1),

discussion chapters of bioinspired materials with special wettability (Chapter 2-5), and a
summary chapter (Chapter 6) as summarized in Figure 1-3.
Chapter 2 describes a way to design anti-wetting materials inspired by the lotus
Nymphaea leaf's properties. The two strategies of designing (i) a superhydrophobic
coating which overcomes the crucial weakness of mechanical instability, and (ii) a
biomedical sensor with hydrophobic property, are introdutet!

Chapter 3 describes a way to design selective-wetting materials biologically inspired
by the predation mechanism of the spidérborus walckenaeriusThe spider web-like
nanofibrous material described in this work shows antiwetting behavior with respect to
water while being penetrated by oil. This selective wetting material is applied to an oil-
water separation systeH?!

Chapter 4 describes a way to design “slippery-wetting” materials inspired by the
pitcher plantNepenthes rafflesiana Jagkhich uses such a surface to make insects slide
down its leaves into its digestive juices. The immobilization of hydrophobic liquid on a
controlled surface enables the design of slippery interfaces, which was then applied for
functional anti-wetting coating materials in this wdtf.

Chapter 5 describes a way to design anisotropic-wetting materials learned by water

harvesting method of a cactGaictaceaeWater droplets can be driven from tip to base



of the spine regardless of orientation on the cactus plant. Here, the anisotropic wetting
coating materials which controls droplet motion are realized by patterning of dynamically
hydrophobic and statically hydrophobic/hydrophilic patterning, which is applied for
micro-fluidic system. [4°]

Chapter 6 summarizes the results of this study and a future prospect of biomimetic

materials with special wettability.

OverVIeW Of the thESlS | Background of biomimetic functional materials |

Nature systems
4—--'.'.'.-——.-——.-.-_ _-‘-‘--‘-‘-‘-'-'--A

Lotus leaf Spider web Pitcher plant Cactus spine
(Nymphaea) (Uloborus Walckenaerius) (Nepenthes rafflesiana Jack) (Caclacene)
l Biomimetics \
Anti-wetting Selective-wetting ] J Slippery wetting I I Anisotropic-wetting
Application
Self-cleaning Anti-biofouling Oil-water Slippery coating Micro
coating medical sensor separation (SPLASH) reactor

e e
Development of giving new insight, improving function,
and/or performing unachieved functionality

i i l Conclusion of the research and future prospect of biomimetic functional materials ‘

Figure 1-3. Overview of the thesis. This thesis is composed of background chapter,

discussion chapters of biomimetic special wettable materials, and their summary chapter.
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Chapter 2 Anti-wetting materials inspired by lotus

Nymphaea leaf property

This chapter is based on [Tenjimbayashi, M., & Shiratori, S. (2014). Highly durable
superhydrophobic coatings with gradient density by movable spray method. Journal of Applied
Physics, 116(11), 114310.] and [Tenjimbayashi, M., Komatsu, H., Akamatsu, M., Nakanishi, W.,
Suzuki, K., Hill, J. P,, ... & Ariga, K. (2016). Determination of blood potassium using a fouling-
resistant PVDF-HFP-based optode. RSC Advances, 6(17), 14261-14265.]

2.1 Anti-wetting property

In this chapter, lotus leaf inspired anti-wetting surfaces are introduced. A lotus leaf
has nano-micro dual scale structure and it is covered with hydrophobic wax, that performs
excellent water repellency of water contact angle > 150° and low water contact angle
hysteresist!! Such water-repellent property is called superhydrophobfityaving a
wide range of potential applications such as self-cleartiriyy, anti-fouling, © 71
contamination-free coatin; ° drag reductior}® ' anti-icing,*>*4 anti-bacterial*>
161 and corrosion preventiof’!

Superhydrophobic surfaces must have both the special textured structure that traps
an air layer and the low surface enelfyThe effect of surface energy on wettability is
deliberated by Thomas Young that the liquid contact afigleon solid surface is derived
by ysy = v + vy cos By wWhere yg, is solid-vapor interfacial energys; is solid-
liquid interfacial energy, and,, is liquid-vapor interfacial energ}® The Young’s
equation indicates that the low surface energy of the solid and the high solid-liquid
interfacial tension (low interaction between them) are crucial for enhancing the surface
hydrophobicity. However, the control of these interfacial tensions is not enough for the

surface to achieve superhydrophobicity. Hence, another factor enhancing their
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hydrophobicity is required. The effect of surface roughness on wettability is discussed by
Wenzel, Cassie and Baxter st&t&?!! Wenzel state describes the homogeneous wetting
model on the rough surface, and the liquid contact afgleis defined ascos 6y, =
r cos By, wherer is roughness enhanced surface area, indicating that the hydrophobic
properties are emphasized by surface roughness. However, Wenzel model cannot really
be well fitted by measured contact angles when the Yong angle i8,529€° due to the
pinning of dropletl?? Instead of that, the roughness effect on the wettability is explained
using Kang-Jacobi equatiol®® On the other hand, Cassie-Baxter state is used when
dealing with a heterogeneous surface, and the liquid contact 8pglés defined as
Y cosOcp = Xiy iyl —Vi,) b.c.XiL, fi =1, where f; is surface fraction of
componenti. Notice that the textured surfaces are composed of air layer and the solid,
Ocp Yields to cos O = —f,ir + fso1ia cOS 0™y, Where 8%, is Wenzel angle of liquid-
solid contact area, signifying the liquid contact angle can drastically increases by trapping
an air layer on the solid surface. Considering the two models, there is the transition
threshold of critical contact angleé: between Wenzel and Cassie-Baxter angle which is
defined ascos 6, = (¢p — 1)/(r — @), where ¢ is the fraction of liquid-solid contact
area?¥ In this state, the equilibrium liquid contact andle is defined ascos 6 =
¢ cos O + (1 — ¢). Therefore, in any state, the rougher the hydrophobic surface is, the
more hydrophobic it gets.

From these theoretical progresses, a methodology of superhydrophobic surfaces has
been well-researched for recent 25 years, due to their potential applications@i8ve.
However, superhydrophobic surfaces still have challenges in terms of coating ftcess

and mechanical durabilit§® since the well-organized textured surfaces are usually
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fragile and difficult to design easily. Thus, in section 2.2, the facile way to design
mechanically durable superhydrophobic coating is introdutid.

Moreover, since the concept of superhydrophobic surfaces reduce the liquid-solid
interaction, it seems difficult to apply (super)hydrophobic coating as an antifouling
function to liquid-solid interaction based sensor. Thus, in section 2.3, the hydrophobic
optical electrode (optode) which determinates ion concentration in a liquid as well as anti-
fouling property is shown as a rarely reported example of a combination of “sensor
technology” and “antifouling coating technology”. Introduction of the antifouling feature
to optode sensing improves the potential applicability of the technique and, in this case,
will permit development of portable blood sensing monitoring devices for easy use in the

field with the added advantage of fouling-resistance for more reliable serial (8age.

2.2 Design of Mechanically Durable Superhydrophobic Coating

2.2.1 Introduction

Superhydrophobic surface is expected to be applied in various applications; however,
it has crucial defect in terms of durability, and large scale fabric&fitereviously, many
researchers aimed to design mechanically durable superhydrophobic stigacasable
approaches. For instance, Jung and Bhush8nsprayed a carbon nanotubes
(CNTs)/epoxy resin mixture on the substrates. The coated surface performed
superhydrophobicity against the high-pressure water jet due to uniform distribution and
strong bonding of CNTs on flat epoxy resin. Zhu et 8l. reported fluorinated
metal/polymer composite structure designed by one-step immersion method. The

products coated on a copper plate showed stability against several times finger touch (in
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general ~8 kPa) because the fluorinated metal existed not only the surface but also the
exposed area after abrasion. These approaches offered an idea of mixing adhesive resin
with hydrophobic nanomaterials to design simple and robust superhydrophobic surfaces.
However, the challenge of designing mechanically super-durable (>50 kPa abrasion
resistance) superhydrophobic surface by a facile way is remaining, and such a durable
surface has never been reported at least until 2014 as far as our group had investigated.

Here, the strategy to design super-durable superhydrophobic coating by one-step
spray method is introduceé@? Our approach is not just the formation of the hydrophobic
nanoparticles (NPs)/adhesive resin composite structure, but the designing NPs/resin
surface-depth-direction gradient density structure (i.e. the coating-air interface is filled
with NPs, gradually the resin ratio increases as getting the depth, and the coating-substrate
interface is filled with the resin) by proposed one-step spraying method. We discovered
hydrophobic silica NPs and ethyl-alpha-cyanoacrylate (Et-CA) (resin) mixture was able
to tune the NPs/Resin volume ratio on the coating by the spraying distance (SD). Using
this character, we propose the ‘movable spraying method’ to fabricate the robust
hydrophobic coating with gradient density (hydrophobic NPs and Et-CA) by continuous
increase of SD. This method is 1 step spraying method and easily coat-able on complex
shape and large area substrates.

In this section, we investigated the influence of SD on the mechanical durability and
wettability of the coating. Then, the gradient structure by movable spray method was
evaluated. Finally, superhydrophobic structures with different structure by NPs or

NPs/Resin composite (see Figure pvlere compared.
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Figure 2-1. Schematic illustrations of superhydrophobic structures with different
structure by NPs or NPs/Resin composite, which are (A) single layer NPs coating by a
single step spray method, (B) NPs/Resin composite coating by spraying NPs/Resin
mixture, (C) NPs and resin double layer coating by double steps spray method, and (D)
the NPs/Resin gradient coating by single step movable spray method, respectively.

2.2.2 Experimental

Cocktail preparation. 3.7 wt. % hydrophobic silica NPs (diameter:12 nm, RX 200,
Evonik industries, Germany) were dispersed in acetone using ultrasonic treatment for 10
minutes. Then, ethyl-alpha-cyanoacrylate (purity: 99.5%, Kobunsi Shoji Co., Ltd., Japan)
was added and the dispersion was stirred for 3 hours.

Spray condition. Spray condition is summarized in Table 2-1. In this work, only the
SD was varied from 10-50 cm. A sample where the spray mixture was casted was defined

as 0 cm of SD. The coatings were basically prepared on glass substrate (Matsunami Glass

Industries, Ltd., Kishiwada, Japan).
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Table 2-1. The spraying parameters used in this work.

Parameters Coating conditions
Coating method Cast Spray Spray Spray Spray Spray
Spraver tvpe Airtex Airtex Airtex Airtex Airtex
Prayeryp (Japan) (Japan) | (Japan) | (Japan) | (Japan)
Pressure (MPa) - 0.7 0.7 0.7 0.7 0.7
Nozzle diamete

- 0.6 0.6 0.6 0.6 0.6
(mm)
\Volume (mL) - 5 5 5 5 5
SD (cm) 0 10 20 30 40 50

Movable spray methodMovable spray method was used, the SD was gradually
changed, to allow the gradient structure to be prepahed.characterized surfaces
prepared at each constant SD, and then assessed the suitability of the preparation
method for preparing gradient structure.

Characterization. Surface wettability was evaluated by measuring water contact
angle and sliding angle. The measurements were conducted by a sessile drop method
using a device created from our laboratory. Surface morphology was evaluated by surface
roughness using laser microscopy (VK-9710, Keyence, Japan) and structures using field
emission scanning electron microscopy (SEM, S4700, Hitachi, Japan). Surface chemistry
was investigated using x-ray photoelectron spectroscopy (XPS, JPS-9010TR, JEOL,
Japan). Mechanical durability was observed using an abrasion device (Tribogear Type
18L, Shinto Scientific Co., Ltd., Japan). The abrasive material was a cotton fabric and

each test was conducted with 10 rounds abrasion at variable pressure. Surface-to-depth
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direction chemical components were analyzed using by glow discharge optical emission
spectroscopy (GD-OES, GDProfiler2, HORIBA Scientific Co., Ltd., France) for the
observation of gradient structure on Al substrate.

Comparison of NPs/Resin composite coatings.investigate the mechanically
durable composite structure, we prepared 4 kinds of the surfa€ggine 2-1A-D. NPs
single layer was designed by just spraying the mixture without Et-CA. NPs/Resin mixed
layer was designed by spraying the mixture at SD=30 cm. NPs layer + Resin layer was
prepared by firstly spraying the mixture without silica NPs; then spraying the mixture
without Et-CA. NPs/Resin gradient layer was prepared by movable spray method with
gradually changing from SD=10 cm to 50 cm. These coatings were compared via

mechanical durability test.

2.2.3 Results and Discussion

Surface analysis with each spray distanidee SD strongly relates with the resulting
surface coating morphology, wettability and chemiskigure 2-2 shows the XPS
analysis of coatings prepared at each SD. In each SD, the intense peaks obtained by
Figure 2-2A are Si-2p in 97eV (In theory 99 eV) and Si-2s in 157 eV (In theory 151 eV)
from NPs, C-1s in 288 eV (In theory 285 eV) from both Et-CA and hydrophobic group in
NPs, N-1s (In theory 402 eV) from cyano group in Et-®lagnified XPS spectrum are
shown inFigures 2-2B C. Whereas the intensities of N-1s and Si-2p peak are increased
with SD due to the increase in surface roughneggi(e 2-3A) and scanning area, the
Si/N atomic ratio increased from 0.77 to 1.62 with increasing the SD from 0 to 30 cm
indicating a surface NPs ratio increaség(ire 2-2D). Moreover, the Si/N ratio was

almost constant in the SD from 30 to 50 cm. This is probably because the solvent
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evaporates complete in the SD=30 cm, and the deposition behavior of mixtures does not

differ when the SD is more than 30 cm.
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Figure 2-2. (A) XPS spectrum of coatings at different SDs. (B) Si-2p peak and (C) N-1s
peak were analyzed. (D) The SD dependence on Si/N atomic ratios. The higher Si/N ratios

indicate the higher surface NPs occupancy. (n=3)

The surface morphologies of coatings at each SD are shown in Figure 2-3. It
indicates that the surface roughness fractally increases with the SD in the range (Figure
2-3A-C). The roughness change is quantified using a roughness value of root-mean
square roughness Rims. [*! The values increased from 1.097, 11.898, to 20.256 um with
varying SD from 10, 20, to 30 cm. The SEM observation (Figure 2-3D-I) revealed the
surface NPs rate increases with the SD; The spraying at SD=10 cm formed sheet-like
structure with the NPs’ embedded in Et-CA (Figure 2-3G) whereas the coating at SD=

30 cm was hierarchically NPs’ self-assembled structure (Figure 2-31I).
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Figure 2-3. Morphological analysis of coatings at different SDs. (A)-(C) Laser
microscopic images of coatings at (A) SD=10 cm, (B) SD=20 cm, and (C) SD=30 cm
with Rems values. (D)-(I) SEM images of coatings at (D) and (G) SD=10; (E) and (H)
SD=20; (F) and (I) SD=30 cm.

The changes of surface roughness and NPs/Et-CA ratio with the SD are discussed
by considering the change in spraying mixture as shown in Figure 2-4A. The mixture is
comprised of acetone as a solvency, Et-CA monomer, and NPs. In the mixture, Et-CA
initially dissolved and NPs dispersed in acetone, and acetone evaporated to a greater
degree with increasing the SD. Driven by the evaporation of acetone, the mixture droplets
aggregated by surface tension, and Et-CA entered inside the mixture rather than NPs
because the affinity of Et-CA Jkr.ca was much higher than that of NPs Jnps. At this point,
the possible evaporation of Et-CA was neglected, because the weight loss of Et-CA had
been less than 1% when Et-CA dissolved in acetone heated 24 h at 50 °C. Hence, in short,

the mixture aggregates driven by solvent evaporation. It drives Et-CA to enter inside the
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mixture rather than NPs, resulting the decrease of Et-CA density in the mixture. This
explanation is consistent with the XPS results (Figure 2-2D). Moreover, we considered
the structure of coatings at each SD as shown in Figure 2-4B. Since the evaporation of
solvent makes the mixture to decrease the mass of solvent and the density of Et-CA, the
coating at SD=30 cm is formed by the deposition of solvents’ evaporated NPs and Et-CA
with small density, whereas the coating at SD=10 cm is formed by the adhesion of solvent
with NPs and high density Et-CA. Thus, the former one is relative rougher than the latter
one due to the difference of mixture density. (! It reasonably explain the morphology

change in Figure 2-3A-C.
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Figure 2-4. Schematic illustrations of (A) the spraying mixture change in spraying. The
mixture aggregates driven by solvent evaporation. Because the affinity of Et-CA to
solvent is higher than that of NPs, Et-CA enter inside the mixture rather than NPs. It
results the aggregation of Et-CA in the mixture. (B) the models of structure formed at
each of the SDs. As increasing the SD, the surface volume of Et-CA as well as acetone in
the mixture decrease; thus, the Si/N ratio and surface roughness can be controlled by the
SD.
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Wettability of the coatings at various SDs is showikrigure 2-5A; indicating the
water contact angle increases with the SD as well as the Si/N ratio and surface roughness.
Since, the water young angle on Et-CA, NPs, and air were 52° (as measured by us), 99°,
and 180°, respectively!*”] the water contact angle yieldscos8cp = —fuir +
fEt—ca €0S 52° + fyps c0S99° (b.c. fair + fri—ca + fnps = 1) In Cassie-Baxter state,
or cos Oy =1(fgr—cac0s52° + fyps c0s99°) (b.c. fri—ca + fnps = 1) In Wenzel
state. The differentiation of these states was observed by simple droplet adhesion test as
shown inFigure 2-5B; the coating at SD=10 cm show Wenzel state wetting behavior due
to the adhesion of a water droplet whereas the coating at SD=20 cm contact water with
Cassie-Baxter state to show superhydrophobiéfy.Thus, the threshold of wetting
Wenzel and Cassie-Baxter state transition exists between the SD=10-20 cm. In Wenzel
state at the SD is 0-10 cm, the contact angle increases with the SD due to the Kang-Jacobi
theory.??21 On the other hand, the increase of water contact angle with the SD ranging
from 30 to 50 cm is due to the increase fQf. (positively relates with the surface
roughness) angfyps/ fz:—ca- HOwWever, as the increase of surface roughness with the SD,
the coatings become fragile and hence the deterioration of contact angle gets larger as
shown inFigure 2-5A. Therefore, the relationship between a hydrophobicity and a

mechanical durability is found to be trade-off.
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Figure 2-5. (A)Water contact angles on the coatings at various SDs before and after
abrasion. The abrasion was conducted under the pressure at 5 kPa. (n=3) (B) Water droplet
adhesion test on the coatings at SD=10 and 20 cm to differentiate the wetting model

whether the surface is Wenzel state or Cassie-Baxter state.

Design of NPs/Resin gradient layer by movable spray method. To overcome the
trade-off between a hydrophobicity and a mechanical durability, variable distance
spraying: movable spray method was used for the preparation of mechanically durable
superhydrophobic coating. The movable spray was conducted with SD gradually changed
from 10 to 50 cm so as spraying 5 mL of the mixture. In close SD, Et-CA rich composite
layer was formed whereas the long-range SD spraying formed NPs rich composite layer.
Thus, the NPs/Et-CA gradient structure can be obtained as shown in Figure 2-1D. The
gradient density of NPs and Et-CA was confirmed using GD-OES spectrum in Figure 2-
6A. It results the Si peak from NPs gradually decreased, while N peak from Et-CA
increased with the etching time (ET) in the region of ET=0-24.8 s. That’s because the
self-assembled outermost NPs are firstly etched by Ar sputter resulting in the exposure of
the resin layer. Note that the NPs inside the self-assembled layer are also etched by Ar

sputter through the nano spaces between hierarchical structures. The increase of Al peak
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is due to the exposure of substrate caused by etching of thin coating area. However, in the
region of ET=~30.0 s, Al peak becomes constant, and both Si and N peak gradually
decrease with ET due to the etching achieving to the substrate. Since the outermost
surface is air-solid composite layer, the spectrum in ET=0-2.8 s was unstable. As the ET
is mostly in proportion to the distance from surface to substrate, the spectrum versus ET
can be approximated with the spectrum versus surface depth. It indicates the gradual
decrease of NPs density and increase of Et-CA density. Moreover, the structure of gradient
coating was observed using SEM (Figure 2-6B-D). The outermost surface was filled with
NPs (Figure 2-6C) whereas the cross-section was the NPs-embedded Et-CA layer

(Figure 2-6D).
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Figure 2-6. (A) GD-OES spectrum of NPs/Resin gradient layer on Al substrate as a
function of etching time. (B)-(D) SEM images of the gradient layer on the substrate of
(B) the tilting section, where the black dashed line indicates the border between the top
and side of cross-section: (C) top view, and (D) side view.

The mechanical durability of the gradient layer coatings on various substrates was
compared with simple NPs coating on the glass as shown in Figure 2-7A. The gradient
coated aluminum, wood, and glass kept their superhydrophobicity even after the abrasion

test under the pressure at 50 kPa whereas NPs coated glass lost their superhydrophobicity
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to be hydrophilic after the 10 kPa abrasion. There were no apparent differences in

mechanical durability between the three substrates.
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Figure 2-7. (A) Abrasion strength versus hydrophobicity of the gradient layer coated
various substrates and simple NPs coating without Et-CA on glass. (B) A photographic
image of the gradient layer coated glass.

Mechanical durability comparison of the superhydrophobic coatings. The
mechanical durability of NPs/Resin gradient layer coating is compared with NPs single
layer, NPs/Resin mixed layer, and NPs+Resin double layer (Figure 2-1). It is noteworthy
that the gradient coating performed the best mechanical durability in the coatings as
shown in Figure 2-8A. This is apparent that the gradient layer coating is mechanically
more stable than the single NPs coating and the mixed coating due to the volume of Et-
CA. The reason the gradient layer is more stable than the double layer is probably due to
the interfacial energy between NPs and Et-CA. As shown in scheme in Figure 2-8B, the
double layer coating is comprised with NPs layer and Resin layer; the adhesion of NPs
with low surface tension to Et-CA is weak. On the other hand, the gradient structure
continuously changes the NPs/Resin ratio with surface depth, which can treat as
continuous multi-layers with little characteristic differences. Thus, the adhesion of every

layers is relatively stronger than that of NPs/Resin interface.
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Figure 2-8. (A) Mechanical durability comparison of the NPs/Resin gradient layer, NPs
+ Resin layer, NPs/Resin mixed layer, and NPs single layer. (B) Schematic illustration to
study the mechanical durability difference between NPs/Resin gradient layer (upper one),
and NPs + Resin layer (bottom one).

2.2.4 Conclusions

In conclusion, a mechanically durable superhydrophobic coatings are designed by
spraying method. The fundamental study of spray distances on the chemical or
morphological variation of nanoparticles/ethyl cyanoacrylate composite coatings offered
an idea to design gradient density structure using the spraying method that continuously
change the spraying distance. Furthermore, mechanically durable superhydrophobic
composite coatings are compared, to be found the gradient layer designed by ‘movable
spray method’ performed the best mechanical durability. The facile-versatility, excellent
mechanical durability, and superhydrophobicity can be helpful to practically apply
superhydrophobic coating in industry. Also, the methodology contributes to develop

gradient functional materials.
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2.3 Design of hydrophobic polymer based optode for blood

contamination-free K+ sensing

2.3.1 Introduction

Since the superhydrophobic surface decreases the contact area with liquid, giving
the anti-fouling properties to materials which require the interaction with liquid contents
such as optical electrode (opto&)are difficult by using the conventional lotus surface.
However, even though the inexistence of surface air layer, low energy surface can prevent
them from liquid adhesions. Hence, in this section we developed a potassium sensor for
blood with blood-fouling resistance agaely reported example of a combination of
‘surface reactive sensor technology’ and ‘antifouling coating technology’ to advance the
lotus inspired technique to wider range applications. Introduction of the antifouling
feature to optode sensing improves the potential applicability of the technique and, in this
case, will permit development of portable blood sensing monitoring devices for easy use
in the field with the added advantage of fouling-resistance for more reliable serial usage.

Potassium ions are physiologically significant and one of the most abundant
elements found intra- and extra-cellular medi¥.5% For the diagnosis of hyper- or
hypo-kalemia, which can cause various deceases including potentially fatal cardiac
arrhythmias!®? the determination of potassium levels in patients' blood is of significance
for clinical analysis. Previously, various methods for the quotative determination of
electrolytes in blood have been developed such as atomic absorption/emission
spectroscopy (AAS/AES)I® capillary electrophoresis (CER4 and ion selective
electrodes (ISEs)®*® However, these methods require special devices and usually

additional calibrationt>®!
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As an alternate, polymeric bulk optodes has been utilized for quantification of
electrolyte in blood. Insertion of an ionophore selective for a reference ion into the sensor
membrane allows to monitor the protonation degree of a dyestuff which can in number
be used to quantify the activity of the target ion in analyte samples since the response
mechanism is based on a competitive ion—exchange equilibriurfigage 2-9A). 57}

[581 Optical response of an optode device is usually observed in absorbance or fluorescence
mode since the visual response of the optode can be used to quantify the activity of the
primary ion, it is suitable fain situ blood analysis in the absence of an electrical supply
such as occurs at the time of a natural disaster or in remote locations. However, most of
the approaches to blood analysis are based on fluorescence mode, not visual one largely
due to contamination of blood hinder accurate sensing in the visual region. In addition, it
also increases the risk of infection from the woufds.

Here, we report a visually responsive system for determination of potassium level in
blood. The system has the additional property of blood fouling resistance. While in most
previous reports adapted poly(vinyl chloride) (PVC) as based polyfefé! the
fluorinated co-polymer: poly(vinylidene fluoridss-hexafluoropropylene) (PVDF-HFP)
have been used due to its low surface energy over P\g@ré 2-9B). [®2l However, the
effect of surface energy on ionic-exchange in ligepebde interface is not raveled; hence,
we investigated the influence of sensor response by changing the polymer from PVC to

PVDF-HFP; also, we compared their blood fouling resistance.
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Figure 2-9. (A) Schematic illustrations of potassium ion determination mechanism of
polymeric bulk optode. (B)-(E) Chemical structures of the polymers (B), host molecule
(C), dyestuff (D), and cationic exchanger (E) used in this work. To give hydrophobic
properties to the optode, PVDF-HFP is used as bulk polymer instead of PVC.

2.3.2 Experimental
Materials. Host molecule bis[(benzo-15-crown-5)-4-ylmethyl]pimelate (KD-M13)

(Figure 2-9C for structure), cation-exchanger tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate sodium salt (NaTFPB) (Figure 2-9E for structure), and
Bis-Tris were purchased from Djindo Laboratories (Japan). Plasticizer bis(2-
ethylhexyl)Sebacate (DOS) was purchased from Tokyo Chemical Industry Co., Ltd.
(Japan). Dehydrated tetrahydrofuran (THF), KCI, NaCl, MgClz, CaCl. were purchased
from Kanto Chemical Co., Inc. (Japan). PVC and PVDF-HFP were purchased from
Sigma-Aldrich Co., LLC. (USA). HCIl aq. and 1 M NaOH aq. were purchased from
Nacalai Tesque, Inc.(Japan). Dyestuff KD-M13 was synthesized according to reference
(Figure 2-9D for structure). [**/ Pig blood (including sodium citrate as anticoagulant) was

purchased from Tokyo
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Shibaura Zouki Co., Ltd. Human blood was purchased from BIOPREDIC International
Company (France).

Optodes preparation. 1 g PVDF-HFP or 0.79 g PVC was dissolved in 15 mL THF
by stirring 24 h at 60 °C. Then, the sensing medium 2.6 mg bis[(benzo-15-crown-5)-4-
ylmethyl]pimelate, 3.0 mg NaTFPB, 40 uL DOS, and 1.8 mg KD-M13 are mixed in the
respective polymer solution (1mL) by stirring for 1 h. The cocktails were coated on a PET
film by squeegee method. [**! Here, the PVDF-HFP based one and that of the PVC-based

one are 92.5 um, and 96.8 um, respectively (Figure 2-10).

Figure 2-10. Cross-sectional SEM images of (A) PVDF-HFP based optode and (B) PVC
based optode. The thickness of the PVDF-HFP based one and that of the PVC-based one
are 92.5 um, and 96.8 um, respectively.

Analyte sample preparation. All samples were prepared using Tris-buffer and pH
was adjusted to 7.4 with HCI1 aq. KCI, NaCl, MgClz, and CaCl> were dissolved in Tris-
buffer with different concentrations ranging from 10> M to 10° M.

Characterization. Absorption spectra of sensor responses were measured by using a
Shimadzu UV-3600 UV/Vis/NIR spectrophotometer with each analyte sample solution in
a 1 cm quartz cell. For comparison, absorption spectra of completely deprotonated sensor

by applying 1 M NaOH aq. was prepared, too. Coupling constants Kexck and ion
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selectivitiesK°P}; were calculated from the response curve constructed using absorption
spectra measured under different chloride salt concentrations. Potassium levels in human
blood were measured by using a standard addition mefflod color difference meter

(Color Reader CR-13, Minolta Co., Ltd., Tokyo, Japan) was used to quantify the color
change of the sensor. Blood contact angles and sliding angles were measured by casting
pig blood (20uL) on a Contact-Angle Meter (CA-DT, Kyowa, Tokyo, Japan). Blood
contamination area on the sensor was imaged using Image J software (U. S. National
Institutes of Health, Bethesda, Maryland, USA). Surface

structure was observed using a scanning electron microscope (SEM, TM3030Plus

Microscope, HITACHI, Japan).

2.3.3 Results and Discussion

Mechanism of ion-selective optoden-selective optodes usually respond triggered
by selective interaction between hydrogen ions and a oleophilic dyestuff. The films are
made to respond to cations under a competitive ion-exchange equilibrium yielding:
Mw*+zSo+zDoH*Ro S oMo?*Ro*+zDo+zHw! whereM#* is the analyte catioigis the
ionophoreD is the dyeRis the cationic ion-exchanger, the subsdffatenotes “existing
in the analyte solution”, and the subscidenotes “existing in the polymer film” as
shown in scheme ifigure 2-9A. WhenM?#* comes in the optode, hydrogen ions are
extracted from the film in order to conserve electrical neutrality within the film. This
results in the release of protons from the optode without the observable morphological
change in the membrane structufgy(ire 2-11), and thus the deprotonation degree of the
dyestuff is changed bdy#* concentration to turn into the color as showRigure 2-12A

Considering the mechanism of the ion exchange, the dynamic range of optodes can be
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turned by the pH value like Figure 2-12B; To obtain linear response curve for the
potassium determination in human blood, we have to design the appropriate ion carriers,
and dyestuff. Using the sensing materials in this work, we can obtain linear response at
the 10 mM of potassium concentration and at pH ranges between 6-8, which fulfills a

condition for human blood determination (Figure 2-12C, D).

Figure 2-11. SEM images of PVDF-HFP based optode surface in (A) protonated and (B)

deprotonated state.
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Figure 2-12. (A) Absorption spectra of the dyestuff KD-M13. In protonated state, it is
yellow and turns blue upon deprotonation. Spectra were measured by dipping the film

into aqueous HCI solution for the protonated state, or in aqueous NaOH solution for the
deprotonated state. (B-D) Response curve in the linear region obtained by monitoring the
intensity of 10 mM KClI tris-buffer at 470 nm (C) and 625 nm (D) in each pH.
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Sensing properties of polymeric bulk optodes. Previously, it has been reported that
the intensity of optodes varied according to the surface structure of the polymer surface.
(651 In this paper, we have investigated the effect of changing the surface tension of the
polymer matrix on sensing performance. Figure 2-13 shows the sensing property of the
K" selective membrane where the base polymer was (A and B) PVDF-HFP or (C and D)
PVC. The responses lie in the range from 10* M to 10! M, which includes the
physiological level of K* in blood. No apparent difference in the optical response or any
shift of absorbance peak was observed between the PVDF-HFP (log Kexcr=-5.19) and the
PVC  based optode (log  Kex#i=-5.46), where  coupling  constant:
Kexenr=[S-0Mo*" R [ Do [Hw' F/[Mw**[SoF[DoH Ro')? was determined by the molar
ratio of components. Furthermore, there was no apparent change in response velocity.
Therefore, the surface tension does not influence on optical response and/or cause shifts

in absorption spectra.
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Figure 2-13. Comparison of sensing ability between the PVDF-HFP and PVC based
optode. (A) Absorption spectra of the PVDF-HFP based one and (B) the response curve
to K*. (C) Absorption spectra of the PVC based optode and (D) the response curve to

potassium ion.
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Selectivity of the PVDF-HFP based optode. The selectivity of sensing ability is
investigated for the blood potassium level determination in Figure 2-14. Figure 2-14A
shows the response curve of the PVDF-HFP based optode for fluid analytes containing
physiologically significant cations chloride salts (K, Na®, Mg**, Ca®"). Whereas the
PVDF-HFP based optode turned blue in 1 M KCI buffer, it maintained its yellow color in
1 M NaCl, MgCl, or CaCl: buffer as shown in Figure 2-14B. We calculated the coupling
constants Kexcr (Table 2-2) and ion selectivities K;°P, i = K™ (Table 2-3) from the response
curve; but they could not be calculated accurately for Ca** and Mg?" since reliable
approximations of their response curves could not be obtained. However, the results
indicate that the sensor has sufficient selectivity for use in the analysis of blood samples
(the ion selectivities required for blood are given in the literature °°l). Here, a linear
response was obtained in the range of 10*-10"! M indicating that the optode is sufficient
to be selective to operate a background of other blood electrolytes, and thus suitable for

physiological measurement.

A 4 B

O Na e i -——

o K A B ) 2

© Ca B, & 0.6 ' o :

oM &

4 F 04 9 Yo .
<0 02
O A + * 2% 2+
e 9 8 B 2 K Na Ca Mg

P 0
5 4 3 2 1 0

Figure 2-14. Ion selectivity of the PVDF-HFP based optode. (A) Response to NaCl, KCl,
CaClz, and MgCl2. (B) Photographic image of the PVDF-HFP based optodes after
immersion in 1 M KCl, NaCl, CaClz, or MgClz aqueous buffer.
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Table 2-2. Exchange constantse(l)

lon Kexch
K 6.47x10°
Na [1.68x1@

Mg |Unmeasurable

Ca Unmeasurable

Table 2-3. lon selectivity K, i = KV

log K. log K.
, t log K. og K.
ion |log KU_Op 9% 9%

(required for 10-fold diluted bloog{yequired for undiluted blood)

Na [-3.59 -3.14 -3.09
Mg |<-3 -0.92 -0.88
Ca [<-3 -1.39 -1.31

Blood fouling resistancdzigure 2-15A shows the blood contact angle and sliding
angle of each polymer optode. It indicates that the PVDF-HFP based optoe25(mN)
exhibit superior blood fouling resistance than the P¥G£39 mN) based optode thanks
to the formers higher contact angle and lower sliding angle. The difference of contact
angle can be understood Wgung's theoryi® Thanks to the blood adhesion on PVDF-
HFP based optode is weaker than that on the PVC based one, the sliding on the former
was lower than that on the latter. When a blood droplet slides on the PVC based optode,
some small blood contamination remained on the films. For this reason, we measured a
color histogram for each polymer optode just after the sliding of a blood as shown in the
Figure 2-15B C. The red area indicates remaining contaminating blood while the blue
colored area indicates where the optode has reacted with blood. The PVC based optode

showed the higher blood contamination than the PVDF-HFP based optode, in that the
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former surface indicated the higher density red peak and the lower density blue intensity
than the latter surface.
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Figure 2-15. Comparison of anti-blood-contamination properties between PVDF-HFP
and PVC based optode. (A) Contact angle and sliding angle of 20 puL pig blood on PVDF-
HFP or PVC based optode. (B-C) Color histogram for each optode polymer after sliding
the blood. (B) Red color area indicates the remaining blood contamination whereas (C)

blue color area indicates the reacted area with blood.

Determination of potassium level in human blood. Finally, potassium level in human
blood is determined using the PVDF-HFP optode. Figure 2-16 shows the linear-range
response curve obtained by the standard addition method. The potassium level in human
blood was determined to be 5.57+0.09 mM. This value is a valid level for human blood.
For applying this system to in sifu determination, we moreover measured the color value
change with potassium addition to human blood as shown in Figure 2-17 and Table 2-4.
The linear range response in the value L, a, b can be obtained; and hence, it will be helpful

to the development of in sifu determination systems.
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Figure 2-16. Determination of human blood potassium level by a standard addition
method. 4 (A) Absorption spectra of before response, blood response, blood with 3 mM
KCl added, blood with 5 mM KCI added, and blood with 10 mM KCI added. (B)

Response curve of blood with potassium addition for the standard addition method.
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Figure 2-17. Color value change with potassium addition to human blood obtained by in-

situ measurement using color difference meter. Linear response was obtained for the

potassium ion determination as well as the response by UV-vis spectra.

Table 2-4. Color change values with potassium addition in human blood

L a b
Before 88.5 2.5 33.2
Blood 78.4 0.3 35.8
Add 3 mM 74.7 -3.4 21.1
Add 5 mM 71.4 -5.9 17.1
Add 10 mM 70 -6.8 15.6
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2.3.4 Conclusions

In conclusion, we developed the ion selective polymeric bulk optode by giving the
additional function of blood-fouling resistance. This system will be helpful totkitu

and low infection-risk blood analysis in the absence of an electrical supply such as occurs
at the time of a natural disaster or in remote locations. Interestingly the lower surface
tension base polymer showed the better anti-fouling property whereas having maintained
the sensing abilityOur work gives the possibility of improved antifouling properties for

the preparation of more effective and versatile polymer bulk optodes. The system also has
potential for use in functional analytical systems applied to fouling analyte samples such
as polluted water or slime, by selecting the combination of polymer surface tension and

sensing media components.
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Chapter 3 Selective-wetting materials biologically
Inspired by predation mechanism of a spider

Uloborus Walckenaerius

This chapter is based on [Tenjimbayashi, M., Sasaki, K., Matsubayashi, T., Abe, J., Manabe, K.,
Nishioka, S., & Shiratori, S. (2016). A biologically inspired attachable, self-standing nanofibrous

membrane for versatile use in oil-water separation. Nanoscale, 8(21), 10922-10927.]

3.1 Selective wetting properties

In this chapter, selective-wetting porous materials biologically inspired by predation
of a spider are introduced. Selective wetting surfaces which are wet by a liquid whereas
de-wet against the other liquid, have recently been well researched because of the
potential application for separation filtéf.Liquid surface tension, and interfacial tension
with surface etc., are different according to liquid kinds; thus, contact angle depends on
liquid kinds, too. The difference of contact angles can become larger with surface
morphology such as surface roughness and liquid-solid interactions to lead the liquid
dependent wetting with Cassie-Baxter state or Wenzel state as sh&iguria 3-1.[2
Especially, porous materials with controlled morphology and/or surface chemistry
perform selective wettability in extreme because the wetting behaviors are divided into
two states. The one statedassie-Baxtestate in which liquid droplets do not come into
the pores to show high contact angle; the other state is Wenzelstate in which liquid
droplets penetrate among the pores to show contact angle being 0°. The wetting/de-

wetting threshold (WT) are decided by the robustness fattowhich is the ratio of
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breakthrough pressure Ppregktnrougn and areference pressure Pror = 21y /lcqp, Where
leap = (yv/pg)°%® is capillary length for the liquid, y,,, p, and g are the liquid
surface tension, density, and gravity acceleration constant. ) Because the reference
pressure is close to the minimal value of millimetric droplets’ keeping air-solid-liquid
interface (Cassie state), ! the porous material with A* »> 1 & Pyrearthrough — Pref >
0 prevents the liquid from penetration (Figure 3-2A) whereas the material with A* <

1 © Ppreakthrough — Prey < 0 let the liquid penetrate on it (Figure 3-2B).
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Figure 3-1. Schematic illustration of strategy for enhancing selective wettability. The
control of surface-liquid interaction and surface roughness can contact liquid A with

Cassie-Baxter state and liquid B with Wenzel state at the same time.
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Figure 3-2. Schematic illustration of liquid wetting behaviors on a porous material. (A)
Liquid fail to penetrate into the porous material with the robustness factor A* > 1. Here,
R is a cylinder radius and 2D is an inter-cylinder space. (B) Liquid penetrate the porous
material with A* < 1. (C) Liquid I fail to penetrate the porous material due to the
existence of liquid II with Young-Laplace pressure Ap > 0. Here, R’ is a radius of a

curvature of liquid I at inter-cylinder space.

The above discussion was based on the independent wetting behavior on solid/air
composite materials. However, in case the two kinds of immiscible liquid contacts with
the surface, we have to consider the liquid-liquid-solid system. When the liquid mixture
comes into contact with the porous material, the liquid wetting behaviors are divided into
two states: (i) both liquid I and liquid II penetrate on the surface as shown in Figure 1A,
and (ii) the liquid I-liquid II interface is formed as shown in Figure 3-2C. In the latter
case, the liquid I is prevented from the penetration by the liquid II which wets to fill the
pores. The interfacial pressure between liquids: Young-Laplace pressure Ap is given by:
Ap = 2y;_;;/R' = —l.(cos 0)/S where y,_;; is liquid-liquid interfacial tension, R’ is
radius of curvature of the meniscus, and S is pore area. In any case, the wetting behaviors
are selectively controlled by solid-liquid-air interfacial tension, surface morphology, and

capillary.
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From these backgrounds, various selective wetting materials are introduced, which
are categorized by hydrophobic/oleophilic materidfd® hydrophilic/underwater-
oleophobic type,[**4 hydrophilic/oleophobic type!®! dual-phobic (incorporates
hydrophilic/lunderwater-oleophobic and oleophilic/lunderoil-hydrophobic) e,
selective oleophobic/oleophilic typ@, smart switching typ€’2% and some exception
[21-23] their applications are mostly separation filter membranes. Even though the both
theoretical and practical development of this fields enabled highly efficient liquid
separation including emulsion with high flux, there still remains the challenges for
practice including low selectivity of materials, low formability, high cost, complex
process, and large-scale fabricatiBfi.In section 3-2, we introduce an attachable self-
standing nanoweb sheet inspired by an impeding mechanism of a bkipaderus
Walckenaeriuswhose web can capture any insect using electrostatic force; the sheet can
be attached to the various materials to give them a hydrophobic/oleophilic property. The
versatility of this material will be helpful for the practice in industry of selective wetting

materials.

3.2 Design of Hydrophobic/Superoleophilic nanofibrous film for

effective oil/water separation

3.2.1 Introduction
As represented by 2010 Deepwater Horizon oil spill accident in the Gulf of Mexico,
oil pollution in water is a worldwide problerd® It causes long-term negative effects on

the health of living organisms and the environm&ftHowever, high purity oil is an

46



important energy resource for human lifest{A€.The refuse disposal systems currently
available for industrial effluents from factories or for burning rubbish are both expensive
and time consuming?® Therefore, it is important to develop methods for the extraction
of oil from water?®

Recent approaches to separate oil and water are based on the selective wetting of
them onto 2D or 3D porous materiaf§! Various approaches to design selective wetting
materials are reported to separate oil-water mixtures, emulsions, and chemical
components.l520. 2831 For example, Dong et al. reported superhydrophilic and
underwater superoleophobic membranes by coating graphene oxide to Mésfey
and co-workers reported oil absorbent by coating melamine sponge with f¥nin.
these approaches, the materials designed for oil-water separation need to make use of
both 2D and 3D structured porous solids with a specific supporting body. Thanks to the
development of selective wetting materials, this technology has already achieved the
highly effective and continuous separation of oil from mixtures and emulsions using
strategies of oil-water filtratiort*>*% oil absorptioni** *2and oil collectior®® 34 The
remaining challenges of oil-water separation are: (i) adding other functions such as
transparency!! durability, ¥ self-healing®! and a stimuli-respon&g- %€ (ii) working
under special conditions i.e. at different pressi&sr at different temperaturéd’] or
in the presence of other chemicals; 2 and (i) making this technology scalable, facile,
and low costl> 3 The last requirement, especially, is essential in practical use of this
technology. Hence, we aimed to develop a scalable, facile, and low-cost material that
could be applied to both 2D and 3D structured porous supporting bodies for oil-water
separation techniques.

Our strategy is to design a self-standing sheet with selective-wettability that can be
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attached to various materials to provide this function to both 2D and 3D materials.
However, this type of versatile attachment is difficult to design because the conventional
approach to this requires chemical bonding or physical cross-linking between the
supporting material and the coating material.

Here, nature offers a remarkably simple alternative idea. The dgideorus
walckenaeriusweaves an electrically charged thread into fluffed nanofibers from
individual spigots using specialized comb on its legs; the webs capture flying insects by
electrostatic van der Waals forceBigure 3-3A). B 49 |nspired by the capture
mechanism, we designed an attachable self-standing nanofiber sheet (NF-S) using the
easily chargeable fluorine polymer Poly(vinylidene fluoradehexafluoropropylene)
(PVDF-HFP) as shown ifigure 3-3B, C Thanks to the electrostatic van der Waals
forces, the NF-S can attach to various materials as shdwgure 3-3D-G. The strategy
provided oil-water separation ability to both 2D and 3D materfdisin addition, the
scalability, versatility and low cost fabrication of the NF-S will contribute to the practical
use of oil-water separation. Also, the concept of attaching the function to various

materials gives new insight into the development of functional materials.
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Figure 3-3. Biomimetics of Uloborus walckenaerius spider web to design an attachable
self-standing NF-S. (A) Schematic image of the predation mechanism of Uloborus
walckenaerius. (B) Photo-image and (C) SEM image of an attachable self-standing NF-
S. (D) Attachment of a NF-S to a Kimtowel and (E) its magnified image. (F, G)
Attachment of a NF-S block to (F) a finger and (G) an insect.

3.2.2 Experimental

Materials. PVDF-HFP ((-CH2CF2-)m[-CF2CF(CF3)-]n, Mw ~400,000, Mn ~130,000, m:n
= 10:1 (molar ratio)) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethyl-
alpha-cyanoacrylate (Et-CA, Alonalpha 201, NCCH2COOEt, purity > 99 % with 2,2'-
methylenebis(6-tert-butyl-4-methylphenol) < 0.2 %) was kindly provided from Toagosei
Co., Ltd. (Tokyo, Japan). Both polymers, which mainly consisted of a nanofibers sheet,
were biocompatible, fulfilling the “Food and Drug Administration” standard. Acetone
(CH3COCHs3), toluene (Ph-CH3), hexadecane (CisH34), n-dodecane (Ci2Hzs), decane
(Ci10H22), and oleic acid (CH3(CH2)7CH=CH(CH2)7COOH) were purchased from Kanto
Chemical Co., Inc. (Tokyo, Japan). Gasoline (grade: 90-91 octane) was purchased from a

gas station. Ultrapure water was obtained using an Aquarius GS-500 (CPW, Advantec Co.,
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Saijo, Japan) and dyed with Brilliant Blue (Tokyo Chemical Industry Co., Ltd., Tokyo,
Japan). Melamine sponges, poly(vinylchroride) tubes (PVC tubes), and aluminum foil
were purchased from a supermarket. Plastic syringes (Molume ~20 mL) and needles (21G
%) were purchased from Terumo Co. (Tokyo, Japan).

Fabrication of a PVDF-HFP/Et-CA nanofibers sheigure 3-4 summarizes the
designing procedure of various oil-water separating devices. The NF-S was designed by
an electrospinning method. PVDF-HFP (1 g) and Et-CA (0.1 g) were dissolved in acetone
(3.9 g) by stirring for 24 h at 60 °C. The solution was loaded into a plastic syringe with
needles. The vertical tip-to-collector distance between the tip of the nozzle and the
aluminum foil (used as a collector) was 20 cm. The applied voltage was set at 20 kV by
a high voltage power unit. The flux of the syringe pump was set at 3 mL/h. The nanofibers
collection area was about 450 £rlihe electrospinning time was 2400 s and the weight
change before and just after electrospinning was 3.0 g. The electrospun nanofibers on the
aluminum foil were dried for one day. The designed NF-S was easily peeled from the
aluminum foil. The self-standing NF-S was attached to a melamine sponge, glass
container, or PVC tube. Furthermore, we found that the NF-S was able to be attached to
materials firmly and closely by wetting the NF-S using isopropanol (IPA,
CHsCH(OH)CHs). When wetted with IPA, the NF-S become sticky, and after drying it

was firmly attached to the materials.
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Figure 3-4. Schematic images of the designing procedure. i. The design of the NF-S using
an electrospinning method. ii. Peeling the NFs-S from the aluminum foil, which allows
the NF-S to become self-standing and negatively charged. iii. The self-standing NF-S was
attached to a melamine sponge for oil absorption, to the tip of PVC tube for oil-water

separation by filtration, and to a container for oil collection.

Characterization. The morphology of the NF-S was measured by field emission
scanning electron microscopy (FE-SEM, Miniscope® TM3030Plus; Hitachi, Japan) with
an applied voltage of 15.0 kV; all samples were coated with osmium before observation.
The surface chemical components of the NF-S were analyzed by energy-dispersive X-ray
spectrometry (EDX, QUANTAX 70; Bruker Nano GmbH, Berlin, Germany). Fiber
diameter distributions in the NF-S were obtained by SEM images using the Image J
software (U. S. National Institutes of Health, Bethesda, Maryland, USA). The elastic
force and extension rate of the NF-S were evaluated by using TRAPEZIUM LITE
(Shimadzu Co., Ltd., Kyoto, Japan). The contact angles of the liquids on the NF-S were
measured by a commercial contact angle system (FACE; Kyowa Interface Science Co.,

Ltd., Niiza, Japan). Each static contact angle measurement was performed using 10 pL
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liquid droplets at room temperature (20 °@)=(5 for each sample surface). The wetting
processes on the NF-S at room temperature were observed by time-resolved images of
the 10uL casting liquid droplets on the NF-S monitored by a high-speed camera (HAS-

D3, Ditect, Tokyo, Japan). The separation efficiency for the oil-water mixtures was

calculated by the following equatiorSeparation efficiency /% = —2C__ %100

Wwater tWoil
where wy,.ter @nd w,;; are the weight of water and oil that remained in the PVC tube,

respectively it = 3 for each oil on NF-S). The flux of the penetrating oil on the NFs-S

Vpenetration

was calculated by the following equatioRtux / Lh™m™2 = where

tpenetration XAsheet

%

benetration 1S the volume of penetrated oil on the NF{Senetration IS the time of oil

penetration, andig,..: IS an area of the NF-S that was penetrated by the oil. To mitigate
the influence of gravity on the flux, the penetrating oil was cast in small volumes that just
covered the whole surface of the NF-S. The mechanical strength of the melamine sponge
covered by the NF-S was evaluated by cycles of compression and release using pressing
equipment (AH-2003, AS ONE Co., Osaka, Japan). The intervals between compression

and release were within 30 seconds at room temperature.

3.2.3 Results and Discussion

Characterization of the NF-S'he NF-S was fabricated by electrospinning a PVDF-
HFP/Et-CA mixture on the aluminum collector. The thickness of the NF-S was
approximately 135m (see Figure 3-5) and estimated cost was US$ 0.88see Table
3-1). The NF-S is self-standing and stretchabigyre 3-3B) whose maximum strain
was about 250% at a stress >1 MP@\re 3-6A) The fracture behavior of the NF-S in

a strain-stress test was gradual, meaning the thinner fibers within the sheet fractured first,
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then thicker fibers, resulting in a gradual decrease in the stress at strains >250%. The fiber
diameter was 0.972+0.344 um whose distribution ranged from 0.3 to 2.5 um (Figure 3-
6B). Thus, the mixture of nano- and micro-fibers contributed the strength of the NF-S.
The surface area determined by the Brunauer-Emmett-Teller method was 1.11734+0.1037

m?/g (see Figure 3-6C for calculation).

Figure 3-5. Cross-sectional SEM images of the NF-S. The thickness of the NF-S is 135

pum.

Table 3-1. The cost of materials for fabrication of the NF-S. All costs were taken from
Sigma-Aldrich (St. Louis, MO, USA) HP at http://www.sigmaaldrich.com (accessed on
22 January 2016).

Weight / g m” | Cost/$ g_l Cost/$m”
PVDF-HFP 0.40 0.479 0.19160
Et-CA 0.04 15.450 0.61800
Acetone 1.56 0.049 0.07644
Total - - 0.88604
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Figure 3-6. (A) The NF-S strength and elastic properties. (B) Distribution of fiber
diameter in the NF-S. (C) BET fit for the N2 adsorption isotherm of the NF-S.

Surface chemistry of the NF-S was analyzed using EDX as shown in Figure 3-7.
The NF-S was composed of PVDF-HFP (hydrogen, carbon, and fluorine) and Et-CA
(hydrogen, carbon, nitrogen, and oxygen). Et-CA was added to adjust wettability strength
and elastic properties. The EDX mapping in Figure 3-7A showed carbon, nitrogen,
oxygen, and fluorine peaks, indicating the presence of PVDF-HFP and Et-CA. The atomic
ratio of nitrogen to oxygen was about 1:2 which means the fibers included Et-CA (Table
3-2). The elemental distribution confirmed that the PVDF-HFP and Et-CA was mixed in

the fiber (Figure 3-7B).
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Figure 3-7. (A) Elemental composition and (B) elemental distribution of carbon, nitrogen,

oxygen, fluorine, and overall distribution of the NF-S.

Table 3-2. Weight and atomic ratio of the NF-S elemental composition.

Weight ratio Atomic ratio Error range
C 0.462 0.568 0.048
N 0.023 0.024 0.003
O 0.047 0.044 0.006
F 0.468 0.364 0.046

Selective-wettability of the NF-S. The NF-S was characterized by a selective
wettability for oil-water separation. We studied the water blocking and oil penetration
mechanisms for the NF-S in detail (Figure 3-8). Water blocking ability of the NF-S was
tested for the bare NF-S (i), toluene infused NF-S (ii), and hexadecane infused NF-S (iii).
Under any condition, the water droplets did not penetrate the surface to show apparent
contact angle (Figure 3-8B). Conversely, both toluene and hexadecane droplet penetrated
the NF-S to perform superoleophilicity (iv, v, and Figure 3-8C). The WT were
investigated by measuring the contact angle of various water/ethanol mixtures as shown
in Figure 3-8D.[*?! The WT of the NF-S exists at a surface tension in the range of 36.09-

38.566 mN m.
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Figure 3-8. Wetting behaviors of water and oils on the NF-S. (A) Schematic illustrations
of a water droplet on: (i) the NF-S; (ii) a toluene-infused NF-S; and (iii) hexadecane-
infused NF-S; and (iv) a toluene droplet and (v) a hexadecane droplet on the NF-S. (B)
Water contact angle on (i)-(iii). (C) Oil contact angles of (iv) and (v). (D) The contact
angles and surface tensions (20 °C) for an ethanol-water mixture. [*?] The limit for wetting

or repelling is at a surface tension in the range of 36.09-38.56 mN m™'.

Then dynamic wetting behaviors of oil and water on the NF-S were investigated in
Figure 3-9. Water droplet on the pristine NF-S showed the highest hydrophobicity
(Figure 3-9B). In case (i)-(iii), water droplets blocked their penetration. In case (ii) and
(iii), we found that an oily layer formed on the NF-S surface and blocked water invasion
as a result of immiscibility of oil and water as shown in Figure 3-9C. [** Figure 3-9D
indicates most of the oil penetrated the surface but some of the oil remained on the surface
to form liquid layer immobilized by the capillary force of the NF-S, which allowed oil-

water separation.
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Figure 3-9. Dynamic wetting behaviors water and oil on the NF-S. (A) Time-lapsed
images (1)-(iv) and (B)-(D) selected magnified images.

Application of the NF-S. We applied the NF-S to three types of applications; oil
absorption, oil-water separation, and oil collection. The oil absorbent was fabricated by
covering a melamine sponge with the NF-S (sponge + NF-S) as shown in Figure 3-10A.
Even though the melamine sponge is naturally omniphilic, the surface of the sponge +
NF-S performed the hydrophobicity and oleophilicity at the same time shown in Figure
3-10B. The oil absorbent was used in processes (i)-(iii) in Figure 3-10C. The merit of the

combination of sponge + NF-S is that the absorbed oil can be easily extracted for re-use,
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whereas other oil absorption methods require more complex extraction processes such as
heating. [*!:32! This feature comes from the flexibility of the NF-S and melamine sponge.
The NF-S maintained its structure after oil extraction (Figure 3-11) to realize repeatable
oil absorption and extraction without deterioration (Figure 3-10D) with high absorption
capacity for various types of oil as shown in Figure 3-10E. We also conducted a
compression test to determine the 3D structural retention, which performed the high
stability of the sponge structures as shown in Figure 3-10F, thanks to the natural
properties of the melamine sponge. Thus, we attached a selective wetting function to the
sponge, which already had stable liquid storage properties and high compression
durability. This is new insight into materials functionalization, that is, an example of an

addition of function to an already functional material to create an advanced material.
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Figure 3-10. Application of the NF-S to oil absorbent. (A) A photo-image of an uncoated
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melamine sponge (sponge) and the NF-S attached melamine sponge (sponge + NF-S)
with a schematic image of the magnified oil absorbents. (B) A photo-image of the samples
in a beaker half-fulfilled with dyed water. (C) Photo-images of the sponge + NF-S being
used in separating oil in processes (i)-(iii). (D) Mass change of toluene inside the sponge
with cycles of absorption and squeezing. (E) Absorption capacities for the oil-water
mixtures with different types of oil. (F) Cyclical pressing measurements for the sponge +
NF-S.

Figure 3-11. Dynamic wetting behaviors water and oil on the NF-S. (A) Time-lapsed
images (1)-(iv) and (B)-(D) selected magnified images.

Figure 3-12 shows the application of the NF-S in an oil-water filter. The NF-S was
attached to the tip of a PVC tube and the oil-water separation is shown in processes (i)-
(1i1) in Figure 3-12A. When an oil-water mixture was poured into the PVC tube, only oil
penetrated the NF-S and was collected in a container below the PVC tube to obtain
separated water and oil (Figure 3-12B). The separation efficiency for various types of oil
was determined to be >99% in average (Figure 3-12C). The flux value for each type of
oil is shown in Figure 3-12D. The flux (f) is related to the viscosity of the oil (1) by f =
udgL™t, where L, d, and g are the thickness and pore diameter of the NF-S, and
gravitational constant, respectively (see Table 3-3 for the viscosity of oils. 4+ 1), [2] Thus
the separation flux decreased as the thickness increased (Figure 3-12E) and the pore size
decreased (Figure 3-12F). The flux for gasoline permeating the membrane was 3000 Lm"

’h’l. Herein, we compared the separation efficiency, flux, and the cost with various
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literatures in Table 3-4. (8 3% 46541 The-NF-S performed the cheapest cost and also high
level separation efficiency and flux values. Furthermore, the NF-S folded five times
performed the extraction of pure oils from an emulsified oil-water mixture with only

assistance from gravitation (Figure 3-12G-J) via processes (i)-(iii) in Figure 3-12A.
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Figure 3-12. Application of 2D oil-water separation. (A) Oil-water separation filter.
Photo-images show the separation of toluene from the toluene-water mixture in processes
(1)-(ii1). (B) A photo-image of toluene and water after separation. (C) Separation
efficiency and (D) separation flux of oil-water mixtures with different types of oil. (E, F)
Separation flux of the toluene-water mixture with different NF-S thicknesses (E) and pore
diameters (F) adjusted by folding and extending the NF-S. (G, H) Photo-images and (I,
J) microscopic images of the emulsified toluene-water mixture before (G, I) and after
separation (H, J).
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Table 3-3. Characteristics for each oil.

Viscosity / mP' s Surface tension / mNtm | Density / g ®

Toluene 0.560 28.50 0.865
Hexadecane 3.061 27.47 0.773
n-Dodecane 1.352 25.35 0.745
n-Decane 0.841 23.83 0.730
Oleic acid 31 32 0.894
Gasoline

(44, 45) 0.86 21.56 0.726

Table 3-4. Summary of 2D materials for oil/water separation properties

, Separatior]
i Preparation . Flux Cost
Materials efficiency 2 1 Referencs
methods (Lm~h") | (US$)
(%)
Polyaniline coate( vapor phast
y : P p 97.8 n.a. 4.5 [33]
cotton fabric deposition
polydopamine/n- Michael
dodecyl mercapta| addition 98.12 n.a. 7.6 [46]
mesh reaction
immersion
cellulose hollow fiber | precipitation| >97 7.7 <5 [47]
technique
cellulose acetate-graffphase
polyacrylonitrile inversion >97 300 16.9 [48]
membranes method
thermal
Vertically-aligned chemical
n.a. 85.6 - [49]
carbon nano-tube vapor
deposition
poly(2-
methacryloyloxylethyl| grafting >99.9 880 37.2 [50]
phosphorylcholine)
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copolymer
PMMA- b-P4VP | synthesis
>08 n.a. 7.8 [51]
membrane and electro
spinning
dip coating
polybenzoxazine/TiO2 | and thermal | >98 2900 23.6 [52]
curing
carbon soot caoted | combustion
>99 10.2 <1 [53]
steel mesh by candle
spray
PTFE coated mesh n.a. n.a. 6.1 [8]
method
phase-
PVDF membrane inversion >99 9 3415 51.3 [54]
process
PVDF-HFP/Et-CA
Just attach .
nanofibrous 99.8 3000 0.88 This work
membrane the NFs-S

Finally, the application of the NF-S in oil-collector is performed. The container

which is covered with the NF-S allowed oil penetration in that only oil was collected in

the container after pouring an oil-water mixture through the material as shown in

processes (i)-(iii) in Figure 3-13.

er mixture

NF-S

Figure 3-13. Application of an oil collector. Photo-images of toluene collection in a

container from a toluene-water mixture in processes (i)-(iit).
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Effect of PVDF-HFP: Et-CA ratio on NF-S performance. We furthermore discuss an
influence of PVDF-HFP per Et-CA ratio on the NF-S properties. As varying the Et-CA
weight ratio from PVDF-HFP: Et-CA=1:0.1/ w: w to =0.8:0.3 /w: w, the elastic property,
wettability, fiber diameter, surface chemistry of NF-Ss changed as shéwgune 3-14.

The Et-CAis rigid and fragile, has higher surface energy than PVDF-HFP as mentioned
in Chapter 2. The viscosity of Et-CA in acetone is lower than that of same contents of
PVDF-HFP, considered with molecular weight. Thus, the addition of Et-CA in PVDF-
HFP makes NF-Ss the lower strain and the more robigirg 3-14A), and the decrease

of fiber diameter Figure 3-14C, D. The decrease of surface energy and the fiber
diameter with Et-CA addition makes NF-Ss an unlinered wettability cha&ngeré 3-

14B) owing to the variation of surface energy and trapped air ratio. The surface chemistry
of each NF-S consisted of PVDF-HFP and Et-CA was confirmed by Fluorine per Nitrogen

atomic ratio from EDXFigure 3-14 E, F, Table 3-5).
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Figure 3-14. Effect of PVDF-HFP: Et-CA ratio on (A) extension ratio, (B) water contact
angle, and (C, D) fiber diameter with the SEM images (D). (E) Atomic ratio of fluorine
per nitrogen for each ratio of PVDF-HFP with Et-CA. (F) Elemental distribution of
fluorine and nitrogen in the fibers with respect to the ratio of PVDF-HFP to Et-CA.

Table 3-5. Normalized atom ratio of fluorine, carbon, oxygen, and nitrogen by changing
the ratio of PVDF-HFP to Et-CA.

PVDF-HFP:Et-CA ratio / w:w

1:0.1 0.9:0.2 0.8:0.3
F[36.412 + 4.865 [40.989 + 5302 [42.483 + 5.454
Normalized atom|C[56.838 =+ 4.841 [51.510 + 4.265 [50.378 + 4.145
weight Ol.354 + 0.564 @4.709 <+ 0.576 [4.181 £ 0.512
IN[2.396 £+ 0.333 [2.791 + 0348 [2.958 + 0.360




Method for large scale fabrication of NF-Ss. We designed a large-scale
electrospinning device for the large-scale fabrication of the NF-Ss using a combination
of a slider and drum roll as shown in Figure 3-15, and manufacture a NF-S at a size of

600x500 mm. This increases the possibilities to use the technology for practice.

Drum roller

High voltage

Syringe pump Collector

Figure 3-15. Electrospinning device for large-scale fabrication of NF-Ss. The slider
moves in the direction of the arrow and the drum roller rotates to design uniform and

large-scale NF-Ss

3.2.4 Conclusions

We introduced a self-standing, super-elastic and adhesive NF-S with selective wettability
of hydrophobicity and oleophilicity at the same time inspired by the Uloborus
walckenaerius spider web. The versatile application, low cost and simple process,
scalability of NF-S can be helpful to develop the selective wetting materials for practical
use. The dynamic wetting analysis revealed the part of oil remained on the NF-S

functioned to block water penetration. We also give a new insight into the whole of
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materials field, that is, the possibility of designing advanced materials by combining
different functional materials (e.g. In this work, the high absorption capacity by the
melamine sponge and the selective wettability by NF-Ss are combined to be an oil-

absorbent.)
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Chapter 4 Slippery-wetting materials bioinspired
by pitcher plant Nepenthes rafflesiana Jack

This chapter is based on [Tenjimbayashi, M., Togasawa, R., Manabe, K., Matsubayashi, T.,
Moriya, T., Komine, M., & Shiratori, S. (2016). Ligdifused Smooth Coating with
Transparency, Supdburability, and Extraordinary Hydrophobicity. Advanced Functional

Materials, 26(37), 6693-6702.]

4.1 Slippery wetting properties

The carnivorous pitcher plants suchNepenthes rafflesiana Jagket their leaves
with lubricating oil to make insects slide down into their digestive juices. Inspired by the
‘slippery’ mechanism, Wong et al. reported slippery liquid infused porous surface(s)
(SLIPS) by infusing a porous substrate with lubricating oil asFigure 4-1. [
Introduction of the slippery liquid interface rather than air-solid interface such like lotus
surface enabled perfect slipperiness toward various kinds of liquid which was immiscible
with lubricating oil. Indeed, the state-of-the-art surfaces have potential development of
antiwetting materials with multi-functionality including transmittance, self-healing,
damage tolerance, and pressure-stability.

Slippery wetting surface are designed by forming the porous oleophilic base layer
(BL) and the following lubricant infusion to form a liquid layer (LL). SLIPS fabrication
Is based on three criteria: (i) LL must wick into, wet and stably adhere within the BL, (ii)
the BL must be preferentially wetted by the LL rather than by the target liquid to be
repelled, and (iii) the LL and the target liquid must be immisciBl€he first requirement

is satisfied by micro-nanotextured rough BL to immobilize LL using capillary interaction.
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To satisfy the second criterion-the BL must perform selective-wettability in that wet by
the liquid as LL whereas dewet by the liquid to be repelled. From the viewpoint of
thermodynamics, SLIPS must fulfill the criteria showrFigure 4-2: ConfigurationlL
[lubricating liquid (liquid A) layer is formed on the roughened solid and target liquid
(liquid B) does not replace the liquid layer] must be more stable than configuration A
(roughened solid is wet by liquid B), and also configuraBidroughened solid is wet by
liquid A) must be more stable than configuratiat the same time. The stability can be
quantified by calculating total intekfal energies; E;<E,, and E,<E, where the energy

of configurationl,2, andA are E,, E,, and E4, respectively. They yield\E; = E, —

E, = R(ygcosfy —y,cos0,) —yag >0 , and AE,=E,—E, = R(ygcosfg —
yacos6,) + vy, —yg > 0 wherey,, vy, andy,z are the surface tension of liquid A,
liquid B, and the interfacial tension between the liquils, and 6; are equilibrium
contact angles of the liquids on a smooth BL,is roughness factor.

SLIPS technology opened the new insight into the whole materials science by
introducing a liquid coating rather than solid coating materials. Previously liquid infused
surface materials have been widely studied. Aizenberg group developed SLIPS
technologies into anti-icing metal materidf$,antithrombosis and biofouling resistant
medical device?! liquid gate filter[* highly effective heat transfer condensation material,
Bland smart optics/wettability tunable materi&lsin our group, various liquid infused
materials are reported including self-standing gel-like matéHainti-reflective anti-
icing surface!® anti-biofouling endoscope lertd,solar cell coatind!® and temperature
triggered smart coating materiafé!

Although such liquid immobilizing coating technology as represented in SLIPS

showed the potential development, there still remains challenges in long-term use and
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controllable liquid layer formation since the rough BL limits liquid layer control and the
exposure of rough BL along with LL evaporation deteriorates the properties. Thus, in this
chapter, we developed the technologies into liquid layer patternable surface without

(121 Our work also performed

introducing rough BL, to enlarge the potential application.
breakthrough toward the conventional liquid technology criteria: the roughness of BL
being necessary for liquid surface, in that we succeeded liquid infused smooth surface by
introducing 7w interaction instead of capillary. The surface with m-interacted liquid

adsorption, smoothness, and hydrophobicity in short ‘SPLASH’ will be helpful to the

development in whole materials science, we believe.

Functionalized v Lubricating film Test liquid
porous/textured solid ", (liquid B) ' [quuid/A]
: \

Figure 4-1. Schematic illustrations showing the fabrication of a SLIPS reproduced with

permission. Copyright 2011, Nature Publishing Group !,
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Figure 4-2. Schematic illustration which explains criteria for thermodynamically stable
SLIPS formation. When configuration 1, and 2 are more stable than configuration A,
SLIPS is stably let liquid A slide on the surface.
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4.2 Surface witht-interaction liquid adsorption, smoothness and

hydrophobicity (SPLASH)

4.2.1 Introduction

Hydrophobic coatings are of great importance in many scientific and technological fields,
and various approaches have been used for their preparation and development of
applications '35 Lotus leaf inspired superhydrophobic surface is one of the famous
approaches. The concept of superhydrophobic surface is to reduce the contact area
between a liquid layer and the surface by trapped microscopic air layer on the controlled
rough structure. Thus, the created air/solid composite surface enables liquid droplets to
easily roll off. Although the development of superhydrophobic surfaces has made it
possible to incorporate excellent liquid repellency with transparency or durdbility,

there are still challenges for practical use, such as limited hydrophobicity (depending on
the wetting state, temperature, size or viscosi):?! limited self-healing, and pressure
instability due to the rough surface structifi®.

SLIPS, where a LL is formed at the interface by infusing lubricating liquid in a
nano/microscale porous BL, overcome the challenges of conventional hydrophobic
surfaces; Thanks to the unique fluidic character, SLIPS succeed to possess stable
hydrophobicity, transparency, quick self-healing property, and pressure stability.

From these backgrounds, LL-formation on surfaces has attracted strong attention for
the design of multi-functional materials with special wettability, such as SIAPS,
xerogels?! and self-lubricating organogéfé! that contain a hydro-immiscible LL with
multi-functional properties. Indeed, recently surfaces with covalently attached liquid-like

molecules that show slipperiness towards liquids are also being devefdp&u 24
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Hydrophobic surfaces that make use of the fluidity of the liquid interface retains the
immobilized LL by capillary forces of the sponge-like BES! Thus, the remaining
challenges for next generation LL-immobilized surfaces are patternable LL formation on
solid surfaces and LL transport to realize the systematic use of the LL surface. However,
our concern is that the change of the LL thickness during the process of LL transport or
patterning can make the immobilized LL surface properties unstable along with the
exposure of the rough structure of B> & 26ITherefore, a drastically different approach
Is required for designing controllable LL formation or transport on solids with a
completely smooth structure to realize stable LL properties regardless of its thickness.
Here, we introduce a new approach for constructing liquid-absorbed smooth surface
usingz-electron interactions at the solid-BL/LL interface. In our approaakelactron-
abundant smooth surface interacts with organic matenals-stacking, which works
even under a liquid staté’” 28l allowing a wide variety of LLs to be trapped on the solid
BL without rough structure. In addition, the localization moflectrons enabled
controllable LL formation, and liquid transport on smooth BL is also realized by patterned
liquid adsorption, which has been limited only to water, previolf8iy?! Furthermore,
then-stacking interaction realized superwetting of decyltimethoxysilane (DTMS) on BL
without roughness enhancing to realize stable LL formation. By applying this concept,
our m-electron-abundant smooth BL, which retains a hydrophobic and extremely low
viscosity organic liquid (in this case DTMS), was designated as a surfaceelebtron
interaction liquid adsorption, smoothness, and hydrophobicity: SPLASH, which allows
the development of a hydrophobic surface with multifunctional properties such as high
optical transparency, extraordinary hydrophobicity, and defect-free self-healing

properties; these properties were stable regardless of a changing in LL thickness.
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This novel concept demonstrates the potential for designing controllable and stable
liquid surfaces with multifunctionality, which may serve as the next generation state-of-
the-art surfaces by replacing the “solid functional surface” with the “liquid-adsorbing
surface”.[t: & 11 21, 30-32IThege liquid-adsorbing surfaces can be applied not only to
hydrophobic surfaces but also to functional liquid surfaces for the development of a wide

range of thin-film technologies, we beliel

4.2.2 Experimental
Cocktail preparation. Mixture A for phenyl group modification was prepared by
mixing 0.4322 g of phenyltriethoxysilane (PTES, Shin-Etsu Chemical Co., Ltd., Tokyo,
Japan), 1.3791 g of tetramethoxysilane (TMOS, Junsei Chemical Co., Ltd., Tokyo, Japan),
5.59 mL of ethanol, 0.7566 mL of deionized water, and glOdf HCI in order, and the
resulting mixture was stirring for 24 h for the reaction. Mixture B for decyl group
modification was prepared by mixing 0.4725 g of decyltrimethoxysilane (DTMS, Shin-
Etsu Chemical Co., Ltd.), 1.8876 g of tetraetoxysilane (TEOS, Wako Chemical Co., Ltd.,
Osaka, Japan), 5.59 mL of ethanol, 0.7566 mL of deionized water, and 2004 Cl in
order, and the resulting mixture was stirring for 24 h for the reaction. Mixture C for the
rough BL was prepared by dispersing 4 wt.% §z#$i modified hydrophobic Si©
nanoparticles (Aerosil RX 200, diameter ~12 nm, Evonik Industries, Germany) in ethanol.
Preparation of the surface®\l of the substrates were made hydrophilic using
UV/Os treatment [NL-UV253, Shoko Scientific Co., Ltd., (formerly Japan Laser
Electron), Kanagawa, Japan] before coating with the LLs. TheBiQvere attached to
the substrate by spin coating mixture A at a speed of 1000 rpm for 5 s and then at 2000

rpm for 10 s. Si@-Cio were attached to the substrate by spin coating cocktail B at a speed
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of 1000 rpm for 5 s and then at 2000 rpm for 10 s. These coatings were dried for 24 h at
room temperature. The SPLASH was prepared by castingul.@872 DTMS on the

ethanol (purity 99.5%)-rinsed StePh substrate. DTMS was spread by a blower (The
components of the SPLASH showed low toxicity with the standard of both LC-50 and
LD-50.). The rough BL was prepared by spraying mixture C with the conditions of 0.8
MPa spraying pressure, 5 s spraying time, and about 30 cm of spray distance between the

sprayer and the substrate, and drying for 1 h at room temperature.

Liquid spreading behaviout.iquid spreading behaviour and liquid layer formation
were measured using a high-speed camera (HAS-D3, Ditect Co., Ltd., Tokyo, Japan) and
analyzed with Image J software (U. S. National Institutes of Health, Bethesda, Maryland,
USA).

Wettability.Static contact angles, sliding angles, and underwater contact angles were
measured using a contact-angle meter (CA-DT, Kyowa, Tokyo, Japan) and our own
instrument. Endoscope application was conducted using an oscillating endoscope
(SM20052, Machida Endoscope Co., Ltd., Japan). Contact angle hysteresis was measured
by increasing and decreasing the droplet volume while taking screenshots and extracting
the advancing and receding contact angles. Self-cleaning procedure of the SPLASH was
assessed by covering the SPLASH with sands (Akadama-tuchi, Marukei, Co., Ltd.,
Tochigi, Japan) and casting deionized water droplet. Liquid sliding speeds were measured
using a high-speed camera and analysed with Image J soflvsirepraying tests were
conducted using a commercial hand sprayer and digital microscope (VHX5000, Keyence
Corporation, Japan).

Optical analysis. Optical measurements were performed using a spectrophotometer
(UVmIini-1240, Shimadzu, Japan) and a haze meter (NDH-5000, Nippon Denshoku

Industries, Japan) with a white-light-emitting diode (5 V, 3 W) as the optical source. The
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photocurrent density—voltage curves of single-crystal standard solar cells (Akihabara,
Japan) were measured under illumination with an AM 1.5 solar simulator (100 mW cm
2) for a 2.8 cmi masked area. A 500W xenon lamp (UXL-500SX, Ushio Inc., Tokyo,
Japan) was used as the light source. A thickness and a refractive index of BL was

measured using Ellipsometry (MARY-102, Five Lab, Japan).

Surface analysisThe surface smoothness was measured by atomic force microscopy
(Nanoscope llla, Digital Instruments, USA). The surface morphology of the rough BL
was measured by field emission scanning electron microscopy (FE-SEM, S-4700,
Hitachi, Japan) with 5 kV voltage. The existencea efectrons was confirmed using the
FE-SEM with charging-up and X-ray photoelectron spectroscopy (XPS, JPS-9010TR,;

JEOL Ltd., Japan) of n electrons derived from the satellite peak.

Durability analysis.Mechanical durability was assessed by vigorously cutting or
wiping the SPLASH by cutter or cotton fabrics, respectively. Long term stability of the
SPLASH was measured by preparing 6 samples under deionized water (ionic resistance:
18.2 MQY) covered by container for preventing water evaporation, and 6 samples in our
laboratory (20 °C). 0.08L cm? of DTMS as LL was casted on SidPh coated glass

substrate.

4.2.3 Results and Discussion

m-interacted liquid control on smooth surfad®e firstly discuss how the existencensf
electrons affects the liquid wettability of the smooth solid surface. On the smooth surface,
liquid without interactions never soaks into the substrate because there are no pore or
space on solids. Thus, the design of hydrophobic smooth surface with patterned
adsorption can achieve the control of LL formation or transport. We prepared two kinds
of hydrophobic smooth surface using silane technology. One is ¢lextron abundant

smooth surface by attaching phenyl groups to glass substrates witltr883-linker
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(SiO—Ph), because electrons are charged in compounds including aromatic or alkyne
groups. In this case electrons are confined in phenyl group tethered non-conducting
SiOz matrix to make substrateselectron-abundant. The existencernoélectrons was
confirmed by X-ray photoelectron spectroscopy (XPS), whose satellite peaks derived
from the n electrons were observed in 287-292 keNg(re 4-3A). The other is
essentially non-polar smooth surface prepared by decyl-group-modified surfaces (SiO
Ci10) and the XPS spectrum is shownHRigure 4-3B. These two surfaces are almost
completely flat, with root mean square roughness Bf <1 nm Figure 4-4). The
existencer-electrons influenced on various liquid wetting behavior as showigimre

4-5A. The liquid adsorption properties of the surfaces were quantified by measuring the
sliding angles (SAs) of various test liquids (il0, as shown irFigure 4-5B. On smooth
surface, liquids are never soaked into the surface, generally. Thus, all test liquids slide on
SiO—Cio, Whereas the liquids are completely pinned to form LL orp-8i In addition,

static contact angles (SCAs) of test liquagls shown irigure 4-5C (with visual images:
Figure 4-5A). Oily liquids become superoleophilic on S#Ph coatings regardless the
values of liquid surface energy, whereas the SCAs are proportional to liquid surface
energy on Si@-Cio. These wettability analyses indicate that the liquid is adsorbed on the
smooth surface owing tointeractions. The results showed that oily liquids with —OH, —
COOH, —CHO, —CH, —OMe, —OEt, and —Ph groups except water, adsorb s Biky

CH-n, XH-r (X=0, COO, CO), orn-n interactions. Thus, we prepared various
hydrophobic liquids with the functional groups mentioned above and checked whether
they form a LL on Si@-Ph and whether the liquid-adsorbed surface can repel water

droplets (see Table 4-1).
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Figure 4-3. Wide-range x-ray photoelectron spectroscopy (XPS) analysis of the SiO2-Ph
and Si02-Cio showing the Ois, Cis, and Sizp spectra employing an MgKa laser.
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Figure 4-4. AFM images of (A) SiO2-Ph and (B) SiO2-Cio coated glass substrate.
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Figure 4-5. (A) Photographic images of various liquids dropped on the surface gt SIO

Ph or SiG@-Cio. These liquids are castedusing micropipette (1P (B) Check of LL

wetting on SiG-Ph compared with S©©9Cio (withoutn electrons). Sliding angle (SA) of
various liquids measured on each surface. These liquids are casted on the surface using
micropipette (1QL). When the test liquid is adsorbed, the liquid does not slide. (C) Static
contact angle (SCA) of various liquids measured on each surface.
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Table 4-1. Summary of the types of liquid that can be adsorbed on the smooth surface
and act as a liquid-repelling surface.

Whether
Surface Whether Water
a surface
tension | Viscosity liquid has sliding
Liquid Structure can repel
ImNm | /cSt interaction angle
water or
1 group r°
not
KF-56A 24.4 15 CHSi(CH;),O[Si(CHs).O]n[Si(PhYO].Si(CHs)s | Y Y 7.2¢4.2
KF-96-30cs | 20.7 30 Y Y 22.3t3.8
KF-96-
20.9 100 Y Y 24+9.7
100cs
KF-96- CHsSi(CH;)20[Si(CH:)201:Si(CHy)s
21.1 300 Y Y 21.#4.3
300cs
KF-96-
21.1 500 Y Y 26.3t3.3
500cs
KF-99 20 20 CHSIi(CHs)O[SIHCH;O]nSi(CHs)z Y Y 18.2+t4.8
KF-50-
21.8 100 Y Y 19+0.9
100cs
CH;5Si(CH;)20[Si(CHs)20lm[Si(Ph):O]-Si(CH)s
KF-50-
22.2 300 Y Y 5.8+1.8
300cs
DTMS 27 =3.0 CHs(CH,)sSi(OMe) Y Y 2.8:0.8
PFOTS <20 — CF3(CF,)s(CH,),Si(OEt) Y Y 20.2+1.4
PFDTS <20 — CF3(CF,)7(CH,),Si(OEt) Y Y 21.7#3.0
Krytox GPL
17.1 30 F(CFCEER0).CRCR; N N N/A
103 (PFPE)
Hexadecane| 27.6 =3.1 CH3(CH,)14CH3 Y Y 6.2¢1.1
Oleic acid 32 =30 CHs(CH,)7(CH),(CH,);COOH Y Y 2.8+1.8
Olive oll =35.8 46.7 Y Y 5.8+1.9
Sesame oil | =31.8 — Mixture of fatty acid Y Y 3.9t0.4
Rapeseed R-COOH
=35.0 50.6 Y Y 4.2+1.0
oil

These results show the possibility that the patterning efBiand Si@-Cio can

form localized LL and even with LL transportation capabilfygure 4-6A shows the
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designing approach of SiaPh and Si@-Cio patterned surface. The localizationmef
electron-abundant layer can form LL, whereas non-polar layer cannot form them,
achieving the mm-ordered control of LL formatioRigure 4-6B). Additionally, we
demonstrated LL transport by designing a “stick§?° z electrons, with the procedure

as shown irFigure 4-6C, resulting in LL transport by diagonal sliding on the smooth

solid (Figure 4-6D).

A, 2 3 4 5 s O

Mask Modify Peel Mask Cast SiO,-Ph  Patterned Localized LL
substrate Si0,—Cyq precursor sol.  modification  formation
of Si0,-Ph

B . i
% W(’

I e i - —
I
SiO,-Ph
s 2
1 3
University Ki-_ i [';'nivurb:l.'[}’
University E&o 'l'..Tn iversity
‘ Sy
‘ Jniversity Qg University
2 ]
5 . Imversny Ket’n University
‘niversity Kc‘:w University
Cast SiO,-Ph —J
. Programmed LL
precursor sol. during Solvent lrangspor‘lation _vermtj hem University
SiO,-C4o coupling adsorption

Figure 4-6. (A) Preparation procedure of the patternable LL formation. Patterned mask
substrate (green) (1) is modified with S#@io (red) to give (2). Si®@-Ph precursor
solution is then cast on the surface after the mask is removed (3) and th€:58dea

(blue) repels this liquid (4) to give the patterned surface (5). Dyed acetone as LL is cast
on the patterned surface. (B) LL is formed in the shape of KEIO the scale bar is 10 mm.
(C) Preparation procedure of the programmed LL transportation. Movement of LL on the
patterned surface by the pinning effect. (1) SQo precursor solution (blue) is cast on

the substrate and the (2) S#Ph precursor solution (red) is cast using a micropipette
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during the Si@-Cio modification to program the way to transport (3). The LL (dyed
acetone in this case) navigates along the blue dots by MarangeihFgravity F forces,
resulting movement of a LL droplet on the programmed surface. (D) The LL slides along
the direction of the blue dotted arrow.

m-interacted dynamic wetting control on smooth surfate. discuss the wetting
behaviour on Si®-Ph and Si@-Cio to investigate how the wetting are influencedtby
interaction and how the LL are formed. We prepared DTMS (visces@y03 Pa s,
surface tension = 27 mN ™ droplet to cast on S¥©Ph and Si®-Cio under a weber
numbeWe=1.79 withWe=pv?Dy to observe the liquid-solid interactions becauserCH-
interactions work between —OMe of DTMS and &iPh as shown iRigure 4-7A. Here,
p is the liquid densityy is the impact velocity is the droplet diameter, ands surface
tension of DTMS B4 Figure 4-7B, C show the time lapsed images of DTMS wetting
behaviour on Si@-Ph and Si@-Cio captured by high speed camera with frame rate 1000
fps. Whereas DTMS droplet gradually shrink on £iQpo after the impact at -0.1 s, the
droplet gradually spread to wet on $i®h, finally being superoleophilicity (static
contact angle, SCA <1°) at -30.0 s. Similar tendency was observed with changing DTMS
into other test liquids. For quantifying wetting behaviour on two surfaces, the spreading
width of the DTMS droplet was plotted as showrFigure 4-7D, indicating that the
width of LL on SiQ—Ph gradually increasing. The wetting behaviour was approximated
by the law of W (W*-Wimpact’) ~yL CODadv(T—Timpac) Where W is spreading width, iMgact
is initial wetting width (cross point of red and blue plot in Figure §Dis surface tension
of casting liquid, i9adv advancing contact angle, is time, and istimpactinitial wetting
time. P The fitting coefficient on Si®-Cio and SiQ-Ph was 0.825 and 0.995,

respectively Figure 4-7E). In addition, we compared three smooth surfaces of8i0,
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SiO—Ph, and Si®@OH (Uncoated glass washed by EtOH) with the surface tension
=24.4, 33.3, and 50.2 mNrespectively calculated from Van Oss mettibab(e 4-2),

351 whereas DTMS showed superoleophilicity (Oil contact ang{R0°) only on
SiO—Ph as shown ikigure 4-8A. Although the surface energy of Si®Bh surface is

lower than uncoated glass from the water contact angle values, the contact angle of DTMS
on SiQ-Ph is much lower than that on SIOH. This result appears the adsorption of

LL by CH-r interaction®® between Si@-Ph and DTMS works as the combination of
affinity force such as electrostatic force (like hydrogen bond) and dispersion force by
aromatic groups’ high polarizability. Thus, existencer-@lectron on Si@-Ph leads to

decrease interfacial tension between DTMS and-$t0® because of the Fowkes equation,

B7 given by yg, = ys + ., — 2\/]/;1)/3 — 2\/)/;‘)/[‘ where ys, is interfacial tension of

solid (S) and liquid (L),ys, y, is the surface tension of S and ¢ is the dispersion

component,y™ is the affinity component. Thus, the loy¢ and highy¢, y" results

Ys—VsL

] where @ is
YL

low vs,. In addition, the Young's theor{?®! given by 8 = cos™! [

contact angle of liquid, reveals that the lgwy can decrease contact angle and also
induce moving of contact line to realize spread-wetting even thougp tiesmall. Thus,

the existence ofi-electron on surface enables low contact angle with selective liquid
interaction (i.e. polar liquids became superoleophilic (SCA=0°)yt®jectron effect
shown inFigure 4-6A, C). Also, we observed the wetting behaviour of water droplet on
DTMS cast BLs as shown Figure 4-8B. In case of water droplet cast on SiOH with

DTMS layer, the water droplet was pinned on the surface because the affinity of water
with solid was stronger than that of DTMS with solid. In case of water droplet cast on

SiOx-C10 with DTMS, both water and DTMS was slid on the surface. In case of water
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droplet cast on Si©Ph s with DTMS, water droplet was slid on the surface stably.
Although perfluoropolyether (PFPE) does not adsorbed in pi electrons charged smooth
base layer, PFPE has been retained on the base layer. Thus, we observed the condition of
water droplet casting on smooth BL with PFPE as LL. Water droplet on PFPE surface is
soaked to be pinned between LL and BL, as showrigare 4-9. This phenomenon

supports our theory that SPLASH requires & interaction between LL and BL.

W/ mm

y Si0,-Ph

y ©8i0,-Cyg

oMo e
Lot R >

> Si0,-Ph
A Si0Cyg

0 01020304
0 T

0123456?89101112 3
.I.js ||||| a

L o a4 v w & oo =~

Figure 4-7. m-interacted liquid wetting analysis. (A) Cid-interactions between
decyltrimethoxysilane (DTMS) as LL and S¥Ph as BL. (B, C) Time-lapsed DTMS
(10 pL) wetting behaviour on (B) Si#&©Cio and (C) Si@-Ph. The scale bar is 5 mm.
Because of the CH/pi interaction between LL and$#® BL, DTMS showed the
extreme superoleophilicity (static contact angle SCA<1°) on-$0 coated glass (25
mm x 25 mm) after 30 s. (D) Spreading width W of DTMS droplet wetting oa-Bi®©
(Red) and Si@-Cio (Blue) per time t. (E) Approximation of droplet spreading with the
law of WA(W*=Wimpacf) ~ 1.cODad(T—Timpac).
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Table 4-2. Surface tensions of each surface calculated by the Van Oss method.
ysv(LW) 1 (ysv)*® 1 (ysv)%® | ysv(AB) /

Solid sv/mN mt
mN mt (MN MY (MmN mH2> mN mt Y
Cio- tethered
24.12 0.38 0.35 0.27 24.39
area
Ph- tethered
27.31 0.73 412 5.97 33.28
area
B Si0,-OH+ LL + Water droplet
g ioz-OH__ Si0,-Cyp SiO,-Ph The water droplet is soaked
| | E. ’
I“EI “H LF_. is retained on
L T L LT e SOH
R OTR e C Si0,-Cyg+ LL + Water droplet
LL does not spread ~ LL does not spread - LL ss . The water droplet slides on LL

H'I

LL slides on Si0,-Cq

D sio,-Ph+ LL + Water droplet

CA=3.7%0.4 )
[t=15s] : “E The water droplet slides on LL
i =

LL is retained
onSi0,-Ph

Figure 4-8. m-interacted liquid wetting analysis on different 3 functionalized smooth
surfaces. (A)lmages of LL wetting behaviour on the BLs of SiO2-OH, SiO2-C1o, and
Si02-Ph. (B)-(D) The wetting behaviour of water droplet on DTMS cast BLs of (B), Si02-

OH, (C), Si02-Cio, (D), and SiO2-Ph.
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Figure 4-9. Photo image and schematic illustration showing the condition of water
droplet casting on smooth BL with PFPE LL.

Surface design and hydrophobicity of the SPLASH. The SPLASH is realized by
super-wetting of DTMS on Si#é9Ph.Figure 4-10A shows the schematic illustration of
the SPLASH structure. The UVi@reated hydrophilic glass substrate was covalently
attached to Si®-Ph via sol gel reaction to design smooth Blm§R.237 nm). Then,
0.08 |L cm? of DTMS was casted on the BL after EtOH washing. The limited thickness
of LL was adsorbed by Ch-interaction and excess LL is adsorbed by the homogeneity
between the liquid and the LL. We measured the change of the LL thickness and anti-
wetting to water of a 50 mm x 50 mm SPLASH with adding shear stress using a spin
coater. The LL thickness and the weight change are correlated with an equation;
Am/(pS), wheret is the LL thicknessAm is the mass change, is the density and
S is the surface area. Even though the thickness of the excess LL drastically decreased
with increasing spin rate until a spin rate of 3000, the thickness of the LL remained almost

constant after the addition of shearing stress above 4000~igorg 4-10B). Figure 4-
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11A, B show the wettability change of water on glass, the BL, and the LL-covered BL
(the SPLASH). The SPLASH showed extraordinary water repulsion with a SA=0.5°. In
addition, the dynamic water contact angle was extremely low with the contact angle
hysteresis\0=0.75° Figure 4-11C D). That's not only because of the LL property but
also of the smoothness of BL with keeping the fluidity of LL. When we compared rough
BL designed by self-assembly of hydrophobic nanoparticles and our smooth BL, LL on
rough BL slides a water droplet with high hysteresis whereas LL on smooth BL can
smoothly slide a water dropleFigure 4-12). In addition, the SPLASH showed self-
cleaning ability against sand on the surfdeigire 4-11F). It means that water droplets

roll on the SPLASH. Differentiating water rolling from sliding is performed using the
value of (uy/tw) - (hem/t), Where p,, is viscosity of waterh ., is the height of the
centre-of-mass of the water droplet above the solid surfacet, asthickness of the LL.

261 When (uo/tw) * (hem/t) >> 1 (or <1) water rolls (or slides) on the SPLASH. The
calculated (i, /uy) - (hem/t) = 2.1x103, indicating water rolling on the SPLASH.
Figure 4-11Fshows various targets sliding on the SPLASH, and the SPLASH repels not
only water but also water in various states (boiled water and ice blocks) and other aqueous
solutions (saline and blood). A strong benefit of the SPLASH is that the surface can
strongly repel blood with fluorine-free materialsgure 4-11G shows photographs of
uncoated and SPLASH-coated glass after immersing in blood for a few seconds, showing
that there is no blood contamination on the SPLASH-coated surface. We expect that this
technology is suitable for medical applications, because the LL can be oleic acid via XH-
7 interaction Table 4-1), which is classified as an edible oil, immiscible with blood, and
the BL can endure ethanol disinfecting (ethanol cleaning is included in the preparation

procedure of the SPLASH). Interestingly, the SPLASH repelled ice cream (a complex of
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solid, liquid, and chemical components), in which the melted part of the ice cream rapidly
slid on the SPLASH, as shown kigure 4-11H. We also expect this technology to be
suitable for food packaging applications, because the LL can be silicone oil KFs64 via

7 interaction, which is contained in the positive list and immiscible with various fluidic

foods containing oil as shown in Figure 4-111

1 2 3
UV/O, treat t v
3 reaimen Wash with EtOH
S ——
Cast DTMS
Modifying Phenyl as liquid layer
group m-electron abundant
smooth base layer B
5000
Time T-interaction x
Remove excess DTMS assistocdlEg 2000
2 oleophilicity * Smooth base layer

>

X

f {-]
Tilt the surface to 0.5 1000 %
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8
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Figure 4-10. (A) Schematic illustration of procedure for designing SPLASH, and (B)
Check of LL (DTMS) thickness formed on smooth base layer with shearing stress by a

spin coater.
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Figure 4-11. Hydrophobicity of the SPLASH. (A) Static contact angle (SCA) and (B)
sliding angle of water droplet on each layered coating. Their values change after attaching
SiOz2-Ph as the BL and DTMS as the LL. (C, D) Wetting image of (C) advancing contact
angle faay) and (D) receding contact angléef) measurement of water droplet. The
calculated contact angle hysteregig)(was 0.75°, that is extremely low values realized

by fluidity of LL not resisted by the roughness of BL. (E) Photo-images of self-cleaning
procedure of the SPLASH. Sands covering the SPLASH are cleaned by water droplet. (F)
Various liquids with high temperature, chemical complexity, different states, and
biomedia sliding on the SPLASH tilting 15°. (G) Images of glass (left) and coated glass
(right) after dipping in blood. (H) High-speed camera images of ice cream, which is a
complex with water/salt and solid/liquid, on BL+LL tilting 15°. (1) Various fluidic foods
(soy sauce, ketchup, honey, coffee, mayonnaise, curry, carbonara sauce) slide on a
SPLASH when a LL of silicone oil KF-54 is chosen. Soy sauce, ketchup, honey, coffee,
mayonnaise, curry and carbonara sauce from supermarket.

An analysis of water droplet sliding behaviour and micro-droplet repellency on the
SPLASH. The conceptual change from a superhydrophobic surface to a SLIPS results in

loss of the quantity of the target liquid moti6hto limit high speed removal or small
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water droplet removal. A recent approach has been reported to improve the quantity of
the target liquid motion where a super-hydrophobic-like slippery suffaig prepared

by constructing a needle-like base structure or decreasing the viscosity of the lubricant on
SLIPS based on the equatigr~ pV(1 — d)/1,, Where p is the liquid quantity of
motion, ¢ is the area fraction of BLp is the density of targeting liquidV is the
volume of targeting liquid angk, is the lubricant viscosity*®l However, decreasing the
lubricant viscosity causes exposure of the BL in few minutes after LL formation, prohibits
droplet movement and thus SLIPS have a large limitation for high speed removal or small
water droplet removalHgure 4-12). The uniqueness of the SPLASH with the low
viscosity (1,~ 0.003 Pa s) and smoothness of Bi; & 0) can achieve high targeting
liquid quantity of motion even though the liquid volume is sn¥ithure 4-13A shows

the liquid sliding length L per time ranging 0-1 s. The linear approximation for the
calculation of water sliding velocity with the law of L = vt (t < 1) with the lowest

fitting coefficients was 98.07Figure 4-13B shows the water sliding speed with the
various volume of water. Because of the high quantity of motion on the SPLASH, even
the water droplet oV=1 uL slides on the surface. These properties enabled the surface
to repel water mist applied by hand-sprayiRgyure 4-13C, Dshow the continuously

mist sprayed coatings. The SPLASH remained transparent after mist spraying. To
investigate the reason why the SPLASH can efficiently repel water mist, we observed the
behavior of water mist with a digital microscope. The observation revealed that the water
mist removal process is composed of two stages: coalescence and the “sweep” effect.
Figure 4-13E F show a digital microscope image and a schematistilition of
coalescence, showing that microsized water droplets (yellow circles) move slowly and

coalesce to form a large droplet (red circle) that slides. This phenomenon is realized
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because of the movement of small water droplets, which is unique to the SPLASH. The
sweep effect is the behavior of a large droplet, as shown in the digital microscope image
and the schematic illustratiom Figure 4-13G, H The large droplet moves and absorbs
more microdroplets. The blue dotted area shows the passage of the large droplet. No
droplets remain after the passage. Interestingly, the direction of the movement of the large
droplet is not completely straight because the movement of the droplet is driven not only
by gravity, but also by hydrophilic forces between droplets. Hence, the large droplet slides,
searches for, and absorbs microdroplets, which is similar to how a sweeper finds dust to
collect. Conventionally, to slide micro-size water droplet was extremely challenging.
Recently J. Aizenberg and co-authors constructed the SLIPS with water collection and
asymmetric bumps to realize the sliding of microdopl@t3hus, here we note that the

sweep and coalescence mechanism in the SPLASH can be used for various applications,

such as heat transfer condensation, anti-fogging, and antififrd).

A

0.00s 0.11s 0.85s 149s 2.00s Rough base layer + DTMS

Tilting 5°

[~ |
0.00s 0.11s 0.85s 149s 2.00s Smooth base layer + DTMS
I
25 mm

Figure 4-12. Time-lapsed images that compare water sliding behavior on rough
BL+DTMS and smooth BL+DTMS.
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Figure 4-13. An analysis of water droplet sliding behaviour on the SPLASH. (A) The
sliding length L of various volume water droplet per timen the SPLASH tilting 6°
following the linear approximation with the law d@f= vt (t < 1). (B) The sliding
velocities v of various volume V of water droplet on the SPLASH tilting 6°. This graph
revealed even L of water droplet slides on the SPLASH. (C, D) Photo images of (C)
control and compared to (D) the SPLASH after misty water spraying test. Misty water
was sprayed several times to them with same conditions. The scale bars are 20 mm. (E-
H) Magnified images and schemes of water mist sprayed several times on the SPLASH
tilting 75°. The water droplets circled in yellow coalescence into the droplet circled in red
in an interval of 20 ms. The misty water droplets were removed by two steps of (E, F)
and (G, H) process. (E, F) Microsized water droplets (yellow circles) coalesce into the
large droplet and then the droplet slides (red circle). (G, H) Large water droplet moves
absorbing microdroplets. The blue dotted area is the passage of the large droplet. No
droplets remain in the blue dotted area.
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Optical properties of the SPLASH. The optical properties of the SPLASH along with
the rough BL+DTMS surface for comparisowere analysed by photographs,
transmittance in the visual wavelength range, and optical values of total transmittance
(TT), parallel transmittance (PT), haze (HAZE) and diffusion (DIF). PT means the degree
that light passes through a sample within a small range of angles (Rithfe 4-14A-

C shows the measured transmittance of uncoated glass, the BL coating, and the BL with
LL coating. The transmittance values are about 90% and not significantly different before
and after applying the LL coatings, as showRigure 4-14A, B However, the scattering

of uncoated glass, the BL coating and the BL with LL coating slightly changes. To further
investigate the optical components, we measured the TT, PT, HAZE and DIF values of
the coatingsKigure 4-14C). The results indicate that there is no apparent loss of optical
reflectance through the BL and LL coating and the scattering values of HAZE and DIF
decreased after BL (and LL) coating because of the BL smoothness, resulting in higher
PT than the uncoated surface. After LL coating on BL, the scattering values of HAZE and
DIF are higher than those of the BL coating. The reason for the scattering value changing
after LL coating can be associated with the change of phenyl groups arrangement by
interactions due to the LL adsorption. This is completely different from the concept of
the liquid-infused surfacé!! where scattering decreases after infusing lubricant on the
rough surface. Compared to uncoated substrate, the SPLASH showed lower scattering.
Thus, a solar cell covered with the SPLASH showed higher performance than the one
covered with uncoateslibstratéFigure 4-14D). We further investigated the smoothness

of the SPLASH showing the stable transparency against the change of LL thickness on
smooth BL Figure 4-14E for SEM image) compared to rough BEigure 4-14F for

SEM image) Figure 4-14G shows the influence of BL roughness and LL on the visual
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transmittance of PT and the scattering loss of HAZE. The smooth BL after LL addition
maintained its high transparency and low scattering with time because the interface
between the layer and air is always flat in these states, as shown in the schematic
illustrations inFigure 4-14H. On the other hand, the rough BL with LL shows relatively

low transmittance and high scattering because of surface hier&ighye 4-14H also

shows schematic illustrations of the surface-state transitions on the rough BL. When LL
is cast on the rough BL, the coating temporally becomes transparent because the
surface/air interface becomes smooth. However, this surface becomes hazy with time
because LL absorbs into the rough BL to decrease LL thickness, resulting the exposure
of roughnesd® These data indicate why BL must be smooth. Here the film thickness of

smooth BL was 144.18+5.76 nm and the refractive index was 1.4422+0.0056
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Figure 4-14. Optical properties of the hydrophobic-liquid-adsorbed smooth surface. (A—
D) Transparency of the SPLASH. (A) Photograph of the BL-coated glass substrate and
(B) photograph of dyed water sliding on the BL with LL coating. (C) Total transmittance
(TT), parallel transmittance (PT), haze (HAZE), and diffusion (DIF) of each surface. PT
means the degree that light passes through a sample within a small range of angles (<15°).
The HAZE value is given by haze (%) = DIF/TT x 100. (D) Solar cell application of the
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SPLASH. Photocurrent densitysJversus voltage (34 for solar cells tilting 30°, one
covered with a glass substrate, and one covered with SPLASH. Inserted table is a
summary of the photovoltaic performance of solar cells under various conditions. (E-H)
Assessment of the optical properties with the smooth BL [the same coating as the BL in
(C)] and rough BL with DTMS as the LL. (E, F) The SEM images of smooth BL (E, the
scale bar is 1@m) and rough BL (F, the scale bar is Qr8) by self-assembly of StO
nanoparticles. (G), Optical values of PT and DIF for the smooth BL, smooth BL with LL,
smooth BL with LL with time (30 min) to decrease LL thickness, rough BL, rough BL
with LL, and rough BL with LL with time. (H), Schematic illustrations of the surface
scattering change in the surface structure on the smooth BL and the rough BL with LL
thickness. Smooth BL with LL shows stable transmittance with LL decrease whereas
rough BL with LL increase light scattering with LL decrease.

Assessment of SPLASH stability and defect tolerance. The SPLASH maintained
transparency and hydrophobicity despite the decrease of LL thickness controlled by
spinning rate (sekigure 4-10B) as shown irFigure 4-15A In addition, the SPLASH
was stable continuously for at least 2 weeks under ambient conditions and even in water
(Figure 4-15B). Even though the LL thickness decreased with time, the sliding angle was
kept low whereas SLIPS gradually decreased the sliding angle along with the decrease of
LL thickness*# This difference comes from whether BL was exposed or not. Thus, the
SPLASH can perform stable hydrophobicity against the change of LL thickness. In
addition, the SPLASH focus on repelling water based solution. Thus the adaptive pH
range of targeting liquid is important for practical use. We worried the hydrolysis of Si—
O bond in LL reacting with the water in specific pH values. Although the SPLASH
repelled water with different pH values ranging 2-13 adjusted by HCI| and NaOH, the
water with pH>13.88 is soaked into a surface as showigure 4-15C In addition, pH
values changed the water sliding angle, because pH values change the interfacial tension

between LL and wateny, followed by y" , changing with pH values® The
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SPLASH coated on flexible PET film showed stable water sliding ability against bending,
as shown irFigure 4-15D. The flexibility of the SPLASH comes from the smoothness

of the BL and the stable LL. When the BL is rough, change of the LL height causes an
exposure of rough solid to pin the target liqiftOn the other hand, a smooth BL does
not get exposed by changing the LL height, as showfigare 4-15E As shown in
Figure 4-15F we quantified the flexibility by measuring the sliding angle with the
substrate bending rate HfL, whereH is the difference of the height from the centre of
the substrate above the lowest arealamlthe length of the substrate from end to end.
Even bending 90% (whet/L =~ 3.7, the acute angle of the bent substrate is about 15.45°
so the bending rate aof180 — 15.45)°/180°x100 = 90%), the sliding angle of the
vertical side against the bending direction remained <2°. Furthermore, we investigated
the mechanical robustness of the SPLASH. The SPLASH remained hydrophobicity even
after cutting it 16 timesHigure 4-15G). Detailed analysis of cutting test revealed that the
SPLASH shows self-healing ability of the LL as shown in schematic illustratiéigume

4-15H. When the LL is partially removed, the separated LL heals itself driven by the
spreading wetting force as shownFigure 4-7C. The SPLASH also showed abrasion
resistance against cotton fabric. Cotton fabric is inherently superhydrophilic and shows
strong liquid-absorbing properties. The SPLASH maintained hydrophobicity even after
80 times abrasion, as showrHigure 4-151. This is because the LL adsorbed on the BL

by a stronger adsorbing force 6fi,cking than the liquid absorbing force @t,, by

cotton fabrics Figure 4-15J). This data also supports the liquid adsorption strength by

n-stacking.
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Figure 4-15. Assessment of SPLASH stability. (A) Sliding angle of deionized water after
adding shearing stress from 0 to 6000 rpm by a spin coater for 30 s. (B) Long-term storage
of glass slides covered with the SPLASH under air conditions (20°C, blue dots) and under
water (red dots). Even though DTMS can possibly react on water or evaporate under air
condition, the 0.08.L cm? of DTMS casted Si®-Ph on glass slides (25 mm x 25 mm)
kept the sliding angle low (<5°) for about 2 weeks under both conditions. Although the
sliding angle decreased after long time, re-cast of LL have regenerated the sliding
property. (C) Stability of the SPLASH against various pH conditions of water droplet
ranging from 1.82 to 13.88. The sliding properties was stable in pH conditions ranging
1.82-13.06. In the case of pH 13.88, the water droplet was soaked into the SPLASH. (D-
F) Flexibility of the SPLASH coated on PET film. (D) Photographs of the flexible
SPLASH and (E) Schematic illustrations of water slides on the bent surface. Even though
the thickness of the LL decrease, the hydrophobicity of the SPLASH does not change.
That’'s because of the smoothness of the BL. (F) Quantification of the flexible SPLASH
hydrophobic property by changing the ratio of H/L. (G, H) Self-healing property of
SPLASH. (G) Photographs of the cut SPLASH maintaining the hydrophobicity and (H)
schematic illustrations showing why the SPLASH retains the hydrophobicity after cutting.
(1, J) Mechanical durability against cotton abrasion. (I) Photographs of the SPLASH after
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cotton abrasion showing that the hydrophobicity is retained and (J) schematic illustrations
showing why the SPLASH retains the hydrophobicity after cotton abrasion.

4.2.4 Conclusions

In conclusion, we have reported controllable liquid-adsorption and transportation on
smooth surfaces usinginteractions as the next generation of liquid-infused surfaces.
This technology can change the solid coating technology into liquid coating technology
to add fluidic properties to coatings and can also realize controllable liquid-state materials
at room temperature, which would be useful in a wide range of fields.

In this Chapter, we introduced the SPLASH as an example of a multifunctional
coating using pi-interacted wetting control. The SPLASH is prepared by casting
hydrophobic organic liquid on a phenyl-group-modified smooth base coating. The
SPLASH showed not only extraordinary hydrophobicity but also high transparency,
flexibility, self-healing and strong mechanical robustness that are independent of the
change of LL thickness. In addition, the method to prepare the SPLASH is easy, cost-
effective, fluorine free and available on various substrates. These properties are caused
by the smoothness of the BL and the strongly adsorbed LL. The technology will be useful
in industrial and medical fields, including the familiar applications such as anti-fouling

windows, anti-adhesive containers or biomedical instruments.
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Chapter 5 Anisotropic-wetting materials learned

by water harvesting method of cactusactaceae

This chapter is based on [Tenjimbayashi, M., Higashi, M., Yamazaki, T., Takenaka, 1.,
Matsubayashi, T., Moriya, T., ... & Shiratori, S. (2017). Droplet Motion Control on Dynamically
Hydrophobic Patterned Surfaces as Multifunctional Liquid Manipulators. ACS applied materials

& interfaces, 9(12), 10371-10377.]

5.1 Anisotropic wetting properties

Previous observation of wetting behavior has been done by static wetting analysis; For
instance, (super)hydrophobicity and (super)hydrophilicity were classified according to
static contact angle value8! Recently, the concept of dynamic wetting behaviors:
continuous liquid wetting motions as a function of time are unavoidable to measure
special wetting behaviors including anisotropic wetting (: droplet wets, spreads or moves
directionally on materials)? 3 Anisotropic wetting behaviors has been researched
because of their potential application such as fluidic systethwater harvesting® 7!

heat transfer condensatiolf; ® and patternable liquid layer formatioRt? Cactus
Cactaceaespine in nature offered an idea to obtain anisotropic wetting materials. Cactus
collects water droplet on tips of spine to the body using anisotropic wetting. Here, the
chemical or morphological patterning or gradient surface gives an asymmetric droplet a
directional driving force as shown fRgure 5-1. [ Surface chemistry driven force
(Fchemistry) Can be described a&pemistry~TRoY Ly (cos 8 — cosb,), where R, and

yy are droplet radius, and the surface tenstn,and 8, are contact angles on each

area fFigure 5-1A). Morphology driven forceRyorphology) With spine modelKigure 5-
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1B) is given by Fiorphology™ — f FL__ 2 ging dz, where R(z) is the local radius

Rs (R(2)+Ro)?
of the spine structured object; Rg, R; are the spine radius contacting on two opposite
sides of the droplet; and « 1is the half apex angle of the spine, dz is the minute
incremental radius along the spine. In both cases of forces working toward droplets,
droplets become asymmetric and a resistance force driven (Fregist) by droplet asymmetry
works as like a friction yielding; Fresist~TRoYLy (€OS Orec — €OS O,4v) wWhere 0,4, and
Orec are advancing/receding contact angles. It means the lower contact angle hysteresis

(A6 = 0,4y — Brec) liquids get, the more easily liquids can move on the surface.

A B

F morphology
—

F chemistry
Q

Less wettable More wettable

Smaller curvature radius Larger curvature radius

Figure 5-1. Schematic illustration of anisotropic wetting approaches. (A) surface
chemistry driven force (Fchemistry) and (B) morphology driven force (Fiorphology) Work
toward droplets on surfaces, respectively. The scheme is reproduced with the permissions.
Copyright 2015, American Chemical Society [!!],

Above mentioned approaches rely on adding directional force to the droplet. On the
other hand, droplet motions can also be controlled by making use of pinning of the droplet
(i.e. limiting specific directional movement) as shown in Figure 5-2.[!2 13 The droplet
pinning works by morphological and/or chemical patterning as same as the Cactus spine
dialogues. One way to restrict droplet motion is to design slope structure (Figure 5-2A).

When a droplet comes on the slope surface (tilting angle: a), it cannot wet the slope area
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until its advancing contact angle gets larger than sum of slope angle and static contact
angle (6;). The other way is to design patterning of surfaces with different wettability
(Figure 5-2B). When a droplet comes on the surface 1, it cannot wet the surface 2 till its
advancing contact angle on the surface 1 becomes higher than its static contact angle on
the surface 2. The control of pinning of droplets (e.g. hydrophobic/hydrophilic patterning)

enabled designs of various types of anisotropic wetting materials. [14-17]

Gadv>9_q+0: Badvées+a

Homogeneous surface
(SCA: 8,)

Homogeneous surface
(SCA: 6,)

8al{ii.r)els eadvé e’s

Surface1 Surface2 (SCA: 0',) Surface1 Surface2 (SCA: 0',)

Figure 5-2. Schematic illustration of droplet motion is restricted by (A) morphological
or (B) chemical heterogeneity of the surface. (A) When a droplet comes on the slope
surface, it cannot wet the slope area until its advancing contact angle gets larger than sum
of slope angle and static contact angle. (B) When a droplet comes on the surface 1, it
cannot wet the surface 2 till its advancing contact angle on the surface 1 becomes higher

than its static contact angle on the surface 2.

Despite the development of bioinspired anisotropic wetting materials, their droplet

manipulations are usually based on the localized adhesion or pinning of droplets on
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materials surface and it is unavoidable that small droplets remains on the sticky area to
decrease transport efficiency (deigure 4-5C in Chapter 4)[*2 IThus in section 5.2,

we introduce dynamically hydrophobic and statically hydrophobic/hydrophilic patterned
surfaces, which can guide droplet motion whereas droplet not remain on surfaces; Thus,
droplets can directionally wet on surfaces without losing their volume. We applied this
technique to 100% yield micro-droplet reactor. This propose will be helpful to develop

anisotropic wetting materials for practical use.

5.2 Droplet motion control on dynamically hydrophobic and

statically hydrophobic/hydrophilic patterned surface

5.2.1 Introduction

Active surfaces having unique solid-liquid interactions are of both scientific and
technological interest. In particular, anti-wetting surfaces that control liquid motion are
attracting extensive attention because of their potential in industrial applications as fluidic
devices and micro-reactof¥) in addition to fundamental studies in areas such as, liquid
transportation® 2% controlled depositioF*! and as patterned devic&s: 22!Such liquid
manipulation techniques require composite hydrophobic/hydrophilic surfaces, where a
patterned hydrophilic, high-adhesion area guides a droplet on a hydrophobic surface. Lai
and co-workers reported a super-hydrophobic/hydrophilic patterned surface with
photocatalytic Ti@ nanotubes!*?l Manna and Lynn designed slippery liquid-infused
porous surfaces (SLIPS) with a hydrophilic sticky aré®! If applying

hydrophobic/hydrophilic patterning surfaces to specific applications, for example, as the
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surface of a micro-reactor, then care must be taken to ensure that the surface can suitably
guide a droplet over the hydrophobic area and to limit the contact of the droplet with the
hydrophilic area so as not to decrease the transport efficiéhEwurthermore, challenges
remain to improve liquid manipulative surface properties such as, transparency and
mechanical durability, in addition to developing new routes to identify facile fabrication
methods!?5-27]

Recently, dynamically hydrophobic surfaces have been introduced as third-
generation anti-wetting surfaces, fabricated by covalently fixing flexible hydrophobic
molecular chains on smooth surfaces to prevent the penetration of liquid into the coating.
[28-30] These surfaces have shown the possibility to design statically hydrophilic but
dynamically hydrophobic surfaces to control the adhesion of droplets so as not to deviate
away from the hydrophobic path.

Herein, we introduce a novel liquid manipulation strategy to design dynamically
hydrophobic and statically hydrophobic/hydrophilic patterned surfaces: two different
hydrophobic molecular chains covalently fix to a smooth surface using an
‘omniphobicity’-based patterning technique (details given beldagilane chemistrif!

%21 The surfaces guide the sliding direction of a droplet in the presence of a statically
hydrophilic area and simultaneously prevents the droplet from sticking on the
transportation path. Furthermore, the smooth structure and chemical stability of the
patterned surfaces provide high transparency and mechanical robustness to the surface.
The concept of liquid manipulation by dynamically hydrophobic and statically
hydrophobic/hydrophilic patterned surfaces have not been advanced; and hitherto is still
a subject of intense investigation. Furthermore, for practical use, designing hydrophobic

liquid manipulative surfacesia facile wet processes that study properties such as,
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transparency and durability, play an important role in optimizing structure-controlling
methods that employ multi-step chemical modificatfdn®¥ We believe that the

omniphobic patterning concept when applied to designing a multi-functional,
dynamically hydrophobic and statically hydrophobic/hydrophilic patterned surface offers
potential in both fluidic applications and for the future development of materials

engineering®

5.2.2 Experimental

Materials.Decyltrimethoxysilane (DTMS, (C#D)sSi(CHz)9CHs), phenyltriethoxysilane
(PTES, (CHCH:0)sSi-Ph) and hexyltrimethoxysilane (HTMS, (@P)sSi(CHz)sCHz)

were purchased from Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan). Tetramethyl
orthosilicate (TMOS, Si(OC#Js) was purchased from Junsei Chemical Co., Ltd. (Tokyo,
Japan). Tetraethyl orthosilicate (TEOS, SigBl§)4) was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Ethanols@HIOH, purity; 99.5 wt.%),
hydrochloric acid aqueous (HCI, 35-37 wt.%), sodium hydroxide aqueous (NaOH,
5mol/L), potassium hydroxide (KOH), acetone KD CHs), toluene (Ph-Ck), thymol

blue (TB) (G7H300sS) and bromothymol blue (BPB) {§110BrsOsS) were purchased
from Kanto Chemical Co., Inc. (Tokyo, Japan). HexadecangH§a), and isopropanol
(CHsCH(OH)CHs) were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). An Aquarius GS-500.CPW (Advantec Co., Saijo, Japan) purifier was used to
generate deionized water (resistance ~18(2) .NGlass substrates (76 x 26 mm) with a
thickness of 1.0 mm and refractive index of 1.52 were purchased from Matsunami Glass

Ind. Ltd. (Kishiwada, Japan).
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Cocktail preparation. Ph- precursor solution, ang-Cprecursor solution were
prepared along with our previous wol! Cs- precursor was prepared by substituting
the DTMS in the @- precursor with 0.3710 g of HTMS. TB solution and BPB solutions
for reactor applications were prepared by dissolving 2 mg of TB or 1 mg of BPB,
respectively, in 5 mL of deionized water. The pH values of the aqueous systems were
adjusted by HCI and NaOH. An aqueous KOH solution for alkaline treatment was
prepared by dissolving 1 wt.% KOH in IPA/deionized water (= 2: 3 w: w) mixture.

Fabrication of patterned smooth surfaceBatterned smooth surfaces were
fabricated by a two-step wet coating process as shotigime 5-3. In short, Ph and:€
terminated group patterned surfaces were designed by the following procedure:
First, a glass substrate was hydrophilized by KOH alkaline treatment (sonicated for 3
minutes, rinsed, sonicated for a further 3 minutes, rinsed for 1 minute before repeating)
or UV-Os treatment with NL-UV253 (Shoko Scientific Co., Ltd., (formerly Japan Laser
Electron), Kanagawa, Japan). Thereafter, a section of the glass was masked using PVC
masking tape (N-380 PVC masking tape, Nitto Denko, Tokyo, Japan) andi¢he C
precursor was spin coated onto the substrate at a speed of 1000 rpm for 5 s and then at
2000 rpm for 10 s so as to produce a patterned coating. After drying for 24 hours, the
mask was peeled off and the Ph- precursor was spin coated onto the substrate at a speed
of 1000 rpm for 5 s and then at 2000 rpm for 10 s using a K-359S1 instrument (Kyowa
Riken Co., Ltd., Tokyo, Japan). Because of the omniphobicity of ikee&@hered area,
the location of the Ph- tethering to the substrate was only in the area where the masking
tape had previously beene. the Ph- precursor did not attach to the t€thered area.

After drying for 24 hours, the patterned sample was washed with acetone or ethanol. The
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Cs and Go terminated group patterned surfaces were designed following the same

procedure, except for the replacement of the Ph- precursor witpr@€lirsor.

C,4- precursor Masking ta
solution asking tape
Maak eciicwal Patterned Ph- precursor Ph- patterning
7 ~area solution :
4

=~
\\V \/ SUV
| omniphobicity
Substrate \—/ v \—/,

C,4-Si(OEt)yf Si(OMe),/ EtOH/ cat. Ph-Si(OMe),/ Si(OEt),/ E{OH/ cat. C,- area repels Ph- precursor sol.

Figure 5-3. Schematic illustration of ‘omniphobicity’-based patterning to obtain an

anisotropic wetting surface.

CharacterizationSCA and SA were measured using a commercial contact angle
(CA) system (FACE; Kyowa Interface Science Co., Ltd., Niiza, Japan). Dynamic contact
angle (DCA) was measured by a tilted plate method using a high-speed camera (HAS-
D3, Ditect, Tokyo, Japan). Each measurement was performed usithgigQid droplets
at room temperature (20 °C). Surface chemical contaminations were analyzed by EDX
(QUANTAX 70; Bruker Nano GmbH, Berlin, Germany). The surface smoothness and
the border of the patterned area was observed using a 3D laser scanning microscope (VK-
9710, Keyence, Osaka, Japan) and a digital microscope (Dino-Lite AM2111 Series,
AnMo Electronics Corporation, New Taipei, Taiwan). Optical measurements were
performed using a spectrophotometer (UVmini-1240, Shimadzu, Kyoto, Japan) and a
haze meter (NDH-5000, Nippon Denshoku Industries, Tokyo, Japan) with a white-light-
emitting diode (5 V, 3 W) as the optical source. Mechanical durability was measured

using an abrasion device (Tribogear Type 18L, Shinto Scientific Co., Ltd., Tokyo, Japan)
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under a pressure of 1 kPa. Cotton fabrics were used as the abrasive material. Flexibility

was also measured by use of the same abrasion device.

5.2.3 Results and Discussion

Surface design and assessment of surface morpholWgydesigned a patterned
hydrophobic functional tethered smooth surface comprising deay) é€&d phenyl (Ph-)
groups. Go- and Ph- surfaces display statically hydrophobic and hydrophilic properties,
respectively (i.e. static contact angle (SC#y) = 96.93° on the surface ofi&, 73.59°

on the Ph- surface) whereas, the functional groups are dynamically hydrophobic having
differences in their dynamic wettability to liquids that enables liquid manipulation
through the Ph- tethered arédl The design procedure is shownFHigure 5-3. The
transportation path of a liquid droplet is programmed by our proposed masking and
coating method. A partially masked surface is coated by thep@cursor forming a
partially Go- tethered surface. Thereafter, the Ph- precursor is coated onto the surface.
Here, the ‘omniphobicity’ of the G- tethered area prevents the Ph- precursor from
reacting on the (- tethered area resulting in @ pum thick tailored chemical
modification layer having limited roughness and a near seamless patterned surface. This
method allows facile fabrication of hydrophobic/hydrophilic patterned surfaces without
the need for energy-consuming U\-@ plasma treatments, whereby limitations exist as

a result of precursor solution surface tenskigyre 5-4A). Surface morphologies of the
Ci/Ph patterned surfaces are analyzed using a Dektak profilometer for thickness

information Eigure 5-4B) and Laser microscopy for surface uniformifgure 5-4C).
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Although the thickness of the patterned surface igmI-n average, compared with the

Ci0 area the thickness of the Ph area is ~011 higher. Furthermore, the height
distribution over the Ph area forms curvatures similar to oleophilic wetting precursors
having become a gel askiigure 5-4C. These results show the possibility that the height
gap between patterned areas can be controlled by liquid surface tension because it is
possible to adjust the shape of the patterned area by varying the micro contact angle
between the ‘Ph precursordarea-air’ interfacial three-contact line aghigure 5-4A.

Such a novel coating strategy has potential in the design of micro-scale height controllable
patterning methods. However further investigations into the effect of morphology as a

function of surface tension are required.
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Figure 5-4. (A) Schematic images of the Cio/Ph patterned surface. The height gap is
thought to be controlled by the surface energies of the precursor solution and omniphobic
area. (B) Thickness of the Cio and Ph coating on the Cio/Ph patterned surface using a
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Dektak profilometer over a scanning area of 0.5 mm employing 3000 plots per modified
area. (C) Surface uniformity and height distribution measured by Laser microscopy.

Assessment of surface wettabiliihe difference in dynamic wettability is a result of
the flexibility of the tethered molecules: theoCgroup is more flexible than the
corresponding Ph- group because mobility of the Ph group is restricted bg-inter-
interactions. i.e. The XPS analysiidure 4-2in Chapter 4) revealed the presence of
electrons derived from satellite peaks on the Ph coating, which means that the flexibility
of the hydrophobic molecules are limitedsy interactions resulting in a decrease in the
contact line movement—at least being more static than The surface has bothi€
and Ph- tethered areas, each of which possesses a different interfacial energy against a
liquid droplet. Thus, the difference in wettability in each area of the patterned surface
changes the water droplet asymmetry when moving over a solid-liquid contact line. The
water droplet transport behavior and surface manipulation are shown in Figure 5-5A—C
While both the @- and Ph- tethered areas are hydrophobic, their dynamic contact angles
(DCAs) are different: advancing/receding contact angles (CAs) and sliding angles (SAs)
(0,44v/Orec/as) are (101.77°/93.91°/28.73°) ondcand (92.96°/62.89°/51.48°) on Ph-
tethered areas, respectivelyygure 5-5A). Comparing CA hysteresisg..-60.4y) Values
and SA, the droplet adhesion force on the Ph- tethered area is found to be stronger than
the corresponding 1 tethered area. Thus, a water droplet crossing from the Ph- surface
to the Go- tethered area, requires energy driven by the curvature change of the droplet.
Here, the net resistance force (mainly by frictional dissipation) for a moving contact line
(Fresist) 1S given by:

Flresist = Fgravity + Fy - Finertia (1)
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where Fgraviry is the gravity derived forcef, is a surface tension derived force by
asymmetry of the droplet shape, aRg.., is the inertial force. Thus, under a state of
equilibrium, the surface tilting angle (TA) is equal to $& (),
Fresist = Fgravity + Fy
2
= pVg sinag + 2R vy (c0sBec — €0SO,4y)

where p and V are density and volume of a droplet, respectively. g is the
gravitational acceleration constarR. is the liquid droplet radius in contact with the
surface, andy is interfacial tension. When a droplet is watBf,ss; for Cio- and Ph-
are obtained as 0.149 and 0.395 mN, respecti¥afypife 5-5A). Therefore, a droplet is
more stable on Ph- tethered areas with liquid motion restricted by the differefigg;qf
Figure 5-5B shows the change in SA values as a function of the Ph- tethered path rotating
angle (p), resulting in a controlled droplet S-shape sliding direction along the Ph- tethered
area as inFigure 5-5C, without contamination, even though the whole surface is
dynamically hydrophobi€igure 5-5D. Here, the droplet transportation weight ratio was
only slightly below 100% (se€able 5-1,Figure 5-6), and the average controlled water
droplet sliding speed was 107.6 mm, svhich is significantly (at least 10 times) higher
than recent representative liquid manipulation reports, even when considering variations
in liquid volume and TA!%3¢l This is thought to result as conventional liquid
manipulation has been performed by both statically and dynamically

hydrophilic/hydrophobic patterning to limit droplet mobility.
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Figure 5-5. (A) Dynamic contact angles (DCAs) and sliding angles (SAs) of 10 pL water
droplets with photographic images. These values were measured by a tilted plate method
together with resistance force for a moving contact line. (B) Water SA on a 2 mm wide
Ph- tethered path (yellow line in scheme) and Cio- tethered remaining area, rotating the
sliding direction from 0-90°. When the rotating angle (¢) is 0° (or 90°), droplet
transportation on the Ph- tethered path follows a parallel (or perpendicular) direction. (C)
Droplet motion control on Ph-/Cio- patterned surface. (D) Photo image of a 20 puL water

droplet on a Ph-/Cio- patterned surface measured using a digital microscope.

Figure 5-6. Change to the water droplet mass as a function of transportation time
measured using an electronic balance with 0.1 mg accuracy at 28.3 °C, 49% relative
humidity.
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Table 5-1. Changes to water droplet masses before and after transportation over an 8 mm
patterned surface for ~40 seconds. The mass of droplets and substrates were measured
using an electronic balance (GR-200, A&D Co., Ltd., Tokyo, Japan) with 0.1 mg accuracy.
Droplet yield was calculated by [Mass of droplet before manipulation] / [Mass of droplet
after manipulation] x 100 [%)]. Although, in theory, the material balance should be 100%,
partial evaporation of a droplet decreases the yield as shown in Figure 5-6.

Mass
substrat substrate + droplet before remained droplet after Yield MEAN
#
e (9) droplet (g) manipulation (g) droplet (g) manipulation (g) (%) (%)
99.32 99.254
1 3.3477 3.4367 0.0890 0.0006 0.0884
58 4
99.32
2 3.3475  3.4368 0.0893 0.0006 0.0887 SD (%)
81
99.10
3 3.3476  3.4374 0.0898 0.0008 0.0890 0.1258
91

Driven force analysisWe further studied the driving force change when droplet
transportation overlaps the border from the Ph- tethered area tacthietBered area
(Figure 5-7A) to obtain the limitation of the liquid trapping force on the patterned surface
as a function of droplet volume. Total force working on a stable droplgt,( is
calculated by:

Fiotal = Fgravity + Fy + Fresist (3)
with the condition oOfF; cia = 0. Here, Fiora1 depends on the composition of the
patterned area that the drop is in contact with and changBg ¢ are calculated as
shown inFigure 5-7B (Calculation details for each force change are shown in next
paragraph). Droplet transportation within the Ph- tethered area (dx<O0, dx: the vertical
overlapping distance of a droplet across the border on a patterned smooth surface), results
in a constantF,,., because of surface homogeneity. However, when a droplet overlaps
the border of the Ph- andi€ tethered areas (0<dx<2RR{, )), Fiora Suddenly

decreases as the values §f and F..ssc change. When a droplet slides beyond the
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border (dx>2R)F,,ta recovers because the droplet contact area becomes homogeneous
again. The graph iRigure 5-7Bindicates that thé,,.,; value can increase as a function
of liquid volume and the maximuni.., Vvalue in the range of 0<dx<2R becomes
positive when V = 8QuL, which is a critical droplet size between overlapping the C
and Ph- border and remaining in the desired area under this condition. We conducted
further experiments to support this calculation to statically cast water droplets of various
volumes on the tilted surface as showfigure 5-7C. As droplets cross the Ph- angy-C
tethered area border, 10-80-sized droplets stop on the bordErgure 5-7D), whereas
droplets ranging between 90-100 pverlap beyond the bordefigure 5-7E).

Here, calculation details for each force change are shown as follows. In the case that
the water droplet is in contact with the complex Ph-/8urface, the total force applied
to the droplet is given as follows in the equilibrium state:

Fiot = Fgravity + Fy + Fresist  ( Finertia & 0 to be controlled ) (4)

Where, Fgravity, Fy and Fregise are written as:
Foravity = pVgsina ()
F, = fysvcoschd(p + fySLcoschd(p + fyLVcoscpcoseRd(p (6)
Fresist = HcyoNey, + HpnNpn (7)
The values ofF, and F,.ss: depend on the area where the droplet is locatei the

dynamic friction coefficient.

() When the droplet, as a whole, is located on Phearea, which meandx < 0, F, is
obtained by:
F, = fYSVCOS(de(p + ijLcoschd(p + J-yLVcoscpcoseRd(p

(8)
= ZRPhYLV(COSGIch — COS eapt}:llv
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Here, R = R(6g,V) is equal to

.3 4V
R(GS,V) = SlI'leS m (9)

From the Young's equatior, is given by equation (10) in the case that the droplet is
in contact with both areas, which is equal Go< dx < 2R, .
(i) When the droplets are in contact with both aréas dx < 2R¢, ), F, is given by

the Young’s equation as follows:
F, = fysvcoschd(p + fySLcoschd(p + fyLVcoscpcoseRd(p

C C C
= 2RC10 (YS\ll'o - ySio — YLv €OS eaét\)z) (10)

- ZRPh(YSP\}} - YSPE — YLv COS Gfg‘c)

Cio

Ph
adv 6

= 2RC10yLV(cosﬁg“’ —cos0 %) — ZRPhVLV(COSGSPh — C0S Opac

(iii) When the whole droplet is located on tlig,-area (2R, < dx), we can calculate

F, by the following equation.

F, = fYSVCOS(de(p + ijLcoschd(p + fyLVcoscpcoseRd(p

adv

(11)
= 2RC10yLV(cosef§8 — cos chll?,)
To summarize equations (8) ~ (1B, can be obtained by
Fy
ZRPhYLV(COSGEélc — CoS eapgv dx <0
= 2RC10yLV(cosegl° — cos Ggéi’, — 2RppyLy(cosBE" — cosOFl) 0 < dx <2Rc,,
2R¢,,Yiv(cosBral — cos 054 2Reyg = dx

Conversely,F st IS the frictional force of the complex surface of tPle- and C;,-
areas, which is given as:

FreSiSt = uclONCIO + “’PhNPh (12)
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where p is written as

ngsist _ pVg sinag + 2Ry y(cosB,ec — €c0SB,4v)

N¢d 7 pVgcosOg — 4RyLy (SinB,ec + sinb,qy)

resist

)= (13)

By applying equation (13) to both théh-area andC,,-areas, we calculated bofl,

and ppy. N¢,, and Np, can be expressed by both the gravity force and the interfacial
forces between the contact line of the water droplet and the surface of the coating.
Therefore, when the droplet moves over both areas: overlapping dx omthetiazred

area and overlapping dy on the Ph tethered &readx < 2R¢,, and 0 < dy < 2Rpy,),

N¢,, and Npy, are given by equations (14) and (15) respectively.

N¢,,(@B) = pVc, gcosag — Z(RC10 + dx)yLVsinegé“’, (14)
Npn(@g) = pVpngeosas — 2(Rpp, + dy)yiysinbhy, (15)
However, the relationship betweely and dx is given by:
V- Siiggw (1 — coseg“’)dx
dy =
g % (1 — cos6EM) 4o

Additionally, V¢, and Vp;, are given using similar equations as followings:

Ve, T Ven =V (17)
9 sind ) Os sind
Veyo: Ven = chlojO sinfg RdOdx : ZRthO Sinfy Rd6dy
2RE (1 —cosBs)dx 2R%; (1 — cosfs)dy , , (18)
= - : . = R, dx: Rpdy
sinBs sinBg
2
Ve, = ey (19)
€0 T RZ dx +R%.d
C1o pPhdY
R2,d
Ven Py xV (20)

- chlodx + R3, dy
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When all of the droplet is located on tlRa-area {x < 0)F,sis¢ 1S Written as equation

(21) with vertical components of interfacial tension.

1:re51st |J-C10NC10 + |J-PhNPh
(21)

= MPh{PVgCOSO(s — 2RppyLy(sin®LY, + smGrpg‘c)}

When the droplet is in contact with both are@ds<(dx < 2R¢ , and 0 < dy < 2Rpy),
F, is given by:

l:‘re51st p-CloNCw + p-PhNPh

Rclodx
~ Hew PRz dx+Rf,hdy><V 5C0Sts

Cio0

(22)
— Z(RC10 + dx)yLVsmeadV}

R%,d
+ Uph {p < > Ph yz XV) gCcosag
Rg,,dx + Rppdy

— 2(Rpp, + dY)YLVSineanv}
Additionally, if the whole of the droplet is located on tfg,-area only, 2R, < dx),
we can calculatéF .sis; as in equation (23):

1::resmt IlcloNclo + uPhNPh

(23)
c
= ucm{pVgcosaS ZRchLV(Slneaé(\), + smer;g)}
To summarize equations (21) ~ (2F),esist 1S Written as:
( upn{pVgcosas — 2Rppyyy(sinOhe, + sinbF)} dx <0

. AC
Hclo{PVcwgCOSO(s - Z(RC10 + dx)yLVsmeaé“’,}
0 S dX < 2RC10

1:"resist =

+ppn{pVpngcosas — 2(Rpp, + dY)YLVSineanv}

C
kucm{pVgcosas ZRCmYLV(Slneaé{?] + Slnerég)} 2RC10 < dx
The calculated values for each force change with volume as a function of dx are shown

in Figure 5-7F-I. It is apparent thaFg,.i;, increases with droplet volume, and the
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values are constant regardlessdaf and in whole positive to the tilting directioRigure

5-7F). F, increases with droplet volume because of an increase of liquid-vapor-solid
contact line, and they decrease to almost 0 when droplet across the Bordéx €

2R¢,,); When droplets lie on homogeneous surfaég,is in theory constant{gure 5-

7G). The friction by F,.s: in whole negative with any droplet volume and position.
Effect of friction is getting larger as the increase of volume along with the droplet-surface
contacting area, and the strongest friction occurs when a droplet comes across the border
(Figure 5-7H). Hence, the total force becomes positive when surface homogeneous to
increase the kinetic energy and the energy is dissipated and droplet stops in the border.
Therefore, the condition that governs if droplets do not overlap beyond the potential is

given by:
2R
B < [ Froar (24)
0
Where Eyy Is the kinetic energy of a droplet in the area of dx = 0. This equation also
indicates that a droplet stops overlapping when satisfies Ey = fOX' Fiotardx .

Interestingly, 10-8@L-sized droplets refrain from crossing the border area rather than
remaining in contact with it (séégure 5-7C). This is a new discovery. The patterned
smooth surfaces herein do not obey the classical pinning theory law: liquid is pinned as
the droplet head reaches the border with the conditi§fy;(dx = 0) < 65°. ) In fact,

our analysis considers not onBf%, and 65 but also6.2°, 65, 6P, and 6£" as

follows:

C C
F, = 2Rc10yLV(cos 8% — cos Gaéf,)

(25)

— 2RppyLv(cos B5" — cos BFL,

124



Therefore,Ey, depends on various parameters such as, transportation path idiA,

and liquid volume, which can be optimized depending on the path design.
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Figure 5-7. Total force, Fiotal, analysis between the water droplet and the Cio- and Ph-
tethered border area (see scheme in (A)). (B) graph showing total liquid droplet force as
a function of volume when the head of a droplet overlaps, dx, on the border oriented
perpendicular to the trajectory tilting at 24° with photographic images in (C). When V is
greater (less) than 80 pL as in (D), Frta on the border becomes positive (negative) and
the droplets larger than 80 uL overlap beyond the border as in (E), whereas droplet sizes
under this threshold level stop on the border. (F)-(I) Driven force analysis between the
water droplet and the Cio- and Ph- tethered border area as a function of liquid droplet
volume when a tip of a droplet overlaps, dx, on the border oriented perpendicular to the
trajectory tilting at 24°.
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Application of liquid remaining-free micro-reactor system. We applied this liquid
manipulation system to a micro-fluid reactor. When two micro-volume droplets slide on
two separate non-parallel paths, the coalescence of droplets, if miscible, can occur at the
intersection.Figure 5-8A shows SAs of various micro-volume water droplets on the
patterned surface as a function of path width parallel to the sliding direction. Here, the
condition of TA for droplet transportation igs < a as long as the droplets do not
completely overlap the border. For practical use, the droplet volume can be modified by
its use, whereas the TA value is usually fixed. Notably, when the droplet volume range
lies between 0—4QL, the liquid-manipulating surfaces herein show controllable SAs
with respect top and path width (seBigure 5-5B). The liquid manipulation studies
have shown that the optimized V-patterned path Esgere 5-8B) works as a micro-
reactor as shown iRigure 5-8C, D. As the patterned smooth surface is durable to both
acidic and basic liquids (séggure 5-8E, F), the acidic aqueous (pH = 2.13) reaction
with bromophenol blue (BPB) succeeded as the droplet transportation remained on the
hydrophobic patterned surfac€igure 5-8C), and the basic aqueous (pH = 13.06)
reaction with thymol blue (TB) also succeeded in a similar marfigure 5-8D).
Surface contaminations after the reaction were confirmed by energy-dispersive x-ray
(EDX) spectroscopy and compared with the dynamically hydrophilic surfageré 5-

9A, B), indicating no observed contamination on the dynamically hydrophobic surfaces.
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Figure 5-8. (A) Study of various volume water droplet sliding on patterned surfaces with
the width of the Ph- tethered area ranging between 1-3 mm. When the volume of the
droplet is <40 pL, the SA of the micro-droplet can be controlled by the width of the Ph-
tethered area. (B) Reaction procedure on V shape patterned surfaces. Based on its volume,
a reactant is transported in a downward motion, is captured, and not until coalescing with
another reactant is the downward motion continued under the conditions of: Vi,
V2<Vritical and V1+V2>Vritical. (C-D) Time-elapsed photo images of a micro-reactor
application under acidic and basic conditions: (C) Bromophenol blue (BPB) protonation
by hydrochloric acid aqueous solution with a pH value of 2.13 (V = 25 uL, TA =40°, ¢
= 18°, path width = 1 mm (right), 2 mm (left)) and (D) Thymol blue (TB) deprotonation
by sodium hydroxide aqueous solution with a pH value of 13.06 (V =35 uL, TA=60°, ¢
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= 18°, path width = 1 mm (right), 2 mm (left)). (E-F) Surface durability under acidic or
basic conditions of the (E) Cio- and (F) Ph- tethered area. SAs of 10 uL. aqueous droplets
as a function of pH are measured on each surface after contacting for 0, 1 or 60 minutes.
When the surfaces are applied to a micro-reactor, the liquid-solid contact time must be <1

min. Thus, the surfaces are sufficiently durable for the application.
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Figure 5-9. (A) EDX spectra and (B) Elemental contamination presented by normalized
atomic ratios of a dynamically hydrophobic patterned surface (blue) and a dynamically
hydrophilic surface (-OH tethered surface, red) after casting aqueous droplets of BPB (i),
TB (i1), HCI (iii) and NaOH (iv), respectively. Because of the volatility of aqueous HCI,
the chloride peaks were not observed after aqueous HCI contamination. Although sodium

peaks were observed on both surfaces, the peaks were derived from NazO in the substrate.

Furthermore, we demonstrate omniphobic liquid manipulation—controlling not
only water but also organic solvents by replacing the Ph- tethered smooth surface with a
Ce- tethered counterparFigure 5-10A). Figure 5-10B shows FT-IR spectrum whose
doublet peaks of €and Go coatings around 2850 chrand 2930 cnit are shifted by =
6 cmit and A = 3 cm?, respectively, signifying a difference for each alkyl chain
movement. Additionally, the intensity of thed@loublet peak ratio around 2930 ¢tis

clearly higher than that of ¢ indicating enhanced mobility of theidCmolecules
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compared with €molecules. Thus, they exhibit a suitable difference of DCAs against a
wider range of target liquids (ségure 5-11A-H). As a result, diagonal sliding of three
solvent types are realized on the surface as shofigume 5-111-K. This technique can

be utilized across a wider variety of micro-fluidic applications. For more versatile use of
liquid manipulation, we measured the transport range of aqueous droplets having different
viscosities by adjusting the water/sodium alginate mixture ratio, resulting in droplet

viscosities in the range of <28 cP (see Figure 5-12).
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Figure 5-10. (A) Wide-range x-ray photoelectron spectroscopy (XPS) analysis okthe C
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Figure 5-11. Solvent droplets motion control. (A-D) Dynamic contact angles and (E-H)
static CAs of various liquids on various functional tethered smooth surfaces. Based on
this study, we adapteds@Cio- patterning for solvent manipulation. (I-K) Time-elapsed
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Figure 5-12. SAs of 10 puL aqueous droplets as a function of aqueous liquid viscosity

adjusted by mixing sodium alginate with water.
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Transparency and mechanical robustness of patterned surface. Liquid manipulative
techniques have been developed to improve surface smoothness while simultaneously
adding mechanical robustness and a transparency to the surface, offering advantages over
conventional liquid manipulation techniques. The relief structure normally consists of a
nano-micro scale roughened surface, whose high surface roughness causes a
transmittance decrease by increasing scattering, as predicted by the optical theory:

In(T/T,) o (o/2) (7
where T and T, are transmittance of the surface with and without surface roughness,
respectively. ¢ is the root mean square surface roughnesss)(Rand A is the
wavelength. Thus, the smoothness of the patterned surface prevents surface scattering and
maintains high transmittance as showrkigure 5-13A-D. Additionally, the patterned
structure retains wettability even after being subjected to an abrasion test over 1000 times
(Figure 5-14A) and 100 cycles of bending-stretchirgigure 5-14B) because of the
structural robustnes$? Liquid manipulative behaviors on complex bent coatings were

also confirmed as shown in Figure 5-14C

A Uncoated B C,o- tethered area C Ph- tethered area D Border
100 100 100 100
90,88 90.64 9152 90.77 J9095 90.16 : g
90 | 90 | 90 | I
80 | 80 | 80 1 80 |
=S
< 70 70 | 70 70 |
2 60 60 - 60 - 60 |
2 50 50 1 50 50 1
= 40 ] 40 | 40 1 40
8 30 30 A 30 4 30 1
EE):. 20 4 20 20 20 4
197 0z oz2a| 107 075 os2| 197 087 o79| 107 15 137
0 A 0 A 0 - 0 A
TT PT DIF HAZE TT PT DIF HAZE TT PT DIF HAZE TT PT DIF HAZE

Optical values

Figure 5-13. Optical analysis of (A) uncoated area, (B) Cio- tethered area, (C) Ph-
tethered area, and (D) the interfacial border on the patterned smooth surface measured by
total transmittance (TT), parallel transmittance (PT), haze (HAZE), and diffusion (DIF).
PT means the degree of light that passes through a sample within a small angle range
(<15°). The HAZE value is given by haze (%) = DIF/TT x 100.
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Figure 5-14. (A) Mechanical durability analysis measured by abrasion time versus SA of

a 10puL water droplet. (B-C) Flexibility of the patterned smooth surface coated on a
polyethylene terephthalate (PET) film. (B) Quantification of bending resistance measured
by bending times versus SA of aflOwater droplet. (C) Photographic images indicating

that the water droplet can diagonally slide on the bent patterned smooth surface while the
water droplet can perpendicularly slide on the @thered area.

5.2.4 Conclusions

In summary, our dynamically hydrophobic and statically hydrophobic/hydrophilic
patterned transparent smooth surfaces are capable of high speed water manipulation with
tunable and anisotropic sliding, durable against both acidic and basic conditions, and even
show the potential for omniphobic manipulation. Furthermore, the smoothness of the
patterned surface displays excellent transparency and flexibility properties, and
performed well against durability testing of abrasion and bending, which extends these
materials across a wide range of applications. Additionally, we also observed that the

mechanism of liquid trapping on the border is different to conventional understandings:
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the droplet transport stops as the droplet is pinned to its path even as the droplet head
reaches the border, which indicates a droplet kinetic energy of zero, which can improve
the interfacial dynamics. This new strategy of liquid manipulation displaying a near 100%
yield as a multi-functional fluidic device can help future scientific development and

expand into new industrial applications.

133



References

[5-1] Good, R. J. (1992). Contact angle, wetting, and adhesion: a critical review.
Journal of adhesion science and technology, 6(12), 1269-1302.

[5-2] Gleiche, M., Chi, L. F., & Fuchs, H. (2000). Nanoscopic channel lattices with
controlled anisotropic wetting. Nature, 403(6766), 173-175.

[5-3] Xia, D., & Brueck, S. R. J. (2008). Strongly anisotropic wetting on one-
dimensional nanopatterned surfaces. Nano letters, 8(9), 2819-2824.

[5-4] Hou,Y.P, Feng, S. L., Dai, L. M., &Zheng, Y. M. (2016). Droplet Manipulation
on Wettable Gradient Surfaces with Micro-/Nano-Hierarchical Structure. Chem.
Mater, 28, 3625-3629.

[5-5] Guo, T., Che, P, Heng, L., Fan, L., & Jiang, L. (2016). Anisotropic Slippery
Surfaces: Electri®riven Smart Control of a Drop's Slide. Advanced Materials,
28(32), 6999-7007.

[5-6] Zhang, S., Huang, J., Chen, Z., & Lai, Y. (2016). Bioinspired Special Wettability
Surfaces: From Fundamental Research to Water Harvesting Applications. Small,
13(3), 1602992.

[5-7] Xu, T, Lin, Y., Zhang, M., Shi, W., & Zheng, Y. (2016). High-Efficiency Fog
Collector: Water Unidirectional Transport on Heterogeneous Rough Conical Wires.
ACS nano, 10(12), 10681-10688.

[5-8] Sharma, C. S., Combe, J., Giger, M., Emmerich, T., & Poulikakos, D. (2017).
Growth Rates and Spontaneous Navigation of Condensate Droplets Through
Randomly Structured Textures. ACS nano, 11(2), 1673-1682.

[5-9] Chu, F., Wu, X., Zhu, B., & Zhang, X. (2016). Self-propelled droplet behavior
during condensation on superhydrophobic surfaces. Applied Physics Letters, 108(19),
194103.

[5-10] Fang, C. K., Ko, H. C., Yang, C. W,, Lu, Y. H., & Hwang, S. (2016). Nucleation
processes of nanobubbles at a solid/water interface. Scientific reports, 6, 24651.

[5-11] Ju, J., Zheng, Y., & Jiang, L. (2014). Bioinspired one-dimensional materials for
directional liquid transport. Accounts of chemical research, 47(8), 2342-2352.

[5-12] Lai, Y., Pan, F., Xu, C., Fuchs, H., & Chi, L. (2013). In Situ SuHace
Modificationdnduced Superhydrophobic Patterns with Reversible Wettability and
Adhesion. Advanced Materials, 25(12), 1682-1686.

[5-13] Ghosh, S., Lagraauw, R., Otten, S., Pit, A., Berendsen, C., Zeegers, J., ... &
Mugele, F. (2014). Trapping of drops by wetting defects. Nature communications, 5,
3559.

134



[5-14] Chung, J. Y., Youngblood, J. P., & Stafford, C. M. (2007). Anisotropic wetting
on tunable micro-wrinkled surfaces. Soft Matter, 3(9), 1163-11609.

[5-15] Chen, Y., He, B., Lee, J., & Patankar, N. A. (2005). Anisotropy in the wetting of
rough surfaces. Journal of colloid and interface science, 281(2), 458-464.

[5-16] Malvadkar, N. A., Hancock, M. J., Sekeroglu, K., Dressick, W. J., & Demirel, M.
C. (2010). An engineered anisotropic nanofilm with unidirectional wetting properties.
Nature materials, 9(12), 1023-1028.

[5-17] Kwak, M. K., Jeong, H. E., Kim, T. I, Yoon, H., & Suh, K. Y. (2010). Bio-
inspired slanted polymer nanohairs for anisotropic wetting and directional dry
adhesion. Soft Matter, 6(9), 1849-1857.

[5-18] Manna, U., & Lynn, D. M. (2015). Fabrication of Liquidfused Surfaces Using
Reactive Polymer Multilayers: Principles for Manipulating the Behaviors and
Mobilities of Aqueous Fluids on Slippery Liquid Interfaces. Advanced Materials,
27(19), 3007-3012.

[5-19] Xue, Y., Wang, H., Zhao, Y., Dai, L., Feng, L., Wang, X., & Lin, T. (2010).
Magnetic liquid marbles: a “precise” miniature reactor. Advanced materials, 22(43),
4814-4818.

[5-20] Chen, H., Zhang, P., Zhang, L., Liu, H., Jiang, Y., Zhang, D., ... & Jiang, L.
(2016). Continuous directional water transport on the peristome surface of Nepenthes
alata. Nature, 532(7597), 85-89.

[5-21] Golovin, K., Lee, D. H., Mabry, J. M., & Tuteja, A. (2013). Transparent, Flexible,
Superomniphobic Surfaces with Uktaw Contact Angle Hysteresis. Angewandte
Chemie, 125(49), 13245-13249.

[5-22] Yamada, K., Henares, T. G., Suzuki, K., & Citterio, D. (2015). RBpsed
Inkjet-Printed Microfluidic Analytical Devices. Angewandte Chemie International
Edition, 54(18), 5294-5310.

[5-23] Burgess, I. B., Mishchenko, L., Hatton, B. D., Kolle, M., Loncar, M., &
Aizenberg, J. (2011). Encoding complex wettability patterns in chemically
functionalized 3D photonic crystals. Journal of the American Chemical Society,
133(32), 12430-12432.

[5-24] Watts, P., & Haswell, S. J. (2005). The application of micro reactors for organic
synthesis. Chemical Society Reviews, 34(3), 235-246.

[5-25] You, I, Lee, T. G., Nam, Y. S., & Lee, H. (2014). Fabrication of a micro-
omnifluidic device by omniphilic/omniphobic patterning on nanostructured surfaces.
ACS nano, 8(9), 9016-9024.

[5-26] Tian, D., Zhang, N., Zheng, X., Hou, G., Tian, Y., Du, Y., ... & Dou, S. X. (2016).

135



Fast responsive and controllable liquid transport on a magnetic fluid/nanoarray
composite interface. ACS nano, 10(6), 6220-6226.

[5-27] Verho, T., Bower, C., Andrew, P., Franssila, S., Ikkala, O., & Ras, R. H. (2011).
Mechanically durable superhydrophobic surfaces. Advanced Materials, 23(5), 673-
678.

[5-28] Rabnawaz, M., Liu, G., & Hu, H. (2015). Fluorifeee AntiSmudge
Polyurethane Coatings. Angewandte Chemie, 127(43), 12913-12918.

[5-29] Wang, L., & McCarthy, T. J. (2016). Covalently attached liquids: instant
omniphobic surfaces with unprecedented repellency. Angewandte Chemie, 128(1),
252-256.

[5-30] Cheng, D. F., Urata, C., Yagihashi, M., & Hozumi, A. (2012). A statically
oleophilic but dynamically oleophobic smooth nonperfluorinated surface.
Angewandte Chemie International Edition, 51(12), 2956-2959.

[5-31] Urata, C., Masheder, B., Cheng, D. F., & Hozumi, A. (2012). How to reduce
resistance to movement of alkane liquid drops across tilted surfaces without relying
on surface roughening and perfluorination. Langmuir, 28(51), 17681-17689.

[5-32] Vogel, N., Belisle, R. A., Hatton, B., Wong, T. S., & Aizenberg, J. (2013).
Transparency and damage tolerance of patternable omniphobic lubricated surfaces
based on inverse colloidal monolayers. Nature communications, 4, 2176.

[5-33] Tian, X., Shaw, S., Lind, K. R., & Cademartiri, L. (2016). Thermal processing
of silicones for green, scalable, and healable superhydrophobic coatings. Advanced
Materials, 28(19), 3677-3682.

[5-34] Tenjimbayashi, M., Sasaki, K., Matsubayashi, T., Abe, J., Manabe, K., Nishioka,
S., & Shiratori, S. (2016). A biologically inspired attachable, self-standing
nanofibrous membrane for versatile use in oil-water separation. Nanoscale, 8(21),
10922-10927.

[5-35] Ariga, K., Li, J., Fei, J., Ji, Q., & Hill, J. P. (2016). Nanoarchitectonics for
Dynamic Functional Materials from Atomi®lolecularLevel Manipulation to
Macroscopic Action. Advanced Materials, 28(6), 1251-1286.

[5-36] Kamei, J., & Yabu, H. (2015). Obemand Liquid Transportation Using
Bioinspired Omniphobic Lubricated Surfaces Based onQejanized Honeycomb
and Pincushion Films. Advanced Functional Materials, 25(27), 4195-4201.

[5-37] Ghosh, S., Lagraauw, R., Otten, S., Pit, A., Berendsen, C., Zeegers, J., ... &
Mugele, F. (2014). Trapping of drops by wetting defects. Nature communications, 5,
3559.

136



Chapter 6 Summary

6.1 Summary and outlook

In this thesis, biomimetic approaches to design functional materials for practical
application were studied. Especially, highly motivated by nature systems which control
surface wettability, the biomimetic materials with anti-wetting (hydrophobicity),
selective-wetting (hydrophobicity and superoleophilicity), slippery-wetting (slipperiness
on liquid surfaces), and anisotropic-wetting (directional droplet motion) properties were
designed and developed for the applications to anti-fouling coatings, biomedical sensors,
oil/water separation systems, and microfluidic devices.

Firstly, how the biomimetics impact on materials engineering field was overviewed
for the research motivation. A number of peer-reviewed publications including the
keyword of biomimetics had been exponentially increased with years, indicating the
strong demands of biomimetic approaches for designing the materials and/or systems.
Thus, learned by a lotidymphaea leaf, a spidgioborus Walckenaeriys pitcher plant
Nepenthes rafflesiana Jack cactusCactaceagethe functional wettable materials were
designed by controlling surface chemistry, molecular- and nano-scale structure.

Secondly, anti-wetting coatings inspired by lotdgmphaea leaf were designed
using self-assembly of hydrophobic Si@anoparticles (NPs), and their mechanical
durability was enhanced by the addition of Ethyl-alpha-Cyanoacrylate (Et-CA) as an
adhesive resin. We considered 4 types of structures by NPs/Et-CA composite: (1) single
layer NPs coating by a single step spray method, (2) NPs/Resin composite coating by
spraying NPs/Resin mixture, (3) NPs and resin double layer coating by double steps spray

method, and (4) the NPs/Resin gradient coating by newly proposed single step movable
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spray method, respectively. The comparison revealed the best composite structure in
terms of mechanical durability had been the NPs/Resin gradient coating. The proposed
structured surface performed the strongest abrasion resistance in lotus inspired materials.
In addition, the facile process (one step spray method), substrate selectivity (available to
woods, glasses, and metals) contribute to the development in industry.

Lotus also offered an idea of developing biosensors. Optical electrode, which
determinates ion level in liquids by color changes has developed as a visually available
diagnosis kit. However, the dirty sample determination must interfere the accurate
determination. Thus, potassium ion sensor in blood with blood contamination resistance
are designed as rarely reported examples of application which combines anti-fouling
surface function with the optical sensor. While in most previous reports adapted
poly(vinyl chloride) (PVC) as based polymer, the fluorinated co-polymer:
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) have been used owing to
its low surface energy over PVC. Even though surface anti-wetting properties has been
enhanced by the change of base polymer, the sensing ability did not deteriorate whereas
the blood fouling resistance improved. This PVDF-HFP based optical electrode
contributes to the development of sensing materials targeting contaminated samples
thanks to its hydrophobicity.

Thirdly, selective-wetting hydrophobic and superoleophilic materials were designed
to help a solution of environmentally serious oil spill accidents in a sea. Inspired by an
impeding mechanism of a spiddtoborus Walckenaeriysvhose web can capture any
insect using electrostatic force, electrostatically attachable self-standing nanofiber sheet
(NF-S) with selective wettability were designed by electrospinning PVDF-HFP and Et-

CA mixture. The merit of NF-S is scalable, low cost, and attachable to both 2D and 3D
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materials, whereas the conventional approach to this required chemical interaction or
physical crosdinking between the supporting material and the functional material; thus,

such type of versatile attachment has been difficult. NF-S performed over 99% separation
efficiency to various oil/water mixtures including emulsified oil. In addition, the NF-S
covered with melamine sponge made it possible to collect and extract an oil from an oil-
water mixture. Thus, this work will contribute to solving oil spill accident. Furthermore,
from the viewpoint of materials engineering insight, that is, the possibility of designing
advanced materials by combining different functional materialshis work, the high
absorption capacity by the melamine sponge and the selective wettability by NF-Ss are
combined to be an oil-absorbent.

Fourthly, slippery wetting surfaces were designed from the inspiration that a pitcher
plantNepenthes rafflesiana Jaulet their leaves with lubricating oil to make insects slide
down into their digestive juices. Here, SPLASH (surface witimteraction liquid
adsorption, smoothness, and hydrophobicity) was designed using silane technology as an
advanced slippery surface. Conventional slippery surfaces relied on a aporous base layer
(BL) for immobilization of lubricating liquid; thus, the hydrophobicity, durability, and
transparency were deteriorated due to the roughness exposure with the decrease of the
liquid layer (LL) by evaporation or contact. However, thanks to the smoothness of BL,
SPLASH kept the hydrophobicity, transparency, and durability regardless of the LL
thickness. Moreover, since the smoothness of the BL enhanced the fluidity of LL,
SPLASH performed the advantage over conventional surfaces in terms of hydrophobic
properties. I'm sure that SPLASH: next age hydrophobic fluidic surface will offer big
effect not only on industry but on whole materials engineering.

Fifthly, inspired by directional liquid transportation on a spine of caCataceage
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anisotropic-wetting surfaces were designed by dynamically hydrophobic and statically
hydrophobic/hydrophilic patterned surfaces using silane technology. The patterned
surfaces performed high speed water manipulation with tunable and anisotropic sliding,
durable against both acidic and basic conditions, and even performed the potential for
omniphobic manipulation. In addition to the wettability, the surface performed
transparency and mechanical robustness, and was available on a flexible substrate. Such
multi-functional droplet transportation system will contribute to a design of advanced
fluidic materials. It also will be helpful to design liquid replenishing system to SPLASH
forming long-term stable slippery coatings.

Finally, the future prospect of biomimetic functional materials is discussed as a
conclusion of this thesis. On one hand, studies of biomimetic functional materials rely on
new discovery and development of nature systems. As our technology of molecular and
nanoscale science develops, nature systems also advance through fierce struggles for
survival. Therefore, we must develop materials not only for practical use but also strongly
contribute to the advancement of materials chemistry and physics so as not to get a late
start than nature evolution as well as the struggles. On the other hand, recently biomimetic
approaches to design multi-functional materials have been developed via the rational
integration of nature unique properties. For example, Aizenberg group developed highly
efficient vapor condensation system by integrating three natural examples, i.e. water
harvesting of desert beetle, anisotropic wetting of cactus spine, and slipperiness of pitcher
plant.[*! Jiang group developed magnetic force driven morphological change of butterfly
wing inspired structure to nepenthes surf&ti our case, the integration of pitcher plant
inspired SPLASH technique (see Chapter 4) with cactus spine inspired liquid

manipulation technique (see Chapter 5) will develop long-term stable SPLASH coating
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by self-replenishing liquid layer. To be summarized, advance of biomimetics depends on

discovery of raveled nature system, development

integration of nature species.
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