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ABSTRACT

Omniphobicity refers to a property of surfaces which are not wetted by water, oils, alcohols and
other low surface tension liquids. Robust omniphobic surfaces can be applied in many areas
including fabrics with chemical / biological protection and dirt / fingerprint resistant touch
screens. The main aim of this thesis is to develop rules for the systematic design of omniphobic
surfaces with a focus on textiles.

First, a design chart is developed to help us understand the impact of surface chemistry and
surface topography on the wettability of a textured surface. A smaller characteristic length scale
of a re-entrant surface topography, tighter weave and a coating with inherently low wettability
are better for producing omniphobic surfaces that resist wetting by liquids with low surface
tension. This framework is applied to textile fabrics and bird feathers to test their wettability.
Using this framework, wettability of low surface tension liquids on a polyester fabric is tuned or
switched using either thermal annealing or biaxial stretching. Army Combat Uniform fabrics are
rendered oleophobic, thus opening the way to optimize omniphobic army uniforms.

The wettability of molecules similar to fluorodecyl POSS is investigated by measuring the
contact angles with liquids of a broad range of surface tension and polarity. Of the molecules
tested so far, fluorodecyl POSS has the lowest solid surface energy (9.3 mN/m) and the lowest
increment in solid surface energy (7 mN/m). The wetting aspects of the hierarchical topography
of bird feathers are captured using contact angle measurements in terms of a spacing ratio.
Thermodynamics of the wetting of feathers and the robustness against wetting during the course
of a dive are correlated to the wing spreading behavior. Our understanding of surface wettability
of woven meshes is applied to optimize their fog collection ability. A business case for fog
harvesting is developed and strategies to decrease asset and cash flow risks are proposed.

The contributions presented here provide means to better characterize surfaces with complex
topography, tune and a priori predict their wettability and recommend a design strategy both at a
molecular and a macroscopic level to maximize their non-wettability.

Thesis Supervisors: Prof. Robert E. Cohen, St. Laurent Professor of Chemical Engineering
Prof. Gareth H. McKinley, School of Engineering Professor of Teaching
Innovation, Mechanical Engineering
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%
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heptane
length scale remains constant (R = 18 um), the shaded area (A4 <1, Equation (2)) remains the
same in the two figures. Filled symbols indicate a liquid droplet with a robust composite
interface whereas open symbols indicate a liquid droplet which has transitioned into the fully-
WETEEA SEALE......eeuietiete ettt ettt ettt et e h e sb e et sa e s bt et e e bt e sb e et sae e bt e eatenae e 60

Figure 3-9. Contact angle data on mesh 70, 40, and 30 (all with R = 83 um and D"=22,3.9, and
5.1 respectively) dip-coated using 50% POSS — 50% Tecnoflon. Contacting liquids include water
( , v ="72.1 mN/m), ethylene glycol ( , 7, =47.7 mN/m) rapeseed oil ( , 3, = 35.5 mN/m),
hexadecane ( , 5, =27.5 mN/m), dodecane ( , 3, =25.3 mN/m) decane ( , ), = 23.8 mN/m),
octane ( , %, =21.6 mN/m), heptane ( , %, =20.1 mN/m), and pentane ( , y, = 15.5 mN/m) are
plotted on the design chart for liquid wettability. The shaded area represents a set of (&, D,

!, /R) values for which the robustness factor for heptane is less than unity (4, < 1). Filled

heptane
symbols indicate a liquid droplet with a robust composite interface whereas open symbols
indicate a liquid droplet which has transitioned into the fully-wetted interface. The left image in
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the inset shows nonwetting water (blue, 4° = 14.5) and rapeseed oil (red, 4~ = 5.8) droplets with
a robust composite interface on a mesh 70 surface (R = 83 um; D= 2.2) coated with 50% POSS
— 50% Tecnoflon. The right image shows a water droplet (blue, 4” = 2.1) in a robust composite
interface on a mesh 30 (R = 83 um and D" = 5.1) surface with a similar coating. Rapeseed oil
(red) wets the textured surface because the robustness factor drops to A"=0.9. The SEM
micrographs of the three textured surfaces are shown on the right. ...........ccccoooiiiniiniinnnnn. 62

Figure 3-10. The thermodynamic condition for cross-over from the composite to the fully-wetted
interface is shown as the black dashed line on the design chart for liquid wettability. The shaded

region indicates parameter space inaccessible for designing non-wetting surfaces with cylindrical
textures of length scale R such that/ /R =100 . ..c.ocooiiiiiniiiiiniiiiice 65

Figure 3-11. Design chart for the wettability of a liquid droplet in the fully-wetted state on
cylindrically textured surface. The contours of the apparent contact angle (6) for (6'=0( ),
90 ( ),120( )and 150°( ))are plotted on the design chart with the equilibrium contact
angle on a chemically identical smooth surface (g) and the spacing ratio (D7) as the two axes. 66

Figure 3-12. The variation in the apparent contact angle of a liquid droplet at equilibrium on a
cylindrically textured surface is shown in this figure. Droplets in a fully-wetted state are depicted
using a dashed line whereas droplets in a solid-liquid-air composite state are shown with a solid
line. The binodal ( ) is the locus of points for which the apparent contact angle in the
Cassie-Baxter and Wenzel state are equal. For all points above and to the left of the binodal, the
Cassie-Baxter state represents the thermodynamic equilibrium whereas all points below and to
the right of the binodal are in the Wenzel state at equilibrium. ...........cccoveeeiierieeiienireieeieee, 67

Figure 3-13. Design chart for liquid wettability for cylindrically textured surfaces with radius

R =127 um. The contours of the of the apparent contact angle (6) for (8 =0( ),90( ), 120
( )and 150° ( )) are plotted on the design chart with the equilibrium contact angle on a
chemically identical smooth surface (6) and the spacing ratio (D) as the two axes. In the shaded
area, the robustness factor for rapeseed oil (7 ,,= 1.98 mm) is less than unity. Below the grey

line, the robustness factor for methylene iodide (/,,,= 1.25 mm) is less than unity. ................... 69

Figure 3-14 (a) Top view and (b) front view of a hexagonally packed regular array of spheres
with radius R and spacing 2D. Design chart for liquid wettability of spherically textured surfaces.
The contours of the apparent contact angle (&) for (6 =0( ),90( ),120( )and 150°(

)) are plotted on the design chart with the equilibrium contact angle on a chemically identical
smooth surface () and the spacing ratio (D) as the two axes. Various regimes of wettability
starting from super-wetting (6 = 0°) to super-nonwetting (6 > 150°) are shown on the design
chart. This chart predicts the parameter space available for designing robust composite interfaces
for two values of the ratio of the capillary length of the contacting liquid to the length scale of
the surface texture (R). Figure (c) represents an hexagonal packed array of spheres with radius
R~200 pm, 7, =2 mm,and ¢, /R=10 and Figure (d) shows the modified design chart for an

array of spheres with R =2 um, and 7, /R=1000. .......ccoooviiiiiiiiiiiiiiiis 70

Figure 4-1 (a)An SEM micrograph of the polyester fabric Anticon 100 (b) EDAX fluorine
elemental mapping of the identical area shown in Figure 3(a). The close correspondence between
the two images confirms the conformal nature of the 10% POSS — 90% PEMA coating on the
POLYESTET TADTIC. ...eieiiieiii ettt ettt ettt e et e et e e bee et e ebeeenseeenseenseas 73



Figure 4-2. Contact angle measurements on flat spin-coated surfaces (rms roughness < 5 nm) (a)
Advancing (filled symbols) and receding (half-filled symbols) contact angles for water on 2
wt%, (b) 5 wt% and (c) 10 wt% fluorodecyl POSS-coated flat surfaces. The contact angles were
measured in the original state (denoted as - O), after annealing in water at 90 °C for three hours
followed by drying at room temperature (denoted as - W), and after annealing in air at 90 °C for
three hours (denoted as - A). (d) AFM phase images of 10 wt% fluorodecyl POSS-coated flat
surface after annealing in air (A) and in Water (W), ....coooiiiiiiiieeiieieeieecee e 75

Figure 4-3. Zisman analysis for 10% POSS — 90% PEMA spin coated film annealed in air (A,
red filled squares) and annealed in water (W, red open squares). The contact angle data are
measured with alkanes i.e. hexadecane (y, = 27.5 mN/m), dodecane (, = 25.3 mN/m), decane
(v = 23.8 mN/m), octane (j, = 21.6 mN/m), and hexane (y, = 18.5 mN/m) as contacting liquids
and the critical surface tension for the solid surface is obtained by linear extrapolation of the
CONLACT ANEIE ALA....eeiiiieeiiie ettt et e e st e e e staee e taeeetseeessaeeessseesnsaeessseeessseeenns 77

Figure 4-4. Switchable liquid wettability on a 10 wt% fluorodecyl POSS coated polyester fabric
surface. (a) Apparent advancing (filled symbols) and receding (half-filled symbols) contact angle
data with water (blue circles) and hexadecane (red squares) on 10 wt% fluorodecyl POSS-coated
polyester fabric surface in the original as-made (O), water annealed (W), and air annealed (A)
states. (b) Small droplets (V = 50 pL) of water (5 = 72.1 mN/m) and hexadecane

(v = 27.5 mN/m) forming robust composite interfaces on the dip-coated fabric in the air
annealed state (A). (c) Fully wetted hexadecane droplet along with a water droplet forming a
robust composite interface on the dip-coated fabric in the water annealed state (W). ................. 78

Figure 4-5. Variation in the apparent advancing (&, ) and receding (&, ) contact angles on

ady rec

polyester fabric (a) in the as-received uncoated state and (b) dip-coated with PEMA solution... 80

Figure 4-6. Generalized non-wetting diagram for the dip-coated oleophobic polyester fabrics.
Cosine of the apparent advancing contact angle (cos dev) is plotted against the cosine of the

advancing contact angle on a flat surface (cosé,4,). Advancing contact angle data is shown for
water-methanol mixtures (blue circles), and alkanes hexadecane (y, = 27.5 mN/m) and dodecane
(v =25.3 mN/m) (red squares) on air-annealed (A, filled symbols) and water-annealed (W, open
symbols) 10% POSS — 90% PEMA dip-coated surfaces. Advancing contact angles with water-
methanol mixtures on PEMA-coated surface are also plotted (blue filled triangles). The black
dotted line is the Cassie-Baxter equation with D"'=3.6+0.35 (Equation 1). The blue solid line is
the robustness parameter (4") corresponding to R = 100 pm and D™ = 3.6 plotted against the
cosine of the advancing contact angle on a flat surface (,4,). The transition from a composite to
a fully wetted interface takes place around @.;;= 60°..........ccceeiiiiiiiiiiiiieeeee e 81

Figure 4-7. XPS analysis of the 10 wt% fluorodecyl POSS — 90% PEMA dip-coated flat surface.
(a) Survey spectra of the dip-coated surface annealed in water (W), showing major elemental
peaks corresponding to F, O, C, and Si. (b) and (c) High resolution carbon 1s spectra for air-
annealed (A) and water-annealed (W) dip-coated surfaces showing peaks corresponding to
various carbon moieties present in the top layer (d < 10 nm) of the POSS-PEMA coating......... 88

Figure 4-8. Survey spectra for (a) PEMA and (b) fluorodecyl POSS showing the characteristic
peaks for carbon, oxygen, silicon, and fluorine and high resolution carbon 1s spectra for (c)
PEMA and (d) fluorodecyl POSS are SHOWN. .......c.coooiiiiiiiiiiiecieeeeeeee e 89



Figure 5-1 (a) A scanning electron microcopy (SEM) image of a lotus leaf illustrating its surface
texture. The inset shows that droplets of rapeseed oil easily wet the surface of a lotus leaf. (b) An
SEM image of a lotus leaf surface after the dip coating process. (c) An SEM image of the
polyester fabric. In spite of the presence of re-entrant curvature, hexadecane can readily wet the
fabric surface (inset). (d) An SEM image of the dip-coated polyester fabric. The inset shows the
elemental mapping of fluorine obtained using energy dispersive X-ray scattering (EDAXS) (e)
Super-repellency of a dip-coated polyester fabric against various polar and non-polar liquids... 94

Figure 5-2. (a) The apparent advancing (red squares) and receding (blue dots) contact angles for
dodecane ()5 = 25.3 mN/m) on a dip-coated polyester fabric, as a function of the applied bi-axial
strain. The dashed red and blue lines are the apparent contact angles predicted by Eq. 5. (b)
Predictions for 4" (red line) and D” (blue line) as a function of the imposed bi-axial strain on the
fabric. (c) Switchable oleophobicity of the dip-coated fabric with decane (7, = 23.8 mN/m). (d)
and (e) Decane droplets on a non-stretched and stretched (30% bi-axial strain) dip-coated
polyester fabriC T@SPECLIVELY. ...cciuiiiiiiiieiieie ettt ettt e aeeaaaens 101

Figure 5-3. Sequential wetting of four alkane droplets on a dip-coated polyester fabric. (a) Super-
repellency of the unstretched, dip-coated, fabric against octane (y, = 21.7 mN/m), decane (y, =
23.8 mN/m), dodecane(y, = 25.3 mN/m) and hexadecane (j;, = 27.8 mN/m). (b) At 15% strain,
octane droplet transitions to the Wenzel regime with 4~ = 1.7. (c) At 30% strain, decane droplet
transitions to the Wenzel regime with A"=1.4.(d) At 60% strain, dodecane droplet transitions to
the Wenzel regime with A"=1.0. Hexadecane does not transition into the Wenzel regime until
the fabric fibers start to tear apart at ~70%0 StrAIN. .......ccueerieiiiierieeiieie e 104

Figure 6-1. Variation of advancing contact angles (6,4,) on flat silicon wafers spin-coated with
fluorodecyl Ts and Tecnoflon is shown. The advancing contact angles decrease in magnitude as
the surface tension of the contacting liquids decreases from y; = 72.1 mN/m (for water) to

7w = 21.6 mN/m (for octane) and as the solid surface energy increases from fluorodecyl 7 to
TECTIOTION. ..ttt ettt et e st e bt e s st e e bt e sateenbeesaeeeneeas 109

Figure 6-2. Zisman analysis for fluoroalkylated silicon-containing compounds. Cosine of
advancing contact angles (6,4,) for droplets of hexadecane (y; = 27.5 mN/m), dodecane

(yw =25.3 mN/m), decane (y;, = 23.8 mN/m), octane (y;, = 21.6 mN/m), heptane

(yn»=20.1 mN/m), and pentane (y;, = 15.5 mN/m) on a spin-coated film on a flat silicon wafer
are plotted against the surface tension of contacting liquids (y;). For fluorodecyl Ty
(y.=15.5mN/m, ), fluorooctyl Ts (y. = 7.4 mN/m, ), fluorohexyl Ts(y.= 8.5 mN/m, ),
fluoropropyl Ts(y. = 19.7 mN/m, ), hexafluoroisbutyl 7g (y.= 17.7 mN/m, ), fluorodecyl O,
(y.=14.5mN/m, ), and fluorodecyl M, (y. = 19.6 mN/m, ), the critical surface tension (y.) is
obtained by a linear extrapolation of the corresponding best-fit line. ...........ccceveiiiieniinnennnen. 114

Figure 6-3. Variation of advancing contact angles (6,4,) of liquid droplets with a wide range of
surface tension on a fluorodecyl 7y surfaces is shown in this figure. Cosine of advancing contact
angles (6,4,) for droplets of water (y, = 72.1 mN/m), diiodomethane (y;, = 50.8 mN/m), ethylene
glycol (y» = 47.7 mN/m), dimethyl sulfoxide (y, = 44 mN/m), rapeseed oil (y;, = 35.5 mN/m),
hexadecane (y;, = 27.5 mN/m), dodecane (y;, = 25.3 mN/m), decane (y; = 23.8 mN/m), octane
(yn = 21.6 mN/m), heptane (y;,, = 20.1 mN/m), and pentane (y; = 15.5 mN/m) on a spin-coated
film on a flat silicon wafer are plotted against the surface tension of contacting liquids (y;). The
Zisman best fit line for the alkane data ( ) and the best fit Girifalco-Good curve ( )
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over the whole range of liquids is shown with the respective intercepts y. = 5.5 mN/m, and
Vsr = 9.3 MIN/M TESPECTIVELY. 1.eeviiiiiiieeiie e e e e e eeaeeeeaees 115

Figure 6-4. The difference () between measured value of the cosine of advancing contact angle
(cosf.a4v) and the cosine of the expected contact angle from the Zisman as well as the Girifalco-
Good relation is plotted against the liquid surface tension (). The Girifalco-Good relation is a
better fit to the data with a much smaller summation of the residual (3. » =-0.25) compared to the
Zisman analysis (D) 7= 2.13). oottt ettt et et e aee e 117

Figure 6-5. The square of the difference () between measured value of the cosine of advancing
contact angle (cosf,4 ) and the cosine of the expected contact angle from the Zisman as well as
the Girifalco-Good relation is plotted against the liquid surface tension (y;,). The Girifalco-Good
relation is a better fit to the data with a much smaller summation of the squares of the residual (3
¥’ =0.16) compared to the Zisman analysis (377 = 1.30)......covvueeuerereeereeeeeeerseeerseeereseeeeseees 118

Figure 6-6. Variation of advancing contact angles (6,4,) for Ts cages surrounded by various
fluorinated chains is summarized in this figure. Cosine of advancing contact angles (6,4,) for
droplets of water (y, = 72.1 mN/m), diiodomethane (y; = 50.8 mN/m), ethylene glycol

(yn =47.7 mN/m), dimethyl sulfoxide (y, = 44 mN/m), rapeseed oil (y, = 35.5 mN/m),
hexadecane (y;, = 27.5 mN/m), dodecane (y;, = 25.3 mN/m), decane (y;, = 23.8 mN/m), octane
(yn = 21.6 mN/m), heptane (y;, = 20.1 mN/m), and pentane (y;, = 15.5 mN/m) on a spin-coated
film on a flat silicon wafer are plotted against the surface tension of contacting liquids (y;,). Solid
surface energy for Fluorodecyl Ts (y5, = 9.3 mN/m, ), fluorooctyl Ts (y,, = 10.6 mN/m, ),
fluorohexyl Ts (75, = 11.6 mN/m, ), fluoropropyl T (ys, = 18.7 mN/m, ), and hexafluoroisbutyl
Ts (5, =19.1 mN/m, ) is estimated by the extrapolation of the best fit Girifalco-Good curve.

Figure 6-7. Variation of advancing contact angles (6,4,) for various —Si/O— moieties surrounded
by 1H,1H,2H,2H-heptadecafluorodecyl chains is summarized. Cosine of advancing contact
angles (0,4) for droplets of water (y, = 72.1 mN/m), diiodomethane (y;, = 50.8 mN/m), ethylene
glycol (y» =47.7 mN/m), dimethyl sulfoxide (y, = 44 mN/m), rapeseed oil (y;, = 35.5 mN/m),
hexadecane (y;, = 27.5 mN/m), dodecane (y;, = 25.3 mN/m), decane (y; = 23.8 mN/m), octane
(yn = 21.6 mN/m), heptane (y;,, = 20.1 mN/m), and pentane (y, = 15.5 mN/m) on a spin-coated
film on a flat silicon wafer are plotted against the surface tension of contacting liquids (y;,). Solid
surface energy for Fluorodecyl T (ys, = 9.3 mN/m, ), fluorodecyl Q4 (y5» = 14.3 mN/m, ), and
fluorodecyl M; (ys, =26.8 mN/m, ) is estimated by the extrapolation of the best fit Girifalco-
GOOM CUIVE. ..ottt e et e e et e e et e e e st e e e asae e sseeesssaeenssaesssseesssseeassseesssaeesnsaeennseeas 122

Figure 6-8. Schematic of (a) a bipolar and (b) a monopolar or a non-polar liquid droplet on a
non-polar solid surface is shown. The dotted arrows ( ) indicate a non-polar (dispersion)
interaction and the filled arrows ( ) indicate a polar interaction. A bipolar liquid has both
polar and non-polar cohesive interactions whereas a monopolar or a non-polar liquid has only
non-polar cohesive interactions. Consequently, for the same values of liquid surface tension (y;)
and solid surface energy (ys), a droplet of a bipolar liquid forms higher equilibrium contact angle
(6r) compared to a droplet of either a monopolar or a non-polar liquid. (This figure is adapted

from the Book BY Van 08S.7) .........ooiivioioeieeeeeeeeee e 124
Figure 6-9. Variation of advancing and receding contact angles (6,4, , 0,..) is summarized for (a)
fluorodecyl 7Ts( , ), (b) fluorooctyl T5( , ), (c) fluorodecyl Q,( , ), and (d) . Cosine

of advancing and receding contact angles (6,4, 6,..) for droplets of hexadecane
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(yw =27.5 mN/m), dodecane (y;, = 25.3 mN/m), decane (y; = 23.8 mN/m), octane

(yn = 21.6 mN/m), heptane (y;, = 20.1 mN/m), pentane (y, = 15.5 mN/m), chloroform

(yn = 27.5 mN/m), and acetone (y;, = 25.2 mN/m) on a spin-coated film on a flat silicon wafer are
plotted against the surface tension of contacting liquids (y;,). Solid surface energy is estimated by
substituting the values of the contact angles with dodecane ( , , ), chloroform ( ) and acetone
droplets ( ) in the Girifalco — Good equation and summarized in Table 1.........c.ccccceevneeenneen. 128

Figure 6-10. Solid surface energy (y,,) obtained by Girifalco-Good analysis and critical surface
tension (y.) obtained by Zisman analysis is plotted against the length of fluorinated side chain for
fluoroalylated Tis MOIECULES. ......ooviiiiiieiieeieeiie ettt ettt e ebeebee e eneas 134

Figure 6-11. The data in Figure 3 (cosine of the advancing contact angle on various T surfaces)
are replotted against inverse square root of liquid surface tension. Best fit Girifalco-Good lines
are plotted using Equation 1 With @ = 1. .c.ccooiiiiiiiiiice et 134

Figure 7-1(a) Droplets of water (y, = 72.1 mN/m), ethylene glycol (y,=47.7 mN/m), rapeseed
oil (y»=35.5 mN/m), and dodecane (y;,, = 25.3 mN/m) form robust composite interfaces on the
ECWCS fabric dip-coated with 50% POSS — 50% Tecnoflon. (b) SEM micrograph of the
uncoated ECWCS fabric showing the bundles and individual fibers of the fabric. ................... 142

Figure 7-2. (a) Generalized wetting diagram and (b) the design chart for wettability for liquid
droplets on 50% POSS — 50% Tecnoflon coated ECWCS fabrics. A wide range of probing
liquids from water to dodecane form a robust composite interface on the dip-coated fabric
surface whereas lower surface tension liquids like decane wet the fabric. The effective
dimensionless spacing ratio (D*) and effective length scale (R) are extracted to be 3.7 = 0.4 and
85 UM TESPECEIVELY . cuetiieiiieeeiie ettt ettt e e et e e st e e e s te e e abeeeeseeessaeeessseesnsaeessseeensseeenns 142

Figure 7-3. Droplets of water (y,,= 72.1 mN/m), ethylene glycol (y;, = 47.7 mN/m), rapeseed oil
(yn=35.5 mN/m), dodecane (y;,= 25.3 mN/m), and octane (y;,,=21.6 mN/m) form robust
composite interfaces on the ECWCS fabric dip-coated with 50% POSS — 50% Tecnoflon. (b)
SEM micrograph of the uncoated 92% Nomex / 5% Kevlar / 3% P-140 fabric showing the
bundles and individual fibers of the fabric. ..........cccoooiiiiiii 144

Figure 7-4. (a) Generalized wetting diagram and (b) the design chart for wettability for liquid
droplets on 50% POSS — 50% Tecnoflon coated 92% Nomex / 5% Kevlar / 3% P-140 fabrics. A
wide range of probing liquids from water to octane form a robust composite interface on the dip-
coated fabric surface whereas lower surface tension liquids like heptane wet the fabric. The
effective dimensionless spacing ratio (D") and effective length scale are extracted to be 4.5 + 0.4
ANd 35 LM TESPECHIVELY. ...vvviieiiiieciie ettt e e e et e e e ta e e saaeeesseeessbaeennreens 145

Figure 7-5. Variation of the apparent contact angle (6) in terms of equilibrium contact angle (6x)
and a spacing ratio (D) is plotted for a 1D cylinder model. The four contours are for apparent
contact angles of 0, 90, 120, and 150° reSPeCtiVely.......ccovuiriiirriiiiiiiiieieeie e 146

Figure 7-6. Schematic illustrations of proposed models for mesh screens: (a) Cassie-Baxter
model, (b) hole model, (c) cross model, (d) plane model, and (e) modified plane model.” ....... 146

Figure 7-7. Variation of the apparent contact angle (6) in terms of equilibrium contact angle (6x)
and a spacing ratio (D) is plotted for a hole model. The four contours are for apparent contact
angles of 0, 90, 120, and 150° reSPECLIVELY. ...eeecuiiriieiieiieeieeie ettt 147
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Figure 7-8. Variation of the apparent contact angle () in terms of equilibrium contact angle ()
and a spacing ratio (D) is plotted for a cross model. The four contours are for apparent contact
angles of 0, 90, 120, and 150° r€SPECLIVELY. ...eerviiriiieiiiiieeiteie ettt 147

Figure 7-9. Variation of the apparent contact angle (0*) in terms of equilibrium contact angle (6g)
and a spacing ratio (D) is plotted for a cross model. The four contours are for apparent contact
angles of 0, 90, 120, and 150° reSPECtIVELY. .....ceviuiiiiiieeeiieecee e 148

Figure 8-1. Scanning electron micrographs for the topography of a wing feather of an African
Darter are shown. Pair of images at different magnifications for the central (a), (b), tip (c), (d)
and distal part (e), (f) of the feather indicate the complexity and hierarchical nature of its texture.
..................................................................................................................................................... 151

Figure 8-2. Scanning electron micrographs for the topography of a wing feather of Common

Shelduck are shown. Pair of images at different magnifications for the central (a), (b), tip (c), (d)
and distal part (e), (f) of the feather indicate the complexity and hierarchical nature of its texture.
..................................................................................................................................................... 152

Figure 8-3. (a) A wing feather of a common shelduck after dip-coating in 50-50 fluorodecyl
POSS/Tecnoflon solution is not wetted by water (y;, = 72.1 mN/m, colored blue), or rapeseed oil
(yn = 35.5 mN/m, colored red). The scale bar in the figure corresponds to 1 cm. A surface
evolver simulation of the wetting phenomena of a bird feather by liquids is shown. As the
pressure differential across the air-water interface increases from (b) zero, (c) 80 Pa, and (d) 160
Pa, higher and higher fraction of the solid texture is wetted by water. The response of the same
feather in contact with (e) ethylene glycol (y, = 44 mN/m, 0,4, = 100°), (f) hexadecane (y;, =27.5
mN/m, 0,4 = 80°), and (g) octane droplet (y, =21.6 mN/m, 8,4 = 60°) with negligibly small
pressure differential is dePiCted. ........oouiiiiiiiiiiiiieie e e 153

Figure 8-4. Optical photographs of wing, breast, and belly feathers for the six bird species - (a)
reed cormorant, (D) great cormorant, (¢) European shag, (d) African darter, (¢) common
shelduck, and (f) mallard are shown respectively. Feathers are typically 2 to 3 cm in length and
wing feathers (leftmost among the three feathers) are typically less fluffy than breast and belly
feathers (middle and right feather reSpectively). .....c..ccveriieiiieriieiieicceee e 158

Figure 8-5. (a) SEM image of a bird feather (scale bar = 200 pm) and (b) the fluorine elemental
map of the same area is shown. The close correspondence between the two images indicates that

the intricacies of the feather texture are conformally coated with the POSS/Tecnoflon coating.
..................................................................................................................................................... 160

Figure 8-6. Apparent advancing (6 .y, filled symbols) and receding contact angles (6w, open
symbols) on a wing feather of a common shelduck are plotted against the surface tension of the
probing liquids. Red squares ( , ) represent contact angles on the feather in the uncoated state
while blue circles ( , ) indicate contact angles on the same feather after coating with 50%
POSS — 50% TECNOTION. ...eiiiieiiieieeee ettt ettt ettt et e b e e 161

Figure 8-7. Apparent advancing contact angles (6 44) on fluorodecyl POSS / Tecnoflon coated
feathers and on smooth silicon wafers spin-coated with the same coating (6,4,) are plotted for the
six bird species. Values of effective spacing ratio (D*) extracted from a best fit Cassie-Baxter fit
(solid lines) are also indicated, along with a 95% confidence interval (dashed lines). .............. 167

Figure 8-8. Wing feathers of six birds are characterized using contact angle measurements in
terms of a spacing ratio (D ) and an effective length scale (R). The six bird feathers characterized
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in this study are - African darter (AD), Reed cormorant (RC), Great cormorant (GC), Mallard
(M), European shag (ES), and Common shelduck (CS). Error bars around D are 95% confidence

intervals whereas error bars around R are computed by propagating the error in D, vy and gy
..................................................................................................................................................... 170

Figure 8-9. A phase diagram of surface wettability is plotted where advancing contact angles
(O.av) are depicted on the y-axis and a regressed value of the effective spacing ratio (D) is
plotted on the x-axis. Contact angle data for the 6 bird species under consideration lie above the
dashed line, i.e. in a region where the composite interface is thermodynamically stable. Grey
region of the chart is below the spinodal obtained by equating the robustness factor to unity for
the Common Shelduck with R =510 um. SEM based characterization of the same feathers would
erroneously place the feathers below the binodal (dashed line) in a region where the Wenzel state
is thermodynamically Stable. ..........coocuiiiiiiiiiiie e 175
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1 Introduction

Hazardous chemicals and liquid-borne biological pathogens present a threat to the life and well-
being of a soldier. These dangers can be significantly reduced if the soldier’s uniform is made
out of a fabric which is not wetted by water, petroleum, oils, lubricants, and liquid chemicals.
Such omniphobic fabrics will find further application in self-cleaning clothing. The US Army
Natick Soldier Research Development Engineering Center (NSRDEC) is interested in designing

omniphobic soldier uniforms, and they are the primary funding agency for this research.

Solid-liquid interactions are ubiquitous in nature and consequently understanding these
interactions has been a research topic over the last couple of centuries. The first major
contribution in interfacial phenomena is credited to Thomas Young (1805) and to honor his
contribution, the equilibrium contact angle of a liquid droplet on a molecularly smooth solid
surface is called Young’s contact angle. Later Cassie-Baxter (1936) and Wenzel (1944)
quantified the apparent contact angles on rough textured surfaces in terms of the topography of
the roughness and chemistry of the solid-liquid interaction. Recently, there has been plenty of
literature (summarized in Chapter 2) on developing surfaces which are not wetted by water,

alcohols, oils and other liquids (and therefore termed “Omniphobic surface”).

A design parameter approach to predict the apparent contact angle and breakthrough pressure for
such non-wetting surfaces was developed in our group. The design chart framework to illustrate
these design parameters is developed in Chapter 3. The design chart presented in this work can
be used to apriori predict the state of a liquid droplet, its apparent contact angle and the pressure
at which a non-wetting solid-liquid-air composite state irreversibly transitions into a fully-wetted

state. The chart also deconvolutes the influence of solid surface chemistry, surface topography
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and characteristic length scale on the wettability state of a liquid droplet. This framework can be
generalized to any solid surface chemistry, probing liquid, and any solid with a periodic

topography.

This thesis is an extension and application of the robustness framework to textured surfaces with
a focus on commercially available textile fabrics. In Chapter 4, and Chapter 5, the theoretical
framework is applied to a commercial polyester fabric (Anticon 100) to achieve stimuli
responsive and tunable wettability for low surface tension liquids either using a thermal

annealing treatment or a biaxial strain as stimulus.

In Chapter 6, the impact of chemical structure of the molecules used in the coating on their
wettability is investigated. Fluorodecyl POSS and many analogous molecules were synthesized
by Dr. Joseph Mabry and coworkers at the Edwards Air Force Base. In this work, we estimate
the solid surface energy of these molecules based on frameworks developed by Zisman,
Girifalco, Good coworkers. In Chapters 7, these design guidelines are applied to Army Combat
Uniform fabrics to predict and enhance their non-wettability. These fabrics were supplied by

Natick Soldier Research Development Engineering Center (NSRDEC).

The design principles that emerged from textile fabrics are applied to bird feather samples to
quantify their wettability and to link the structure of the feather to its physiological behavior
(Chapter 8). The bird feather samples were supplied by Dr. Andrew Parker from the Natural
History Museum, London UK. Compared to microscopy, contact angle based characterization of
the wetting aspects of hierarchically textured bird feathers is more objective. Using this

technique of representing the bird feathers based on a simple cylindrical model, thermodynamics

26



of the wetting phenomena on a single feather can be better understood. Further, the influence of

pressure perturbations on wetting of feathers during a dive can be quantified.

Finally, in Chapter 9, the understanding of solid-liquid interactions is applied to study and to
improve the mechanism of fog harvesting using woven mesh surfaces. The surface topography
and surface chemistry of woven wire mesh surfaces are varied and its impact on fog harvesting
ability of the mesh is investigated. A business case for a fog collection based venture in Chile is
presented by quantifying the uncertainty of the fog resource, suggesting strategies to alleviate

some of this uncertainty and estimating the volatility of the cash flow.
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2 Motivation and Background

2.1 Literature review

When a liquid in contact with a flat surface attains thermodynamic equilibrium, it exhibits a
contact angle (0g), given by Young’s relation cos O = (5 — ysl)/ylv.l Here y is the interfacial
tension, and the subscripts s, /, and v denote the solid, liquid, and vapor phases, respectively.
Altering the material chemistry of the solid surface changes the solid—liquid (ys)) and solid—vapor
(vsv) interfacial tensions, thereby modifying the equilibrium contact angle (6g) for a given liquid
on a solid surface.

When a liquid droplet contacts a textured solid surface, it can either form a fully wetted (Wenzel)
interface with the liquid completely filling all the surface asperities,” or a composite
solid—liquid—vapor (Cassie—Baxter) interface where numerous pockets of air are trapped
underneath the contacting liquid.’ Classically, the apparent contact angle (8") for a liquid droplet

on a composite interface has been computed by using the Cassie—Baxter (CB) relation **

cos@ = ryp,cos, + ¢ —1 (2-1)
Here r, is the roughness (defined as the actual solid-liquid interfacial area divided by the
projected area) of the wetted portion, ¢, is the area fraction of the liquid—air interface occluded
by the solid texture, and &g is the equilibrium contact angle on a chemically identical smooth
surface. The surface texture parameters r, and ¢, are schematically illustrated in Figure 2-1. If
the liquid touches only the top of flat topped texture like an array of vertical pillars then r, = 1

(Figure 2-1A), and the CB relation simplifies tocos® =g, cos8, + ¢, —1. As a result of air

entrapment in the composite state, it is possible to achieve high apparent contact angles
(0" > 90°) starting even with an inherently wetting surface (for which 6z <90°), because as

rops— 0, 0" — 180°.
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The apparent contact angles obtained for a fully wetted interface are predicted by the Wenzel

relation,

cos’ = rcoslg (2-2)

Here the roughness r is the ratio of the actual solid—liquid interfacial area to the projected
solid—liquid interfacial area (shown in Figure 2-1). It should be noted that, in contrast to surfaces
that can support a composite interface, surfaces that demonstrate large apparent contact angles in
the Wenzel state require the smooth surface to be inherently nonwetting, i.e., 8z > 90°. On the
other hand, for an inherently wetting surface, i.e., 95 < 90°, the Wenzel state leads to significantly
lower apparent contact angles. Further, it is clear from the Wenzel relation that, as the roughness

r becomes significantly greater than unity, the apparent contact angle & — 0° when 0 < 90°.

A Liquid —— 9,

........ r,0,
Air ¢

—_— -4

—

B Liquid —— ¢
rs®s

1'¢s

r

Figure 2-1. A schematic illustrating the various characteristic geometrical parameters used in the
Wenzel and Cassie-Baxter relations for two different substrates (a) A flat-topped array of vertical
pillars and (b) an array of cylinders possessing re-entrant texture. The gap between the features is
significantly less than the liquids capillary length, an assumption that holds true for the various
textures considered in this work. Thus, the liquid-vapor interface may be considered
approximately flat, as shown in the figure.’

In addition, previous work has also shown that, as a consequence of the larger solid—liquid
contact area in the fully wetted state, there is a higher chance of pinning of the
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solid—liquid—vapor triple phase contact line, which results in significant contact angle hysteresis
(i.e., the difference between the apparent advancing and receding contact angles, A6 =@, — & ).
The conditions for super non-wettability, i.e., high apparent contact angles (6" > 150°) and low
contact angle hysteresis, can be realized only in the case of a composite interface where the
solid—liquid contact area is low.’

2.2 Hydrophobic and oleophobic surfaces

There has been a lot of literature dedicated to the development of hydrophobic surfaces.* '*** 1

n
this section, I have provided a snapshot of some of the important contributions in the recent
literature on surfaces with switchable and tunable wettability. Krupenkin and co-workers
reported textured surfaces with a “Nanonail” like topography (shown in Figure 2-2(a)). Liquid
droplets with a broad range of surface tensions form non-wetting composite interfaces on these
nanonail surfaces (Figure 2-2(b)). Moreover, using electric voltage as a stimulus, wettability of
theses surfaces could be tuned from a non-wetting composite state with high apparent contact
angles to a fully-wetted state (Figure 2-2(c)). Apart from electric field (Figure 2-3(a)),” other
stimuli like UV radiation (Figure 2-3(b)),** *’ heat (Figure 2-3(c)),”® mechanical deformation

(Figure 2-3(d)),” and pH* have been used to demonstrate switchable wettability on textured

surfaces.

2.3 Hydrophobic and oleophobic textile surfaces

In this section, an overview of recent progress in the development of non-wettable textiles is
presented. Please refer to various review articles for an exhaustive list of references.”” *° Ma and
co-workers electrospun poly caprolactone (PCL) and coated the non-woven mat with poly alkyl
ethyl methacrylate (~CH,=C(CH3;)COOCH,CH,(CF),CF3, n~7) using the iCVD technique to

get a superhydrophobic surface.”’ They correlated various texture parameters like the radius of

30



an individual fiber and the spacing between fibers with the apparent contact angles. Their models
for bead-free and beed morphology, along with the predicted and measured values of apparent

contact angles are summarized in Figure 2-4.

_--"_‘_'_'_'_
i 3
+ n-butanol
+ cyclopentanol
4 n-octanocl
* ethanol
15000 20000 25000

Vv (v
Figure 2-2. (a) Nanonail geometry on a silicon wafer using reactive ion etching (b) Water and
ethanol droplets bead up on this nanonail surface (c) The variation of apparent contact angle with
applied voltage. A sharp wetting-dewetting transition is clearly seen for four alcohols.”

uv
_-
o

Dark

Heating up

B S—.
Cooling down

(c) (d)
Figure 2-3. Stimuli-responsive superhydrophobic surfaces with (a) electrical voltage® (b) UV
light26 (©) temperature28 and (d) mechanical strain®’ as a stimulus.

Exlenslon

They correlated various texture parameters like the radius of an individual fiber and the spacing
between fibers with the apparent contact angles. Their models for bead-free and beed
morphology, along with the predicted and measured values of apparent contact angles are

summarized in Figure 2-4.
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and beaded fibers respectively. (c) Apparent contact angles (6*) of water droplets on

perfluoroethyl methacrylate coated electrospun polycaprolactone fibers, and (d) theoretically

expected values of the apparent contact angles are shown.

Michielsen and Lee reported a superhydrophobic multifilament woven nylon fabric (SEM image
shown in Figure 2-5(a)) coated with 1H, 1H-—perfluorooctylamine grafted onto poly (acrylic

acid). They measured contact angles on chemically equivalent smooth surfaces (6g) and coated

textured fabrics (Figure 2-5(b), 6"). Further, they modeled the fabric surface using monofilament

or multifilament array of intertwined cylinders (as shown in Figure 2-5(c)).
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(b) ©

Figure 2-5. (a) SEM micrographs of a multifilament plain woven fabric, (b) a water droplet on

the multifilament plain woven fabric with apparent contact angle 8 = 168°, and (c) cross-section
views of a plain woven fabric at the warp and the weft yarn direction are shown.’

Brewer and Willis coated various textile fabrics using plasma polymerized perfluorodecyl
acrylate (PFACj) to render those hydrophobic and oleophobic.*® They recognized the individual
role of a non-wettable surface coating and the underlying surface morphology of the textile
fabric. Further they reported that hairy cotton provided the most non-wettable textured surface
and even a mixture of hexane and pentane (y;, = 17 mN/m) did not wet the fabric.

Ming and co-workers reported superhydrophobic and oleophobic cotton textile fabric using an

in-situ Stober process to modify the underlying texture of the cotton fabric.’***

They reported
that the underlying fabric texture was insufficient to provide non-wettability to low surface

tension liquids like hexadecane (y;, = 27.5 mN/m). On the contrary, by introducing a micron-

scale and a sub-micron scale texture, the fabric was rendered oleophobic.
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(b)

(c) Textile material

Lowest surface tension

Surface tension in mN/m

liquid supported
“Hairy” cotton material Hexane / pentane 17.0
Cotton n-heptane 20.1
Nylon n-heptane 20.1
Polypropylene n-heptane 20.1
Cotton arctic garbardine n-octane 21.3
Polyester n-octane 21.3
Polyester / cotton (67 / 33) n-octane 21.3
Nomex n-octane 21.3
Wood / polyester (45 / 55) n-dodecane 25.1

Figure 2-6. (a) Both materials have been rendered liquid repellent by a PFACS coating. Unlike
the material on the right, the left material can support a liquid drop of hexane. Images in (b) are
SEMs for the respective materials. (¢) Repellent properties of various textiles that have been
rendered oleophobic are tabulated.*

Figure 2-7. (a) Schematic Illustration of the Procedure for the

Preparation of Dual-Size Structur

onto the Surface of Woven Cotton Fibers, Combining an /n Situ Stober Reaction with the
Subsequent Adsorption of Silica Nanoparticles (b) Morphology of sample observed by SEM.
Insets are profiles of water and hexadecane (CsHz4) on the corresponding sample.*
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2.4 Concept of re-entrance
Tuteja, Choi and co-workers postulated that the presence of re-entrant texture is a necessary
condition to support a non-wetting composite interface for low surface tension liquids with low

00).6-8, 35

equilibrium contact angles (6 <9 Re-entrant topography is defined as texture that bends

back on itself, or a normal drawn to the horizontal intersects the texture in more than one point.

O >y>m2

F

(a) Op- v

Oy <y and y > 72
g

(b)

Op>yand y < m2

(c)

Re-entrant texture

Figure 2-8. Liquid-vapor interface for a liquid with Young’s contact angle &z on a rough solid
with geometry angle y for the case (a) 6z > > 90°, (b) 6z < y, y>90° and (c) y < G < 90°.%7

The texture is characterized using a texture angle y, which is the angle made by a local tangent
to the texture with the horizontal measured inside the solid texture. Figure 2-8 represents model
textures with a constant texture angle . If y >90°, then the texture is called as an entrant texture
and it can support a composite interface only if the equilibrium contact angle (6 ) of a liquid is
larger than the texture angle (6 > y >90°, Figure 2-8(a)). On the contrary, if 0 < y, the net
traction of the liquid-vapor interface is downwards and the texture promotes wetting (Figure

2-8(b)). Therefore surfaces with entrant texture can support composite interfaces only for high
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surface tension liquids for which high equilibrium contact angles can be achieved by tuning the
surface chemistry of the solid. For low surface tension liquids like methanol or octane, no
surface chemistry exists for which 6z >90°, therefore these liquids cannot form solid-liquid-air

composite interfaces on surfaces with entrant texture.

sbav

Figure 2-9. All the four card shapes are examples of re-entrant texture as a normal intersects the
solid texture at more than one location. Club and spade shapes have . < 0° whereas diamond

and heart shapes have . > 0°.

On the contrary for a re-entrant texture (y < 90°, Figure 2-8(c)), the net traction of liquid-vapor
interface inhibits wetting if 6z > y. Therefore by reducing the magnitude of the texture angle y, it
is possible (at least in theory) to achieve a composite interface for any liquid with a non-zero
equilibrium contact angle, as long as 6z > w. For textures where the local texture angle changes

at every point, a composite interface is possible if O > ;. The minimum texture angle (W) is
zero for spheres and cylinders, whereas y,,;, < 0° for special texture like the club or spade card
shapes (Figure 2-9). All the four card shapes are common examples of re-entrant texture, but the
heart and diamond have y,,,;, > 0° whereas for club and spade, w,,;, < 0°. Note that the presence of
re-entrant texture is @ necessary but not a sufficient condition for the formation of non-wetting
composite interfaces. The existence and robustness of these composite interfaces can be
predicted by investigating the thermodynamic landscape, which is described in the next couple of

sections.
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2.5 Metastability of the composite interface

For low surface tension liquids with 6 < 90°, the fully wetted or Wenzel state represents the
thermodynamic equilibrium state, whereas the composite interface or the Cassie—Baxter state is
at best metastable, representing a local minimum in the overall free energy.® - '*#%3%3% Thus, for
low surface tension liquids, the transition from a composite interface to a fully wetted interface is
irreversible, and typically this transition leads to a loss of super non-wettability. Tuteja and co-

workers estimated the free energy of a solid-liquid-air composite interface for various model
textures as a function of relative penetration depth (z/hp.y) and apparent contact angle (6, ). In

Figure 2-10, the free energy landscape for a model texture consisting of an array of cylinders is
shown. For water (y;, = 72.1 mN/m) droplets on a hydrophobic surface (fluorodecyl POSS,

6k = 120°) the Cassie-Baxter state (composite interface) was found to be the global minimum
whereas the Wenzel state (fully-wetted interface) represents a local energy minimum. For
hexadecane droplets (y, = 27.5 mN/m) on the same surface (6 = 80°), the fully-wetted interface

was the global minimum and the composite state was a local minimum.

From the free energy landscape, they estimated the breakthrough pressure (P) required for the
disruption of a metastable composite interface and transition to a fully-wetted interface. Using
this method, the breakthrough pressure was estimated to be infinity for re-entrant textured
surface with y,,;, < 0°. This prediction was in stark contrast with the experimental observations
of finite breakthrough pressure for such surfaces. In these simulations, the liquid-air interface
was assumed to be flat even when there is a finite pressure difference across it. In reality, this
assumption breaks down and the transition from a composite to a fully-wetted interface occurs
via local sagging and distortion of the liquid-air interface and not by the displacement of a flat

liquid-air interface down to the bottom of the surface topography. The robustness of a composite
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interface against sagging of the air-liquid interface was quantified using a design parameter
approach described in the following sections.
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Figure 2-10. Variation in areal Gibbs free energy density as a function of contact angle and
dimensionless height (h/zy.x) is shown (a) for water (c) and hexadecane. The inset shows
schematic of the surface geometry. (b) Contour plot (top view) of free energy plot for water (d)
top view for hexadecane plot. The local and global equilibrium states are indicated.

2.6 The robustness of a composite interface

Tuteja and co-workers introduced the concept of robustness factor (4 "), which is a dimensionless

estimate of the breakthrough pressure (), scaled with respect to a reference pressure (Pyor=

2y, / C.p ), Where £ (=.]y, /pg ) is the capillary length, y;, is the surface tension and p is the

density of the liquid. The reference pressure (P,) is chosen because it is close to a minimum

pressure differential that can exist across a millimetric-scale curved air-liquid interface.

The equilibrium shape of a liquid droplet is governed by the balance between the gravity and

surface tension forces acting on it. When the droplet is small (R4, <<, , Figure 2-11(a)),

gravity can be neglected in favor if surface tension and the droplet is nearly spherical.
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Figure 2-11. A schematic illustrating the various shapes of a liquid volume on an omniphobic
surface. (a) A liquid droplet adopts the shape of perfect sphere when Ry, << £, 0r Bo << 1. (b)

A liquid volume forms a puddle when Bo >> 1. (c) A schematic of a large volume of liquid
confined within a tube.” (d) The pressure difference across a curved air-liquid interface as a
function of the radius of the water droplet ( /__= 2.7 mm) is plotted.

cap
The pressure differential across the droplet surface is given by the Laplace equation i.e.

AP~ PLaplace = 27/lv/Rd

rop

(Figure 2-11(d)). As the droplet size increases (Rgop ~ £, , Figure

cap >
2-11(b)), the shape deviates from a sphere and flattens to a puddle. Now, the pressure at the

bottom of the puddle is the sum of a Laplace pressure and a hydrostatic head i.e.

AP=P +P When more liquid volume is added, the liquid spreads on a higher area and

Laplace gravity *
the height of the puddle never exceeds 2 £, . Only if the liquid is constrained (ex. using vertical

walls like Figure 2-11(c)), the liquid level and consequently the pressure differential increases.
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The variation of total pressure differential is schematically shown for a typical case with 6 =
120° in Figure 2-11(d). It is very clear that P,.ris close to lowest pressure differential across a
curved air-liquid interface and therefore it is a judicious choice of a pressure scale for the
robustness parameter. Consequently, when 4™ < 1, then the estimated breakthrough pressure (Pj)
is lower than P, and therefore such a curved air-liquid interface cannot exist. Therefore any
combination of a textured surface and a probing liquid for which 4" < 1 is unable to support a
composite interface and 4~ > 1 becomes a necessary condition for the existence of a robust
composite interface. Inspired from the concept of re-entrance and robustness factor, Tuteja et.
al. reported micro-hoodoo like surfaces, which are not wetted by liquids with a broad range of

surface tension (shown in Figure 2-12(a)), and therefore termed “Omniphobic.””’
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Figure 2-12. Omniphobicity of microhoodoo arrays. (A) The apparent advancing and receding
contact angles on a silanized microhoodoo surface. The inset shows droplets of heptane (red),
methanol (green), and water (blue) on the microhoodoo surface. (B) A series of images obtained
using a high-speed digital video camera that illustrates the bouncing of a droplet of hexadecane
on a silanized microhoodoo surface. (C) A series of images (obtained over a period of 5 min),
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showing the evaporation of a droplet of methanol under ambient conditions, on a microhoodoo
surface. (Scale bar, 1 mm). (D) A master curve showing the measured (filled symbols)
breakthrough pressures for a number of microhoodoo and electrospun surfaces with various
alkanes and alcohols, scaled with the breakthrough pressure of octane on the electrospun beads-
only surface containing 44.4 wt% POSS, as a function of the robustness factor 4*. Predictions
(hollow symbols) for the breakthrough pressures are also shown.’

These surfaces were not wetted by low surface tension liquids like hexadecane (y; = 27.5 mN/m,
Figure 2-12(b)) or methanol (y;, = 22.6 mN/m, Figure 2-12(c)). Methanol droplets are very
volatile, and as the droplet size decreases, the Laplace pressure inside the droplet increases.
Beyond a threshold the pressure differential becomes higher than P, and the droplet transitions
from a non-wetting composite state to a fully-wetted state (Figure 2-12(c)). Using the
evaporating droplet test, the breakthrough pressure was measured for various microhoodoo

surfaces and compared against theoretical prediction in Figure 2-12(d).

2.7 Main aims of the thesis
e A theoretical framework to predict the apparent contact angle (6°) and the breakthrough

pressure (Pp) for the disruption of a composite interface has been developed previously in our
research groups. The main aim of my thesis is to apply this robustness framework to
commercially available textiles and predict the wettability of those fabrics.

e There is a considerable interest in developing oil, water and other chemical repellent
(omniphobic) army combat uniform (ACU). The robustness framework will be used to
quantify the impact of surface chemistry of the coating and the surface topography of the
fabrics on its wettability. Based on the analysis, specific recommendations will be made to
guide the design of omniphobic ACU fabric.

e The robustness parameter framework is currently in the form of a set of algebraic equations.
One of the aims of this thesis is to express the framework in the form of a graphical design
chart. These charts will serve as an engineering tool for designers to fabricate omniphobic
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surfaces and apriori predict their wettability. Moreover, the impact of individual physico-
chemical parameter on apparent contact angles (") and robustness (4", P) will be studied
using these charts.

Guided by the design parameters, oleophobic surfaces with tunable and switchable
wettability will be designed based on biaxial mechanical strain, and tunable surface
chemistry as a stimulus.

Selection of the coating to provide high equilibrium contact angle (6g) is an important
component of developing oleophobic surfaces. A structure / property analysis will be done on
a series of fluoroalkylated silicon-containing compounds to analyze their wettability using
Girifalco-Good method.

The robustness parameter / design chart framework will be extended to predict wettability of
bird feathers. The influence of feather texture on their wettability and consequently on the
physiological behavior of the birds will be assessed.

The understanding about wettability of textured surfaces will be extended to study the fog

harvesting ability of coated wire mesh surfaces.
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3 Design chart for liquid wettability of cylindrically textured
surfaces
[This chapter is partially reproduced from “S. S. Chhatre, W. Choi, A. Tuteja, K. Park, J. Mabry,

G. H. McKinley, R. E. Cohen, Langmuir 2010, 26 (6), 4027-4035” with permission from the
American Chemical Society. Copyright 2010 American Chemical Society]

The main contribution of this thesis is the conceptualization of a design chart to predict the
wettability of textured surfaces. The design chart is used to predict the apparent contact angle
(0") and robustness (4") of the solid-liquid-air composite interfaces. In the current chapter,

development of the design chart is outlined and the chart is applied to successfully predict

wettability of woven mesh surfaces.

3.1 Apparent contact angles on dip-coated carbon paper
To test the utility of the robustness factor framework, a commercially available cylindrically
textured surface (carbon paper from Toray, Japan) was selected. It was dip-coated with a 50%
POSS — 50% Tecnoflon solution and the apparent contact angle was measured using various test
liquids. In our previous work,' we demonstrated that the effective spacing ratio (D") is readily
obtained by fitting the CB relation (Equation 3.1) to the advancing contact angle data plotted as

(cosd’, vs cosb). The spacing ratio is given by D™ = (R + D)/R , where R is the radius of the

cylindrical texture, 2D is the spacing between two cylinders and 6 is the equilibrium contact
angle. Using the value of the spacing ratio (D") determined from this fit, the dimensionless
robustness factor (4", Equation 3.2) can also be plotted on the same non-wetting diagram, and
the magnitude of the robustness factor helps to rationalize the transition from the composite to

the fully-wetted interface.

45



N 1 .
cos 8 :—1+D* [(7-6,)cos6, +sin6, | (3-1)

A*zg“”p *1 *l—cosQE (32)
R\D -1\ D —1+2sin6,

For the carbon paper example in Figure 3-1, the spacing ratio was computed to be D"'=41+0.6

from regression to the measured advancing contact angle data on the textured (&, ) and smooth
surface (G,q)." The coated carbon paper surface is superhydrophobic with 0., =153 £2° for

water droplets. Liquids like methanol (y, = 22.7 mN/m, G4, = 55 £3°, 6., = 120 £ 3°, A= 8.1)

a

and octane (y, =21.6 mN/m, 6,45, =51 £ 3°, H*dVZ 106 £ 3°, A= 6.9) also formed robust

composite interfaces on the dip-coated carbon paper (R = 6 pm, D" = 4.1 + 0.6). On the contrary,

heptane (%, =20.1 mN/m, 6,5, =45+ 3°, L~ 00, A= 5.8) wetted the textured surface. The

observed spontaneous wetting by heptane was not expected because according to the design
parameter framework, the solid-liquid-air composite interface is robust for all values of 4™ > 1.
Although the trend of decreasing apparent contact angle and robustness measurements with
changes in y, is qualitatively correct, it is clear that the criterion is not a quantitative predictor of
the crossover from a Cassie-Baxter® (composite interface) to a Wenzel’ (fully wetted) state. From
the SEM micrograph of the carbon paper surface, it is clear that the individual fibers forming the
re-entrant texture are distributed randomly and there is a considerable local variation in the value
of D". Therefore the carbon paper surface or any other nonwoven fiber mat surface with a broad
variation in the surface topography is not suitable for quantitative analysis of the effect of
varying topographical and surface properties on liquid non-wettability and robustness.
Consequently, in the following sections we turn to a series of woven meshes, each with regular

periodic texture, as the model textured surfaces.

46



10— ——3¢ 100

1.0 -0.5 0.0 0.5 10"
COSEJMV

Figure 3-1(a) SEM image of the microfiber carbon paper (Toray, Japan) dip-coated with 50%
POSS — 50% Tecnoflon. (b) Generalized wetting diagram for a 50 % POSS — 50% Tecnoflon
(%= 10.7 mN/m) coated carbon paper. Apparent advancing contact angle data is plotted using
water (@, 7, = 72.1 mN/m), rapeseed oil (’, 7y = 35.5 mN/m), hexadecane (@, y, =27.5
mN/m), dodecane (A, 7, = 25.3 mN/m), decane (¥, 5, = 23.8 mN/m), methanol (‘, n=22.7
mN/m), octane (M, y;, = 21.6 mN/m), and heptane (72?, v =20.1 mN/m). The spacing ratio is
found to be D” = 4.1 + 0.6 from the regression of the CB relation (Equation (3.1)) to the contact
angle data and the robustness factor is computed using this value of the D (Equation (3.2)).
3.2 Contact angle measurements on dip-coated woven meshes
The woven meshes offer a set of periodic textured surfaces which are commercially available.
The mesh number refers to the number of openings per inch, therefore a smaller mesh number
indicates a coarse mesh and a larger mesh number indicates a finer mesh. The influence of
chemical interaction between various liquids and coating materials (&), the characteristic
cylinder length scale (R), and the spacing between cylindrical fibers (D) on the wettability (6°)
and robustness (4") can be systematically evaluated by measuring the apparent contact angles on
woven meshes with a variety of coatings, wire radii, and spacing ratios respectively. In the first

set of experiments, three wire meshes (mesh 50 with R = 114 pm, mesh 100 with R =57 pum and

mesh 325 with R = 18 pm) with identical spacing ratio (D" = 2.2) were selected (Figure 3-2).
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Figure 3-2. SEM micrographs of six woven meshes — (a) mesh 50 (R = 114 um, D" = 2.2), (b)
mesh 100 (R =57 um, D =2.2), (¢) mesh 325 (R = 18 um, D" = 2.2), (d) mesh 30 (R = 83 um,
D"=2.2), (¢) mesh 40 (R = 83 um, D" = 3.9), and (f) mesh 70 (R = 83 pm, D" = 5.1) are shown.
Due to the regularity of the mesh texture, the dimensionless spacing ratio (D) could be estimated
from inspection of the SEM micrographs.

These wire meshes were each dip-coated using different solutions with a range of solid surface
energies (ys): (1) a 50/50 (by weight) mixture of fluorodecyl POSS and Tecnoflon (BR 9151, a
fluoroelastomer from Solvay-Solexis), (ii) pure Tecnoflon and (iii) polyethyl methacrylate
(PEMA). The solid surface energies () of (i) 10.7, (i1) 18.3 and (iii) 32.2 mN/m were estimated
using the Owens-Wendt analysis with water and octane as the probing liquids.* Different polar
liquids (water (7, = 72.1 mN/m), ethylene glycol (7, = 47.7 mN/m), and methanol (y, = 22.7
mN/m)), non-polar liquids (methylene iodide (5, = 50.8 mN/m) and rapeseed oil (y, = 35.5
mN/m) in addition to a homologous series of n-alkanes starting from hexadecane (y, = 27.5
mN/m) to pentane (j,, = 15.5 mN/m)) were used as contacting liquids for contact angle

measurements. The advancing contact angle measurements on flat spin-coated silicon wafer
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surfaces (6,4) and the textured dip-coated mesh surfaces (&, ) can all be displayed in a compact

manner on the generalized wetting diagram, as shown in Figure 3-3.
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Figure 3-3. Generalized non-wetting diagram for the dip-coated woven meshes. The cosine of
the advancing contact angle on the textured dip-coated mesh surfaces (&, ) is plotted against the

adv

cosine of the advancing contact angle on the flat spin-coated silicon wafer surfaces (,4,). The
data plotted on the non-wetting diagram is for three mesh sizes (mesh 50 with R = 114 um (),
mesh 100 with R = 57 um (@), mesh 325 with R = 18 um (A)) with three different coatings ((i)
50% fluorodecyl POSS — 50% Tecnoflon (%, = 10.7 mN/m), (ii) Tecnoflon (3%, = 18.3 mN/m)
and (ii1) polyethyl methacrylate (PEMA) (5, = 32.2 mN/m)) and using various polar and non-
polar liquids.

The spacing ratio (D") for the set of dip-coated meshes was estimated as 2.45 + 0.2 by regression
of the contact angle data' and this value of D* compared favorably with the estimated value of
the spacing ratio from the inspection of the SEM micrographs (D" = 2.2, Figure 3-3). The CB

relation is independent of the length scale of the surface features, therefore the apparent

advancing contact angles (&, ) data on the dip-coated meshes (for R = 18, 57 and 114 um)
collapse onto a single curve corresponding to D" = 2.45 + 0.2 (Figure 3-3). The transition from a
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robust composite interface to a fully-wetted interface occurs on all three meshes, but at different
equilibrium contact angles. This mismatch in the equilibrium contact angle at which the failure
of the composite interface occurs can be rationalized on the basis of the robustness factors for the
dip-coated wire meshes. The robustness factor (4") varies inversely with the length-scale of the
surface texture (R); the composite interface therefore fails at the highest equilibrium contact
angle for the coarsest mesh (&g, = 42° for mesh 50, R = 114 um) and at the lowest & for the
finest wire mesh (g i = 14° for mesh 325, R = 18 um). By implicitly solving the equation for
robustness factor with 4" = 1, values of for € .. are predicted to be 42, 27 and 14° respectively
for the mesh 50, 100 and 325 surfaces. The generalized wetting diagram depicted in Figure 3-3
has been popularized by numerous groups and it has become an established paradigm to
represent changes to the apparent contact angle (9*) data on textured surfaces in comparison to
the equilibrium contact angle (6z) on chemically identical flat surface. >® This framework indeed
provides a compact way to represent data on self-similar structures, but the impact of individual
parameters, namely the spacing ratio (D*) and the length scale of the texture (R) on the non-

wettability cannot be deconvoluted readily.

3.3 Design chart
The two independent variables in the modified form of the CB relation are the equilibrium
contact angle on a flat surface (6;) and the dimensionless spacing ratio (D). In order to mitigate
the shortcomings of the generalized wetting diagram, a new design chart for understanding liquid
wettability on omniphobic surfaces is proposed (Figure 3-4) in which the two independent
variables are D" and 6. The limiting values along the ordinate axis are chosen based on the

accessible equilibrium contact angle values (&) for water (y;, = 72.1 mN/m), from ~0° on a clean
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glass surface to ~125° on a pure fluorodecyl POSS surface.” On this design chart, the ordinate
(6k) is uniquely determined by the chemistry of the solid coating and the contacting liquid. This
variation in the inherent solid-liquid interactions is independent of the surface topography of a
textured surface which is the geometrical spacing ratio (D*) on the abscissa. The lower limit of
the spacing ratio is chosen as the smallest physically possible value of D" =1 and the upper limit
is arbitrarily chosen to be D= 2 corresponding to a very open weave texture. Four contours of
fixed apparent contact angle (6" = 0, 90, 120 and 150°) are calculated from the CB relation and

are plotted on this (D", 6¢) design space.
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Figure 3-4. Design chart for liquid wettability on cylindrically textured surface. The contours of
the apparent contact angle (') for (6 =0 (—), 90 (—), 120 (—) and 150° (—.)) are plotted
on the design chart with the equilibrium contact angle on a chemically identical smooth surface
(k) and the spacing ratio (D*) as the two axes. Various regimes of wettability starting from
super-wetting (6 = 0°) to super-nonwetting (0*> 150°) are shown on the design chart.

20

51



Cassie-Baxter used the apparent advancing (&, ) and receding contact angles (&) as the

ordinate in their chart® whereas in the design chart presented here, the equilibrium contact angle
on a chemically identical () flat surface is plotted on the y-axis. The apparent advancing
/receding contact angles are ‘composite’ variables that depend on chemistry, and the ‘texture’,
(which consist of specific lithographic patterning, random roughness, weave/weft of woven
structures etc). For this reason we argue that it is better to plot measured values of " as a
function of the two independent variables represented by the x and y axes. The important
performance parameters (19* and 4 *) of a coated fabric or other textured surfaces are then shown
as contours of various constant value in our presentation, and they provide clear guidance for
anticipating the efficacy of various designs that are based on selected values of D" and 6. The
equilibrium contact angle (§) cannot be measured easily on textured surfaces, but it can be
bracketed using the measured advancing and receding contact angles (8., > 6" > 8. ). Onda,
Shibuichi and co-workers™ " ® report that the equilibrium contact angles are closer to the
advancing contact angles than the receding contact angles. Therefore, in the design charts
described below, we replace the equilibrium contact angle () with the advancing contact angle

on the flat surface (6,4, and the equilibrium contact angle on a textured surface (0') with the

apparent advancing contact angle (€., ).

As we have noted above, the apparent contact angle (') depends only on @z and D" and it is
independent of the length-scale (R) of the texture, which thus does not appear on the design
chart. Consequently, while the design chart predicts the magnitude of the apparent contact angle
(8), it does not guarantee the existence or stability of the solid-liquid-air composite state. The

graphical framework shown in Figure 3-4 does not recognize that the composite interface,
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needed to achieve high values of §', may be metastable or completely unstable, nor does it
quantify the magnitude of the breakthrough pressure difference (Pp) required to disrupt a
metastable composite (Cassie-Baxter) interface sufficiently to transition it to the fully-

equilibrated wetted (Wenzel) state.

When represented on the design chart (Figure 3-4), the super-wetting region exists at the lower-
left where the apparent contact angle predicted by the CB relation is nearly zero (9*% 0°), even
though the equilibrium contact angle on a chemically identical smooth surface is non-zero

(6> 0°). This super-wetting region appears as a consequence of the cylindrical texture and in
this region the additional energy released from the enhanced surface area provided by the texture
coupled with the intrinsic partial wettability of the solid material results in complete wetting.* '°
From the design chart representation it is clear that the apparent contact angle (9*) can be
increased by moving on the plot from left to right (by increasing D’, the relative spacing of the
topographical features) and/or by moving from bottom to top (by increasing & which, for a
selected liquid, is achieved through changes in the solid surface chemistry). The region bounded
by the blue curve and the two axes (right top) is the region of super liquid non-wettability

(superhygrophobicity)'' characterized by a high value of apparent contact angle (19* > 150°).

3.4Impact of length scale on robustness and breakthrough pressure
Although this new design chart indicates the range of effective contact angles that can be
achieved theoretically, it does not indicate if the resulting composite interface is stable. A
modified form of the design chart for liquid wettability is presented in Figure 3-5. Here the

shaded grey area represents combinations of the parameters g, D" and (/ o/ R) for which the
robustness factor is less than unity (Equation 3.2). The CB predictions are not extended into the
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shaded area as the composite interface becomes unstable; a liquid drop placed on the texture will
spontaneously transition to a fully-wetted interface in this grey shaded region. Important to note
that the amount of (white) area on this design chart, corresponding to regions in which liquid
drops can be supported on a composite air-solid interface, can be tuned by varying the ratio

e / R. The capillary length is a material property of the contacting liquid (/) and practical

values span an approximate range from 2.7 mm for water (y, = 72.1 mN/m, p= 1000 kg/m’) to
1.25 mm for methylene iodide (7, = 50.8 mN/m, p = 3325 kg/m"); that is the range of values
over which the capillary length can be varied is quite limited. On the contrary, the radius of the
cylindrical re-entrant features (R) on the surface can be varied by many orders of magnitude
(R = 100 um for commercial fabrics down to R = 100 nm for electrospun mats). When droplets

of a given liquid (with fixed 7, ) are placed on a textured surface with a particular spacing ratio

(fixed D) and a specific coating (fixed 8), both the robustness factor (4°) and the breakthrough
pressure (Pp) are inversely proportional to the surface texture length scale R. In the case of

smaller length-scale surface features (small R, or large/, /R), a large fraction of the 6 and D"

parameter space corresponds to a robust composite interface (4" > 1) and is available for the
design of robust non-wettable surfaces. The variation in the accessible area for designing non-
wetting surfaces is schematically shown in Figure 3-5 with two different feature sizes. The line

corresponding to A" = 1 varies with D" and 6; for 0.2 < ? ..p /R <2000. By keeping the surface

chemistry of the solid, the composition of the contacting liquid and the geometric spacing ratio
the same (i.e. fixed &z and D), and only reducing the length scale of the surface texture (R), the
anticipated wetting behavior for a liquid droplet on a textured surface can be controlled from a

super-wetting state to a robust composite non-wetting state.
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Figure 3-5. Modified form of the design chart for liquid wettability, which predicts the parameter
space available for designing robust composite interfaces for two values of the ratio (7, / R).

Figure 4(a) represents a typical commercial textile surface with/, ~2 mm, R ~ 200 pum, and
(., ! R =10 and Figure 4(b) shows the modified design chart for a typical electrospun mat with
o™ 2 mm, R = 2 um, and lop ! R= 1000.

In the design chart framework presented here, the three main factors that govern the robustness
of repellency to a selected liquid are completely decoupled: (i) the equilibrium contact angle
exhibited by the liquid on a chemically identical smooth surface (&), (ii) the spacing ratio of the
textured surface (D), and (iii) the length scale of the features that produce the surface texture
(R). It is straightforward to ascertain the effect of each one of these parameters on the robustness
(4”) and non-wettability (6) of a textured surface, and it is clear that each of these parameters
can be usefully manipulated during the design process. Similar design charts can be developed
for surfaces with other texture geometries (e. g. spheres (section 3.11) micro-hoodoos,” nano-
nails'? etc.) by modifying the expression for A" to account for the specific surface topography.
The main focus of the present chapter is to elucidate the impact of the length scale (R), the

spacing ratio D" and surface chemistry (&) on the apparent contact angle (0*) and the robustness
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(4%*) of the solid-liquid-air composite interface. Cassie and Baxter worked with similar textured
surfaces but they were concerned only with the apparent contact angles (') and focused
exclusively on water (3, = 72.1 mN/m) as the probing liquid. In this work, liquids with a broad
range of surface tensions (from 72.1 mN/m for water to 15.5 mN/m for pentane) are used in

order to explore non-wettability of woven and nonwoven structures to a wide range of liquids.

3.5 Varying the length scale (R) at constant coating chemistry (&¢) and
spacing ratio (D)

The effect of the microscopic length scale of the surface texture on the robustness of the
composite interface is elucidated more clearly with the help of the design chart developed in this
work. Figure 3-6 shows contact angle data measured on two 50% POSS — 50% Tecnoflon coated
woven surfaces — mesh 325 (R = 18 pm, D" = 2.45 + 0.2, Figure 3-6(a)) and mesh 50

(R=114 pm, D" =2.45 + 0.2, Figure 3-6(b)).
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Figure 3-6. Contact angle data on wire meshes dip-coated with 50% POSS — 50% Tecnoflon
(75» = 10.7 mN/m) using water (@, 3, = 72.1 mN/m), ethylene glycol ( * , v =47.7 mN/m)
rapeseed oil (™, 7, = 35.5 mN/m), hexadecane (@, 7, = 27.5 mN/m), dodecane (A, y, = 25.3
mN/m) decane (¥, 7, = 23.8 mN/m), octane (M, 7, = 21.6 mN/m), heptane (X, 7, = 20.1
mN/m), and pentane (®, 7, = 15.5 mN/m) are plotted on the design chart for liquid wettability.
Figure 3-6(a) shows data for mesh 325 (R = 18 pum) and Figure 3-6(b) shows data for mesh 50
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(R =114 pum). The shaded area represents a set of (6, D*, ¢, /R) values for which the

5

robustness factor for heptane is less than unity ( 4 <1). Filled symbols indicate a liquid

heptane

droplet with a robust composite interface whereas open symbols (*,Q etc.) indicate a liquid
droplet which has transitioned into the fully-wetted Wenzel state.

Filled symbols on the design chart denote a robust composite interface whereas open symbols
indicate a fully-wetted interface on the textured mesh surface. The liquid alkane with the lowest
surface tension i.e. pentane (' in Figure 3-6(a), , = 15.5 mN/m) formed a robust composite

non-wetting interface (with ¢, =91 + 3°) on the finest mesh (325) dip-coated with 50% POSS —

50% Tecnoflon. On the contrary, even relatively higher tension liquids such as heptane (* in
Figure 3-6(b), 7, = 20.1 mN/m, 6,4, = 45 + 2°) and pentane (O in Figure 3-6(b),

7v=15.5 mN/m, 6,4, = 35 + 3°) wet the identically coated textured surface (resulting in &, = 0°)

of mesh 50. Although both the textured surfaces have identical coating chemistry, their different
characteristic length scales result in different robustness factors. The value of 4" is reduced from
high values at fine length scale i.e. 4" = 5.8 and 4° = 9.1 on mesh 325 (R = 18 um), to lower
values at a coarser length scale i.e. A"=09and A" = 1.4 (R =114 pm). When the robustness
factor reaches a value close to unity (A*z 1), the composite interface sags severely and touches
the next underlying layer of the solid texture, which results in a transition to the fully-wetted
state. This transition is expected to take place at values of 4" order unity. In our idealized model
(i.e. a periodic array of parallel cylinders), we expect 4. = 1 and indeed our observations
suggest that the critical robustness factor is always 1 <A < 1.5. For a comparatively higher
surface tension liquid such as octane (., my=21.6 mN/m, 6,,, =51 £ 2°), the robustness factor

decreases from 4 =11.2 on mesh 325 to 4" =1.7 on mesh 50. Because the robustness factor

remains sufficiently greater than unity, a robust composite non-wetting interface is observed for
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octane droplets on both the fine mesh 325 (&, =109 + 3°) and the coarse mesh 50 (€.,

=107 £ 4°) provided they are dip-coated with 50% POSS — 50% Tecnoflon.
The impact of length scale (R) on the robustness factor is depicted in Figure 3-7, where logjed " is

plotted for three different ratios ¢, /R .
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Figure 3-7. Contours of the logarithm (to the base 10) of the robustness factor (4 ") for
cylindrically textured surfaces with the radius of the cylindrical texture as R and the inter
cylinder spacing being 2D are shown on the (&, DY design space. Here the ratio of the capillary
length and the texture length scale is chosen to be 7/ R = (a) 1000, (b) 100 and (c) 10. The

variation of the robustness factor by many orders of magnitude is depicted on this chart. The
same chart can be used to demarcate the 4 > 1 criterion for the existence of a robust composite

interface or to compute the breakthrough pressure (P) for a textured surface using P, = 4°F,, .
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The portion of the design space to the right of the contour “0” represents a fully-wetted interface
(logiod” <0 or A" < 1). The magnitude of robustness factor is J10 times higher for every contour
line as we move from the right bottom to the left top on the design chart. Note that consistent

with the length scale independence of Equation 3.1, the measured apparent advancing contact

angles are essentially unaffected by the significant changes in R at constant D"

3.6 Varying the coating chemistry (&) at constant spacing ratio (D) and
length scale (R)

In addition to the length-scale of the texture, the robustness factor (4, Equation 3.2) also
depends upon the equilibrium contact angle on a chemically identical smooth surface (6g). The
impact of the variation in @ on the robustness factor (4") was studied by dip-coating wire mesh
325 (R =18 um, D" = 2.45 + 0.2) using either a 50% POSS — 50% Tecnoflon (7%, = 10.7 mN/m,

Figure 3-8(a)) or a polyethyl methacrylate (PEMA, y, = 32.2 mN/m, Figure 3-8(b)) coating.

For decane, the advancing contact angle on a smooth surfaces decreases from 6,45, = 60 + 2° on a
flat 50% POSS — 50% Tecnoflon surface to 0,4, = 12 + 3° on a flat PEMA surface. The
robustness factor decreases monotonically with 6,4, from A" =14.6 on mesh 325 (R=18 um)
dip-coated with 50% POSS — 50% Tecnoflon to A" = 0.8 on the same woven surface coated with
PEMA. As a result, decane forms a robust composite interface on mesh 325 (6?* =108 +3°, ¥in
Figure 3-8(a)) when it is coated with 50% POSS — 50% Tecnoflon but it fully wets the same
underlying surface coated with PEMA (6 = 0°, Vin Figure 3-8(b)). By contrast, the advancing
contact angle for dodecane (A, 3, = 25.3 mN/m) changes from 6,4, = 71 £ 2° to 19 £ 2°, and the
robustness factor on the surface diminishes from 19 to 2.6. The robustness factor remains

sufficiently greater than unity and a robust composite interface (8, = 59 + 3°,4) is observed
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even on a PEMA coated mesh 325 surface. Hexadecane (, = 27.5 mN/m, 6,4, = 25 £ 2°,

A" =4.1,= 64 + 5°) and dodecane (1, = 25.3 mN/m, G4, = 19 £2°, 4" =2.6, 4, = 59 * 3°) form

a robust metastable composite interface on a polyethyl methacrylate coated (PEMA, %, = 32.2
mN/m) mesh 325 surface (R = 18 um, D"'=245+ 0.2). From the magnitude of 4 *, the
breakthrough pressure for hexadecane and dodecane droplets can be estimated to be about 118
and 71 Pa respectively. Also, the receding contact angles for hexadecane and dodecane droplets

on the mentioned wire mesh surface were found to be close to zero.
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Figure 3-8. Contact angle data on the mesh 325 (R = 18 um) using water (@, 5, = 72.1 mN/m),

ethylene glycol (‘, 71y = 47.7 mN/m) rapeseed oil (™, 7, = 35.5 mN/m), hexadecane (@,

7y = 27.5 mN/m), dodecane (A, y, = 25.3 mN/m) decane (¥, y, =23.8 mN/m), octane (H,

7 = 21.6 mN/m), heptane (%, 5, = 20.1 mN/m), and pentane (@, 5, = 15.5 mN/m) are plotted
on the design chart for liquid wettability. Figure 3-8(a) shows data for the mesh dip-coated with
50% POSS — 50% Tecnoflon (%, = 10.7 mN/m) and Figure 3-8(b) shows data for the dip-coated
mesh with PEMA (%, = 32.2 mN/m). The shaded area represents a set of (&, D', ¢ cap ! R)

values for which the robustness factor for heptane is less than unity ( 47 <1). Because the

heptane
characteristic length scale remains constant (R = 18 um), the shaded area (4" < 1, Equation (2))
remains the same in the two figures. Filled symbols indicate a liquid droplet with a robust
composite interface whereas open symbols indicate a liquid droplet which has transitioned into
the fully-wetted state.
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These results illustrate that extremely low surface energy (:,) coatings are not always necessary
to obtain a robust composite interface provided the characteristic textural length scale is small
enough. Even low surface tension liquids like hexadecane (@, 5, = 27.5 mN/m) and dodecane
(A, 7, =25.3 mN/m) form robust and partially wetting composite interfaces (8., = 64 + 5° for
hexadecane and &, = 59 + 3° for dodecane) on PEMA-coated stainless steel meshes with
sufficiently small wire radii (R). The systematic understanding provided by the design chart and
the data reported in this work show that by properly tailoring the surface topographical

parameters (R, D" and surface chemistry (&) appropriately, a robust composite interface can be

achieved for a suitably designed surface and liquid pair.

3.7 Varying the spacing ratio (D") at constant coating chemistry (6z) and
length scale (R)

From the observations in previous sections, we saw the impact of variation in (i)/,,, /R or (ii) 6

on the robustness factor (4 *). The third important factor that alters the robustness is the
‘openness of the weave’ or the spacing ratio (D*) of the surface texture. The dependence of the
robustness factor on D" is explored by choosing a set of wire meshes which have identical radii
(R = 83 um) but different density weaves, and thus different spacing ratio (D* =2.2,39and5.1).
These wire meshes are dip-coated using the 50% POSS — 50% Tecnoflon solution and the
contact angle measurement results are plotted in Figure 3-9. For the wire mesh with the tightest
weave i.e. the smallest spacing ratio (D" = 2.2, R = 83 um, mesh 70), liquids such as octane (Hll,
7w =21.6mN/m, 4" =2.4, 6" = 110 + 3°), and heptane (X, ,=20.1 mN/m, 4" = 1.9,

0" = 104 + 4°) form a robust composite interface. On the contrary, pentane «Q, v =15.5 mN/m)

readily wets this surface because the robustness factor approaches unity A4'=12,6~ 0°).
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Figure 3-9. Contact angle data on mesh 70, 40, and 30 (all with R =83 um and D"=22,3.9, and
5.1 respectively) dip-coated using 50% POSS — 50% Tecnoflon. Contacting liquids include water

(@, 7, = 72.1 mN/m), ethylene glycol (‘ , v = 47.7 mN/m) rapeseed oil (®, y, = 35.5 mN/m),
hexadecane (@, y, = 27.5 mN/m), dodecane (A, 7, = 25.3 mN/m) decane (¥, 7, =23.8 mN/m),
octane (M, 7, = 21.6 mN/m), heptane (X, 5, = 20.1 mN/m), and pentane (®, 7, = 15.5 mN/m)
are plotted on the design chart for liquid wettability. The shaded area represents a set of (g, D ,
(., /R) values for which the robustness factor for heptane is less than unity (4,,,,,. < 1). Filled

symbols indicate a liquid droplet with a robust composite interface whereas open symbols
indicate a liquid droplet which has transitioned into the fully-wetted interface. The left image in
the inset shows nonwetting water (blue, A" =14.5) and rapeseed oil (red, A" =528) droplets with
a robust composite interface on a mesh 70 surface (R = 83 pm; D = 2.2) coated with 50% POSS
—50% Tecnoflon. The right image shows a water droplet (blue, A" =2. 1) in a robust composite
interface on a mesh 30 (R = 83 um and D" = 5.1) surface with a similar coating. Rapeseed oil
(red) wets the textured surface because the robustness factor drops to 4™ = 0.9. The SEM
micrographs of the three textured surfaces are shown on the right.

heptane

Dodecane (A, 7, =25.3 mN/m, § = 123 + 3°) forms a robust composite interface on the dip-
coated mesh 70 surface (R = 83 pm, D" = 2.2) whereas it wets an identically coated mesh 40
surface with a looser weave (R = 83 um, D" =3.9, 6 ~0°, A\). As feature spacing increases
from 2.2 to 3.9, the spacing between the cylindrical texture increases (from 2D =200 to 470 um)

whereas the radius of the individual filament remains constant (at R = 83 um). Consequently as
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D" increases, the air-liquid interface sags more severely and the robustness factor decreases. For
dodecane the robustness factor decreases from A4 =4.0to 4 = 1.1 as D" increases from 2.2 to
3.9 at constant R = 83 um and 6,,, = 71 + 2°. Similarly, the robustness factor continues to
decline in magnitude as the spacing ratio increases from D” = 3.9 to D"=5.1. In the case of
rapeseed oil (’, 7» = 35.5 mN/m), the robustness factor decreases from 4° = 1.6 on mesh 40
surface down to 4” = 0.9 on mesh 30 surface (with R = 83 pm and D" = 5.1). Consequently, as
expected rapeseed oil wets the 50% POSS — 50% Tecnoflon coated mesh 30 surface (D for
R=83 pumand D" =5.1, 8 =~ 0°). Droplets of water (3, = 72.1 mN/m, blue) and rapeseed oil
(7% = 35.5 mN/m, red) on (i) mesh 70 surface with D" = 2.2, R = 83 um and (ii) mesh 30 surface
with D" = 5.1 and R = 83 um are shown in the inset of Figure 3-9. The figure illustrates the
importance of the mesh weave and spacing ratio (D) on the robustness of the composite
interface. The apparent contact angle (") increases monotonically with increasing spacing ratio
(D"), as the wetted fraction of the solid (r4¢) diminishes. As a result, provided a robust
composite interface is ensured (A* > 1) then the apparent contact angle of water droplets
(7="72.1 mN/m, 6,4, = 122 £ 2°), increases from 0" =147 + 2° on mesh 70 (R =283 um,
D"=22)to § =160 + 3° on mesh 30 (with R = 83 um and D" = 5.1). However if the robustness
factor decreases below unity due to increasing spacing ratio (D*), then the liquid droplets
transition from a robust composite interface with high apparent contact angles to a fully wetted

interface with very low apparent contact angles ((9* ~0°)," as in the case for decane droplets.

3.8Thermodynamic criterion for the stability of a composite interface
All the data presented above demonstrate the influence of the surface texture (R, D), the liquid

parameters (/ ), and the solid surface chemistry (&) on the robustness factor (4 ") for liquid
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droplets with metastable composite interface.'* So far the data and the design chart provide no
information about the boundary between metastable states and the thermodynamically

11416 The apparent contact angle (") for a liquid droplet in a composite (or

equilibrated states.
Cassie-Baxter) state on a cylindrically textured surface is given by the CB relation (Equation
3.1). On the other hand, the apparent contact angle (8") for a fully-wetted (Wenzel) liquid droplet

is given by the Wenzel relation® cos@ = rcos 8, where r is the Wenzel roughness given by the

actual solid-liquid interfacial area divided by the projected solid-liquid interfacial area. For a

parallel array of cylinders of radius R and spacing 2D, the Wenzel roughness is » = 1+(7z/ D*)

where D" is the spacing ratio. The condition for crossover from one thermodynamic equilibrium
state to another can be obtained by solving both the CB and the Wenzel relation simultaneously
for the critical angle 6, (Equation 3.3)."" ' '® This condition is plotted as the black dashed line
on the design chart in Figure 3-10.

D - sind, — 0, cos b,

3-3
1+cosé, 3-3)

From Figure 3-10, it is clear that 6z > 90° is a necessary condition for the existence of a truly
thermodynamically stable composite interface. Because there is no natural or artificial surface
with @z > 90° for liquids with low surface tension, the composite interfaces for such liquids are at
best metastable. Within the design chart represented by Figure 3-10, the region above the black
dashed line corresponds to non-wetting droplets where the composite interface is the global
minimum in free energy. This region is accessible essentially only with water (,, = 72.1 mN/m)
and other high surface tension liquids like glycerol (3, = 64 mN/m), ethylene glycol

(= 47.7 mN/m) and methylene iodide (35, = 50.8 mN/m). On the other hand, below the dashed

line the fully-wetted or Wenzel state is the thermodynamic equilibrium and a composite interface

64



91725 The cross-over condition from the Cassie-Baxter to

(Cassie-Baxter) is, at best, metastable.
Wenzel state is analogous to the binodal or the coexistence curve on a phase diagram.”® Below
this binodal curve, the composite interface is metastable but can still be realized under carefully
controlled conditions until the necessary breakthrough pressure for the transition is applied
(analogous to a nucleation event and the growth of the nucleus to reach the critical size). It is

important to remember that the thermodynamic crossover condition is independent of the length

scale of the texture (R), as Equation (3) is scale invariant.
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Figure 3-10. The thermodynamic condition for cross-over from the composite to the fully-wetted
interface is shown as the black dashed line on the design chart for liquid wettability. The shaded
region indicates parameter space inaccessible for designing non-wetting surfaces with cylindrical
textures of length scale R such that/ /R =100.

The metastable region extends from the crossover condition (black dashed line) to the edge of
the shaded region, where the composite interface is thermodynamically unstable (A*< 1) and it
spontaneously transitions into the fully-wetted interface. This transformation of the sagging

liquid-air composite interface to a fully-wetted interface is analogous to a pseudo-spinodal on the

phase diagram. At the pseudo-spinodal, an infinitesimally small external perturbation results in

65



the spontaneous transformation (analogous to a spinodal decomposition which is spontaneous
and has no nucleation events.) The pseudo-spinodal curve for the robust metastable regime found

by setting A4” = 1 is a strong function of the length scale (R) (Figure 3-10).

3.9Representation of a fully-wetted droplet on the design chart
The apparent contact angle of a liquid droplet in a fully-wetted state (6°) is given by the Wenzel

relation, in terms of the equilibrium contact angle (6g) and relative roughness (7). Roughness ()
can be written in terms of the spacing ratio (D) asr=1+ 7r/ D", and therefore the variation of "

in terms of Oz and D" can be predicted (Figure 3-11).
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Figure 3-11. Design chart for the wettability of a liquid droplet in the fully-wetted state on

cylindrically textured surface. The contours of the apparent contact angle (6') for (6" =0 (= .),
90 (= -), 120 (= -) and 150° (= -)) are plotted on the design chart with the equilibrium contact
angle on a chemically identical smooth surface (&;) and the spacing ratio (D) as the two axes.

This variation of apparent contact angle in the fully-wetted regime is combined with the variation
of apparent contact angle with a solid-liquid-air composite interface, to predict the apparent

contact angle as a function of surface chemistry (6z) and dimensionless spacing ratio (D) at
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equilibrium. As shown in Figure 3-12, at equilibrium, all points above the binodal (- . — .) are in
a Cassie-Baxter state at equilibrium and all points below the binodal are in a Wenzel state at
equilibrium. The apparent contact angles (8") in both the Cassie-Baxter and Wenzel states are
equal for all points on the binodal. Also, it is clear from the plot that for any 8z < 90°, a
thermodynamically stable Cassie-Baxter state cannot exist. Whenever 6z < 90°, a fully-wetted

state is always the global equilibrium state and a composite interface might be metastable at best.
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Figure 3-12. The variation in the apparent contact angle of a liquid droplet at equilibrium on a
cylindrically textured surface is shown in this figure. Droplets in a fully-wetted state are depicted
using a dashed line whereas droplets in a solid-liquid-air composite state are shown with a solid
line. The binodal (- . — .) is the locus of points for which the apparent contact angle in the
Cassie-Baxter and Wenzel state are equal. For all points above and to the left of the binodal, the
Cassie-Baxter state represents the thermodynamic equilibrium whereas all points below and to
the right of the binodal are in the Wenzel state at equilibrium.

3.10 Importance of the capillary length scale

Capillary length is a material property of a given liquid and it is defined as/ = \/y,,/pg »

where y, is the liquid surface tension, and p is the density of the liquid. Capillary length is used
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as length scale while comparing a surface force and a body force (like gravity). Capillary length
varies over a small range for liquids with practical limits being 2.7 mm for water and 1.25 mm

for methylene iodide.

The advancing contact angle on a smooth Tecnoflon film for methylene iodide (3, = 50.8 mN/m,

l.,= 1.25 mm) is Gy =72 + 2° and for rapeseed oil (5, = 35.5 mN/m, ¢ = 1.98 mm) is

G.av = 68 £ 2°. The advancing contact angle and surface tension for methylene iodide are larger
than the corresponding value for rapeseed oil. Consequently, it is expected that for a given
textured surface, methylene iodide will be more non-wetting compared to rapeseed oil, but on a

mesh 35 surface (R =127 um, D = 2.9) dip-coated with Tecnoflon (5, = 18.3 mN/m), rapeseed

oil forms a robust composite interface (’, 0 =115 + 3°, Figure 3-13) whereas methylene iodide

fully wets the identical surface (73\3, ¢ = 0°). This apparent discrepancy can be explained by
considering the magnitude of the corresponding robustness factors. As the capillary length of
rapeseed oil is much larger as compared to methylene iodide, the robustness factor is
correspondingly higher for rapeseed oil. Therefore rapeseed oil (4" = 1.5 > 1) forms a robust
composite interface whereas methylene iodide (4" = 0.9 < 1) wets the textured surface. In Figure
3-13, the shaded area represents a set of 0z, D", and R parameters for which 4" < 1 for methylene

iodide (/,,,= 1.25 mm) whereas the grey line represents the area for which A" <1 for rapeseed
oil (/,,,= 1.98 mm). In the area between the two grey lines in Figure 3-13, rapeseed oil is

expected to be in the robust metastable composite state whereas methylene iodide will wet the
textured surface. Therefore, the capillary length which is the square root of the ratio of surface
forces () and body forces (pg) provides the appropriate scaling to determine the robustness

factor.
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Figure 3-13. Design chart for liquid wettability for cylindrically textured surfaces with radius
R =127 pm. The contours of the of the apparent contact angle (') for (6 =0 (—), 90 (—),
120 (—) and 150° (—)) are plotted on the design chart with the equilibrium contact angle on a
chemically identical smooth surface (&) and the spacing ratio (D*) as the two axes. In the shaded
area, the robustness factor for rapeseed oil (7 ,,= 1.98 mm) is less than unity. Below the grey

line, the robustness factor for methylene iodide (7,,,= 1.25 mm) is less than unity.

3.11 Design chart for a surface textured with spheres of radius R and
spacing 2D

For a textured surface which is decorated by a hexagonally placed array of spheres with radius R

and spacing 2D (Figure 3-14), the apparent contact angle can be computed using the CB relation.

o _ o 2(1+cosy)

Note that for a liquid droplet with equilibrium contact angle 6, we have 7, = Tl
sin” @,
in? R+DY
¢ = M, and D :( j therefore,
" 243D
cos¢9*——1+i{i(l+cos0 )2} (3-4)
D' 243 :

The contours of the apparent contact angle are plotted in Figure 3-14(c).
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Figure 3-14 (a) Top view and (b) front view of a hexagonally packed regular array of spheres
with radius R and spacing 2D. Design chart for liquid wettability of spherically textured surfaces.
The contours of the apparent contact angle (6*) for (9* =0(—), 90 (—), 120 (—) and 150°
(—)) are plotted on the design chart with the equilibrium contact angle on a chemically identical
smooth surface () and the spacing ratio (D) as the two axes. Various regimes of wettability
starting from super-wetting (H*z 0°) to super-nonwetting (9*> 150°) are shown on the design
chart. This chart predicts the parameter space available for designing robust composite interfaces
for two values of the ratio of the capillary length of the contacting liquid to the length scale of
the surface texture (R). Figure (c) represents an hexagonal packed array of spheres with radius
R~200 pm, ¢, =2 mm, and ¢ /R=10 and Figure (d) shows the modified design chart for an

array of spheres with R~ 2 um, and 7, /R=1000.

The robustness factor for the spherical texture (4°) was computed by simplifying the expression
for the robustness factor for hoodoo geometry.” By substituting the height of the hoodoo stem

(H) and the minimum texture angle () to be zero, we obtain —
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-~ * * 3-5
A H +T (3-5)
.l 7(1-cosb,) .l sin@
where, H =—= £ ,and 77 =—% £
R (2\/§D*—7Z')(\/E—l) R | (243D 1)

The impact of the pre-factor ¢, /Ron the robustness factor (4 ") is illustrated by plotting the

design chart in Figure 3-14 for (¢) 7 ,,/R=10 and (d) ¢ ,, /R= 1000.
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4 Thermal annealing treatment to achieve switchable and
reversible oleophobicity on fabrics
[This chapter is partially reproduced from “S. S. Chhatre, A. Tuteja, W. Choi, A. Revaux, D.

Smith, J. Mabry, G. H. McKinley, R. E. Cohen, Langmuir 2009, 25 (23), 13625-13632” with
permission from the American Chemical Society. Copyright 2009 American Chemical Society]
In previous chapters, a design chart for predicting wettability of liquids on textured surfaces was

developed. In this chapter, the previously outlined robustness parameter framework and the

design chart is applied to get a polyester fabric with switchable and reversible oleophobicity.

4.1 Coating methodology and conformality
A polyester fabric (Anticon 100) was dip-coated in a 10% POSS — 90% PEMA solution to
generate a re-entrant textured surface with a conformal and low surface energy coating. Figure
4-1(a) shows an SEM micrograph for a piece of the dip-coated polyester fabric, while Figure
4-1(b) shows an EDAX elemental mapping for fluorine in an identical region of the sample.
Figure 4-1(b) indicates that the fluorodecyl POSS (the only species with fluorine) has

conformally coated individual fibers of the fabric.

) A M ek SR R NI
Figure 4-1 (a)An SEM micrograph of the polyester fabric Anticon 100 (b) EDAX fluorine
elemental mapping of the identical area shown in Figure 3(a). The close correspondence between

the two images confirms the conformal nature of the 10% POSS — 90% PEMA coating on the
polyester fabric.
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4.2 Tunable wettability on flat surfaces using thermal annealing treatment
In a blend of two or more components, selective migration of the low surface energy component
at the solid-air interface has been observed in many polymeric systems.' Bousquet and co-
workers tracked this variation of the air-solid interfacial composition in a polymeric blend of
polystyrene (PS) with polystyrene-block-polyacrylic acid (PS-b-PAA).>* In the as-cast state, the
polymeric surface was rich in low surface energy polymer PS and the surface was enriched
further after heating the sample in dry air at 95 °C for 3 to 5 days. In contrast, a similar heat
treatment in a humid environment resulted in the enrichment of the more hydrophilic PAA

towards the air-solid interface.

In the present work, the interfacial energy between the solid surface and the annealing medium is
used to control the surface composition and thereby to modulate the surface energy of a novel
polymeric coating deposited on top of a commercially available polyester fabric. A thermal
annealing treatment in dry air or water is used to tune the solid surface energy (y,,) and the
resulting apparent contact angles (¢'). This surface tunability, combined with the inherent re-
entrant texture of the underlying fabric, leads to a switchable liquid wetting surface even for low
surface tension liquids like hexadecane (,= 27.5 mN/m) and dodecane (3, = 25.3 mN/m).

Contact angle measurements were performed on spin-coated silicon wafers in the original as-
coated state (henceforth denoted by the notation - O) and also after consecutive annealing
treatments of three hours at 90 °C, either in water followed by drying of the sample (denoted as -
W) or in dry air (denoted as - A). The contact angles with water (y, = 72.1 mN/m) displayed an
oscillatory behavior for 2, 5, and 10 wt% POSS coating (Figure 4-2 (a), (b), and (c) respectively)
for four cycles of the two different annealing treatments. Higher contact angles were consistently
observed for the original as-coated or air-annealed samples, in comparison to the corresponding
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water-annealed samples. Tapping mode AFM measurements showed that the rms roughness for
all the samples considered range between approximately 4 — 5 nm (Wenzel roughness, » = 1.004)
and the roughness did not change appreciably after annealing. Therefore this variation in contact
angles can be attributed to the variation of the surface chemical composition. The AFM phase
images for air-annealed and water-annealed 10% POSS — 90% PEMA coatings on a silicon

wafer are shown in Figure 4-2(d).
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Figure 4-2. Contact angle measurements on flat spin-coated surfaces (rms roughness < 5 nm) (a)
Advancing (filled symbols) and receding (half-filled symbols) contact angles for water on 2
wt%, (b) 5 wt% and (c) 10 wt% fluorodecyl POSS-coated flat surfaces. The contact angles were
measured in the original state (denoted as - O), after annealing in water at 90 °C for three hours
followed by drying at room temperature (denoted as - W), and after annealing in air at 90 °C for
three hours (denoted as - A). (d) AFM phase images of 10 wt% fluorodecyl POSS-coated flat
surface after annealing in air (A) and in water (W).

An identical sequence of annealing treatments resulted in a similar trend in the contact angle

values for hexadecane (%, = 27.5 mN/m) and other lower surface tension alkanes. The advancing
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contact angle (6,4,) with hexadecane varied from 80 £ 2° on an air-annealed 10% POSS surface
to 57 £ 4° on the corresponding surface annealed in water. The corresponding receding contact
angles (6...) were 56 + 5° and 16 £ 2° respectively. Using the measured values of the advancing
contact angle with water and alkanes, the surface energy of the air-annealed and water-annealed
10% POSS — 90% PEMA flat surface was estimated independently using both Zisman® (Figure
4-3) and the Owens-Wendt analysis.” Extrapolation of advancing contact angle data obtained for
spin-coated flat silicon wafers with the homologous series of alkanes, yields critical surface

(air)

tension values of y'*”) =3 + 1.5 mN/m for the air-annealed and "*"’ =15.3 + 0.4 mN/m for the

water-annealed surface respectively. Although the data for the air-annealed state in Figure 4-3
show a clear linear variation with y,, the critical surface tension determined by extrapolation in
the Zisman analysis is unphysically low. This is because we expect the surface tension to be
greater than j, = 6.7 mN/m, the accepted minimum corresponding to a surface comprised of a
monolayer of —CF; moieties.* ® Although the actual numerical value of the critical surface
tension (J;) is likely to be an artifact of the extrapolation procedure, the comparison of the two
sets of advancing contact angle data obtained from the same experimental protocol is still
instructive. The data illustrates that the surface energy of the 10% POSS — 90% PEMA surface
in the water-annealed state (W) is considerably higher than the surface energy in the air-annealed
state (A).

The polar and dispersive contributions to the solid-vapor interfacial energy (,) were determined
by the Owens-Wendt analysis using water and octane as the probing liquids. For the 10% POSS
—90% PEMA surface annealed in air, the polar component of the solid surface energy was y. =

(air) __
sV -

0.3 mN/m, with a dispersive component 7/de =10.1 mN/m, giving a total surface energy of y
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10.4 mN/m. Similarly, the polar component for the water-annealed surface was 1.3 mN/m and
the dispersive component was 15.5 mN/m, leading to a total surface energy of "’ =16.8
mN/m. The computed values of the estimated surface energy from Owens-Wendt analysis are
more consistent with those expected for a fluorinated surface. These values again demonstrate
that the surface energy is significantly higher after annealing in water (W) when compared to an

identical surface annealed in air (A). For comparison, the estimated solid surface energy of a
spin-coated PEMA surface is 7%,= 32 mN/m (" =21 mN/m and , =11 mN/m). The low values
of the solid surface energies estimated using the Owens-Wendt analysis also suggest a significant

enrichment of the surface with the low surface energy fluorodecyl POSS species, for the air-

annealed 10% POSS —90% PEMA spin-coated surface.
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Figure 4-3. Zisman analysis for 10% POSS — 90% PEMA spin coated film annealed in air (A,
red filled squares) and annealed in water (W, red open squares). The contact angle data are
measured with alkanes i.e. hexadecane (), =27.5 mN/m), dodecane (), =25.3 mN/m), decane
(v = 23.8 mN/m), octane (y, = 21.6 mN/m), and hexane (j;, = 18.5 mN/m) as contacting liquids
and the critical surface tension for the solid surface is obtained by linear extrapolation of the
contact angle data.
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4.3 Tunable wettability on a polyester fabric surface using thermal
annealing treatment

This variation in the equilibrium contact angle on a flat surface can be amplified by combining
the aforementioned annealing treatment with a re-entrant textured surface such as that of a
commercially available fabric. The apparent contact angle (6') measurements on the dip-coated

fabric surface with water (y, = 72.1 mN/m) are presented in Figure 4-4 (blue circles).
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Figure 4-4. Switchable liquid wettability on a 10 wt% fluorodecyl POSS coated polyester fabric
surface. (a) Apparent advancing (filled symbols) and receding (half-filled symbols) contact angle
data with water (blue circles) and hexadecane (red squares) on 10 wt% fluorodecyl POSS-coated
polyester fabric surface in the original as-made (O), water annealed (W), and air annealed (A)
states. (b) Small droplets (V = 50 pL) of water (y =72.1 mN/m) and hexadecane
(v =27.5 mN/m) forming robust composite interfaces on the dip-coated fabric in the air
annealed state (A). (c¢) Fully wetted hexadecane droplet along with a water droplet forming a
robust composite interface on the dip-coated fabric in the water annealed state (W).

It is clear that the observed apparent contact angles (6) show an oscillatory behavior when the
dip-coated fabric is successively annealed in water and dry air. The apparent advancing contact

angle (¢,,) with water (filled blue circles in Figure 4-4(a)) varies from 150+ 2° in the air-

annealed state, to 140+ 3° in the water-annealed state, whereas the corresponding apparent
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receding angle (6,

..) (open blue circles in Figure 4-4(a)) ranges from 137+ 3° to 121+ 4°. The
robustness of this solid-liquid-air composite interface was computed using Equation 2 by
assuming that the size of the fabric bundles as the dominant surface texture (i.e. assuming R =
100 pum, Figure 4-1(a)). For the smallest value of advancing contact angle on a smooth surface
(BG.av~95° 1.e. the advancing contact angle on the surface annealed in water), the robustness
factor is found to be significantly greater than unity (4" ~ 2.4). As a consequence, water droplets

form robust composite interfaces on both the air-annealed and water-annealed surfaces (Figure

4-4 (b) and (c) respectively).

It is clear from Equation 2 that the robustness of the composite interface established by a liquid
drop in contact with a re-entrant texture varies with the surface tension of the contacting liquid.

Hexadecane droplets (5, = 27.5 mN/m) form a robust metastable composite solid-liquid-air
interface (with 8., =135°, €. =115° and A*~1.4) on both the original as-made (O) and air-
annealed surfaces (A, Figure 4-4(b)). However when annealed in water, the advancing contact

angle for hexadecane droplets on a flat surface reduces from 8% =80 + 2° to &+ =57 + 4°,

This reduction in the advancing contact angle on a flat surface (&, ) leads to a lowering of the
robustness parameter to approximately unity (4 ~0.9), consequently the solid-liquid-air

composite interface on the fabric transitions to the fully-wetted or Wenzel state (6., ~0°, 6., ~
0°, as shown in Figure 4-4(c)). As a result, switchable liquid wettability for hexadecane can be
achieved between the two states, corresponding to a robust (but metastable) composite interface
and a fully wetted interface, by using simple annealing treatments in air and water respectively

(red squares in Figure 4-4(a)). Moreover, this switchability in the wetting behavior is repeatable,

and the reversibility is demonstrated over five cycles of air and water annealing treatments
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(Figure 4-4(a)). The uncoated fabric and fabric coated with PEMA alone do not display any
variation in the apparent contact angles with water and hexadecane after identical annealing
treatments. Also, it is important to note that droplets of toluene or acetone which are good
solvents for PEMA wet the polyester fabric surface after it has been dip-coated either with 10%
POSS — 90% PEMA or with pure PEMA. If such liquids are used for annealing treatment or
contact angle measurements, the PEMA in the coating progressively dissolves in the solvent and
the oleophobicity of the fabric surface is subsequently destroyed. Such effects may be mitigated
in applications by using alternate elastomeric binders that can be chemically crosslinked

following dip-coating.

As a control experiment, contact angle measurements were performed on the polyester fabric in
the as-received, uncoated state and also after dip-coating in 10 mg/ml pure PEMA in Asahiklin
(AK 225). No significant variation was observed in the apparent contact angles (&) on these
samples after a couple of annealing cycles in DI water at 90 °C and in dry air at 90 °C for 3

hours (results shown in Figure 4-5).
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Figure 4-5. Variation in the apparent advancing (¢, ) and receding (&, ) contact angles on
polyester fabric (a) in the as-received uncoated state and (b) dip-coated with PEMA solution.
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4.4 Generalized non-wetting diagram
The changes in the contact angles on flat (6¢) and textured surfaces () that result from
annealing in air or water can be compactly represented in terms of a non-wetting diagram.”
The variation in the cosine of the advancing apparent contact angle (cos 6§dv) on a dip-coated

polyester fabric surface was plotted against the cosine of the advancing contact angle on a flat

surface (cosé,4,) as shown in Figure 4-6.
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Figure 4-6. Generalized non-wetting diagram for the dip-coated oleophobic polyester fabrics.
Cosine of the apparent advancing contact angle (cos HZdv) is plotted against the cosine of the

advancing contact angle on a flat surface (cosf,s). Advancing contact angle data is shown for
water-methanol mixtures (blue circles), and alkanes hexadecane (y, = 27.5 mN/m) and dodecane
(v =25.3 mN/m) (red squares) on air-annealed (A, filled symbols) and water-annealed (W, open
symbols) 10% POSS — 90% PEMA dip-coated surfaces. Advancing contact angles with water-
methanol mixtures on PEMA-coated surface are also plotted (blue filled triangles). The black
dotted line is the Cassie-Baxter equation with D" = 3.6 + 0.35 (Equation 1). The blue solid line is
the robustness parameter (A*) corresponding to R =100 um and D"'=36 plotted against the
cosine of the advancing contact angle on a flat surface (6,4,). The transition from a composite to
a fully wetted interface takes place around &,,;;~ 60°.
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The existence of a robust oleophobic textured surface is demonstrated by the data in the lower

right quadrant (where 6,4, < 90° but H;de > 90°, and henceforth denoted as Quadrant IV). Figure

4-6 shows the observed advancing contact angle data for water-methanol mixtures (blue) and
alkanes (red) on dip-coated polyester fabric. From the Zisman analysis (Figure 2) and Owens-
Wendt analysis, it is clear that the air-annealed surface coating has a lower surface energy than
the corresponding water-annealed 10% POSS — 90% PEMA coating. Therefore higher contact

angles are observed for water-methanol mixtures (0 to 80% by volume methanol) on the air-
annealed surface (A, blue filled circles in Quadrant III, where 6,, >90"and @, >90°") compared

to those on the water-annealed surface (W, blue open circles in Quadrants III and IV). Water-
methanol mixtures up to 80% methanol by volume formed robust composite interfaces on fabric
samples dip-coated in 10% POSS — 90% PEMA and subsequently annealed in either air (A) or
water (W). On the contrary, lower surface tension liquids like hexadecane (7, = 27.5 mN/m) and
dodecane (j, = 25.3 mN/m) switched from a robust metastable composite interface in the air-
annealed state (A, red filled squares in Quadrant IV) to a fully wetted interface in the water-
annealed state (W, red open squares in Quadrant I).

In order to explore the parameter space in Quadrant IV more effectively, the polyester fabric was
dip-coated in pure PEMA solution (6,4 = 78° with water) and contact angle measurements were
performed on the textured PEMA surface. Water-methanol mixtures up to 40% methanol by
volume formed a robust composite interface on the fabric dip-coated in PEMA alone (blue filled
triangles in Quadrant IV). Mixtures with higher fractions of methanol wetted the PEMA-coated
fabric spontaneously (blue filled triangles in Quadrant I). It is important to point out that once
again the wetting behavior on PEMA coated fabric samples was independent of the annealing

history.
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The contact angle data on the three different coatings applied to the polyester fabric (i.e. (i) air
annealed 10% POSS — 90% PEMA, (ii) water annealed 10% POSS — 90% PEMA, and (iii) pure
PEMA), and with different polar (water-methanol mixtures) and non-polar liquids (various
alkanes) were used to obtain the best fit value of the single geometric parameter D’ (see Equation
1) which characterizes the dip-coated polyester fabric. The black line shown in Figure 5 is the
Cassie-Baxter equation for a surface composed of an aligned array of cylinders (Equation 1) with
D"=3.6+0.35. This value of the spacing ratio (D) is obtained from the contact angle
measurements alone and compares favorably with the value of the spacing ratio estimated by
visual inspection of the SEM micrograph. Therefore, by measuring the variation in the apparent
contact angles on a conformally coated textured surface, the fabric texture can be characterized
in terms of the geometric spacing ratio D",

For the surfaces considered in Figure 4-6, the transition from a composite interface to a
fully-wetted interface occurs at a critical contact angle on a flat surface 6., ~ 60°. This sharp

transition can be rationalized by considering the variation of the robustness factor 4. The

variation in the robustness factor 4" for hexadecane (y, = 27.5 mN/m, l,=1.91 mm) is plotted

against the advancing contact angle on a flat surface (6,4, on the non-wetting diagram by using
representative values of surface geometry parameters (R =100 pum, D'=3.6 +0.35). As the

contact angle of the liquid on the flat surface decreases and cos@z — 1, the robustness factor
steadily decreases (Equation 2)."'" ' When the robustness factor (A*) decreases towards values

close to unity (4.~ 0.9 in this case) the composite interface transitions to a fully-wetted

crit

interface. Note that the capillary length values for hexadecane (/. =1.91 mm) and 60%

cap

methanol — 40% water mixtures (/= 1.86 mm) are similar. Thereby, the critical robustness

cap
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factor values for the water-methanol mixtures are similar to the values computed for hexadecane.
The robustness parameter framework suggests that a metastable composite interface can be
achieved only when 4™ > 1, therefore the Cassie-Baxter prediction in Figure 5 is extended only
up to a contact angle on a smooth surface at which A" ~1.

From Equation 2 and Figure 4-6, it is clear that hexadecane droplets (y, = 27.5 mN/m) will
establish a robust metastable Cassie state on textures with D” = 3.6 if the advancing contact angle

on a flat surface is 6,4 > 60°, but will transition to a fully-wetted Wenzel state if the contact

angle is below 6,4 < 60° (A*: 1). Variations in the apparent contact angle (') and design
parameters (D, A7) are outlined here for a particular fabric (Anticon 100) and a particular
contacting liquid (hexadecane). However a similar framework can be developed for any liquid on
any textured surface. By coating the texture with materials of various surface energy and
performing contact angle measurements with a range of liquids, the textural parameters
describing the surface can be fully characterized in terms of the dimensionless spacing ratio (D).
Moreover having determined D", and knowing the equilibrium contact angle on a flat surface
(k) plus other physical properties of the liquid, the ability of a textured surface to support a
composite interface with a given contacting liquid can be anticipated by computing the value of

the robustness factor (4°).

4.5XPS studies to investigate the mechanism of switchable wettability
The observed changes in the macroscopic equilibrium contact angles (6¢) (as highlighted in
Figure 4-2) and the computed surface energy values can be related to molecular level
rearrangements in the coating. The low surface energy component within the coating, i.e.

fluorodecyl POSS (7, ~ 10 mJ/m*)'" experiences a thermodynamic driving force to move
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towards the solid-air interface in order to minimize the solid-vapor interfacial free energy (ys,) of
the POSS — PEMA coating. The presence of solvent at the beginning of the drying step ensures
high mobility of POSS, which facilitates its initial surface segregation. The fluorine to carbon
(F/C) ratio for pure fluorodecyl POSS is 1.7 while it is 0 for pure PEMA. Based on these values,
the F/C atomic ratio in the bulk of the 10% POSS — 90% PEMA sample can be readily computed
to be 0.002. X-ray photoelectron spectroscopy (XPS) was used to probe the local composition of

13-15

the surface (~ 10 nm probing depth). XPS analysis was performed on spin-coated films of
pure PEMA, pure fluorodecyl POSS and 10% POSS — 90% PEMA on silicon wafers and the
results are summarized in . The various atomic ratios computed from the XPS survey spectra
match reasonably with the computed values of the atomic ratios for pure PEMA and pure
fluorodecyl POSS samples ().

The F/C ratios obtained from the survey spectra for air-annealed and water- annealed surfaces
(Figure 6(a)) are 1.69 and 0.83 respectively. The greatly enhanced value of the F/C ratio at the
surface (compared to the bulk) confirms the surface segregation of the low surface energy

fluorodecyl POSS species. For the 10% POSS — 90% PEMA air-annealed samples, the atomic

ratios (F/C, O/C and Si/C) are nearly equal to the corresponding ratios in the pure fluorodecyl

POSS sample. This similarity in chemical composition and solid surface energy (7'

N2

= 10.4 mJ/m?) of the 10% POSS — 90% PEMA air-annealed samples to pure fluorodecyl POSS (

v, =10 mJ/m?)"" indicates that the surface is mostly composed of fluorodecyl POSS. In contrast,

significant lowering of the F/C ratio from 1.69 to 0.83, enhancement of the O/C ratio from 0.13
to 0.24, and increase in the solid surface energy from 10.4 to 16.8 mJ/m” indicate that the 10%
POSS - 90% PEMA water-annealed surface has a higher PEMA content. Because the annealing

treatment is carried out above the glass transition temperature (7= 90 °C > T), the PEMA
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chains at the surface have sufficient mobility to rearrange. This rearrangement of the PEMA
chains can be tuned using the surface energy of the annealing media and is reversible over many
cycles, as demonstrated through the variation of the equilibrium contact angles on a flat spin-
coated surface (6, Figure 4-2) and on polyester fabrics (&, Figure 4-4). By lowering the take-
off angle at which the photo-electrons are collected, even thinner sample interrogation volumes
(sampling depth < 10 nm) can be probed using XPS. When the samples were probed at a take-off
angle of 20°, the F/C ratio was found to be higher than the F/C ratio obtained with 90° take-off
angle (data presented in Further information about the chemical composition of the surface can
be generated by examining high resolution carbon 1s spectra for samples annealed in air and
water, as shown in Figure 4-7(b) and (c) respectively. Various peaks in the high resolution
spectra were indexed by comparing the binding energy at the peak maximum with standard
spectra available for PEMA and poly (vinylidene fluoride).'® The spectrum for the air-annealed
sample (Figure 4-7(b)) has a larger peak associated with the —CF,— moiety as compared to the
peak associated with the -CH,— moiety, which once again indicates a larger surface presence of
fluorodecyl POSS (which is the lone contributor to the —CF,— peak). On the other hand, for the
case of the water-annealed sample (Figure 4-6(c)), the greater intensity of the —CH,— peak
relative to the —CF,— peak confirms the presence of PEMA at the surface. The survey spectra and
high resolution carbon 1s spectra for pure PEMA and pure fluorodecyl POSS is shown in Figure
4-8 for reference.

Therefore, it can be concluded that the rearrangement of the PEMA chains at the surface is the
main response to the annealing treatment. This subtle molecular response in the local chemical
composition, when combined with a strongly re-entrant physical texture gives rise to non-wetting

surfaces with switchable oleophobicity.
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), for the corresponding air-annealed, as well as the water-annealed samples. This systematic
variation in the F/C ratio indicates that the amount of fluorodecyl POSS is highest within the first
few molecular layers from the surface, irrespective of the annealing condition. This observation
suggests that the fluorodecyl POSS crystals as a whole are not migrating towards or away from
the interface between the solid and the annealing medium (dry air or water), and PEMA
rearrangement at the surface seems to be a more feasible explanation for our observations.
Further information about the chemical composition of the surface can be generated by
examining high resolution carbon s spectra for samples annealed in air and water, as shown in
Figure 4-7(b) and (c) respectively. Various peaks in the high resolution spectra were indexed by
comparing the binding energy at the peak maximum with standard spectra available for PEMA
and poly (vinylidene fluoride).'® The spectrum for the air-annealed sample (Figure 4-7(b)) has a
larger peak associated with the —CF,— moiety as compared to the peak associated with the -CH,—
moiety, which once again indicates a larger surface presence of fluorodecyl POSS (which is the
lone contributor to the —CF,— peak). On the other hand, for the case of the water-annealed sample
(Figure 4-6(c)), the greater intensity of the -CH,— peak relative to the —CF,— peak confirms the
presence of PEMA at the surface. The survey spectra and high resolution carbon 1s spectra for
pure PEMA and pure fluorodecyl POSS is shown in Figure 4-8 for reference.

Therefore, it can be concluded that the rearrangement of the PEMA chains at the surface is the
main response to the annealing treatment. This subtle molecular response in the local chemical
composition, when combined with a strongly re-entrant physical texture gives rise to non-wetting

surfaces with switchable oleophobicity.
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Figure 4-7. XPS analysis of the 10 wt% fluorodecyl POSS — 90% PEMA dip-coated flat surface.
(a) Survey spectra of the dip-coated surface annealed in water (W), showing major elemental
peaks corresponding to F, O, C, and Si. (b) and (c) High resolution carbon s spectra for air-
annealed (A) and water-annealed (W) dip-coated surfaces showing peaks corresponding to
various carbon moieties present in the top layer (d < 10 nm) of the POSS-PEMA coating.

Table 4-1. Computed atomic ratios and experimentally observed values from the XPS spectra for
pure PEMA, pure fluorodecyl POSS and air-annealed (A) as well as water-annealed (W) 10%
POSS - 90% PEMA spin-coated silicon wafer samples.

Sample description (take-off angle) F/C 0/C Si/C
Computed 0 0.33 0
PEMA Observed 0 0.27 0
Computed 1.7 0.15 0.1
POSS Observed 1.85 0.13 0.09
Computed ~0 ~0.33 ~0
10% POSS — | Air-annealed (90°) 1.69 0.13 0.07
90% PEMA Water-annealed (90°) | 0.83 0.24 0.05
Air-annealed (20°) 1.91 0.14 0.08
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Figure 4-8. Survey spectra for (a) PEMA and (b) fluorodecyl POSS showing the characteristic
peaks for carbon, oxygen, silicon, and fluorine and high resolution carbon 1s spectra for (c)
PEMA and (d) fluorodecyl POSS are shown.
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5 Tunable wettability using biaxial stretching of fabrics

[This chapter is partially reproduced from “W. Choi, A. Tuteja, S. S. Chhatre, J. Mabry, R. E.
Cohen, G. H. McKinley, Advanced Materials 2009, 21, 2190-2195” with permission from the
Wiley-VCH Verlag GmbH and Company. Copyright 2009 Wiley-VCH Verlag GmbH and
Company]

In this work, we analyze these design parameters more extensively to understand the combined
effect of surface texture and material properties on the wetting characteristics of a given surface.
Further, the design parameters predict that stretching fluorodecyl POSS dip-coated commercial
fabrics can lead to a dramatic reduction in the robustness of the composite interface supported
with a given contacting liquid. Indeed, beyond a critical imposed strain, the contacting liquid is
completely imbibed into the fabric texture, leading to near zero contact angles. This allows us to
develop for the first time surfaces that exhibit reversible, deformation-dependent, tunable
wettability, including the capacity to switch their surface wetting properties (between super-

repellent and super-wetting) against a wide range of polar and non-polar liquids.

5.1 Dip-coating and oleophobicity of the polyester fabric

When a liquid contacts a textured surface, such as the one shown in Figure 5-1, then, provided the
pressure difference across the liquid-air interface is negligible, the liquid does not penetrate fully
into the pores of the surface texture. Instead, the liquid fills the pores partially until the local angle
() between the liquid and the textured substrate becomes equal to the equilibrium contact angle &
(given by Young’s relation') for the system.” The existence of a local texture angle w on the
surface to enable the condition w = € ° to be fulfilled is a necessary, though not sufficient
condition,” for the formation of a composite interface, such as the one shown in Figure 5-1.

The apparent contact angle g for a composite interface is typically computed using the Cassie-

Baxter relation given as:
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cos@ = f,cosf, + f,cosm = f,cos0, — f, (5-1)
where f; is the ratio of the total area of solid-liquid interface to a unit projected area of the
textured substrate and f; is the corresponding ratio for the liquid-air interface.” ® An example of a
natural surface that is able to support a composite interface is shown in Fig. 1b which illustrates
water (7, = 72.1 mN/m) droplets beading up on top of a duck feather. A duck feather is
composed of an array of micron scale cylindrical barbules (see an SEM in supporting
information illustrating the details of the feather structure). The bright, reflective surface visible
underneath the water droplet in Figure 5-1(b) is a signature of trapped air or the formation of a
composite Cassie-Baxter interface. On the other hand, if the liquid fully penetrates into the
texture to reach the bottom of the surface, the apparent contact angle " is determined by the
Wenzel relation:

cos@ =rcosb, (5-2)
Here r is the surface roughness, defined as the ratio between the actual surface area and the
projected area. Since r is necessarily greater than unity, roughness amplifies both the wetting
(cosd >> 0 if cos; > 0) and non-wetting (cosd << 0 if cos&z < 0) behavior of materials in the
Wenzel regime. Thus, it is possible to realize super-wetting on surfaces for which the
equilibrium contact angle @z < 90°, through the Wenzel regime, as & — 0 when r >>1. Figure
5-1(c) illustrates the super-wetting of a duck feather by rapeseed oil (%, = 35.7 mN/m), a liquid
possessing a significantly lower surface tension and correspondingly lower equilibrium contact

angle than water.

The formation of a composite interface typically enables super-repellency with both high
apparent contact angle () and low contact angle hysteresis (defined as the difference between

the advancing and receding contact angles) when f; << 1.” Hence, the development of extremely
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liquid-repellent surfaces requires the design of substrates that promote the formation of a
composite interface with any liquid. Based on the condition y = &g for the existence of the
composite interface defined earlier, we can anticipate that any surface that possesses a local
texture angle () that is less than or equal to the equilibrium contact angle (&x) for the liquid,
permits the formation of a composite interface.” This holds true even if the equilibrium contact

angle 0 <90°.

There are numerous reports in the literature pertaining to the development of extremely low
surface energy materials.” However, there have been no reports of untextured surfaces that
exhibit an equilibrium contact angle @ > 90° with various low surface tension liquids such as
methanol (, = 22.7 mN/m) or octane (y, = 21.7 mN/m). Thus, surfaces possessing ‘re-entrant’
texture (i.e. y < 90°) are necessary for supporting a composite interface with high apparent
contact angles and low wetting hysteresis against these liquids. It should however be noted that
when 6z < 90°, the composite interface is necessarily metastable,” i.. it corresponds to a local
minimum in the overall Gibbs free energy for the system, while the fully-penetrated Wenzel state

corresponds to the global minimum.”

Consider the surface texture shown in Figure 5-1(a). For such surfaces possessing re-entrant
curva‘cure,8 v is multi-valued, varying between ,;, = 0° and ... = 180°. Such a surface allows
in principle for the possibility of supporting a composite interface with any liquid for which the
equilibrium contact angle & > 0°. However, the fact that w < 6 is a necessary but not sufficient
condition is easily demonstrated by the observation that many natural and synthetic surfaces such
as feathers, plant leaves or fabrics possess re-entrant curvature, but are still easily wetted by oils

and other low surface tension liquids (Figure 5-1(c)).
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Figure 5-1 (a) A scanning electron microcopy (SEM) image of a lotus leaf illustrating its surface
texture. The inset shows that droplets of rapeseed oil easily wet the surface of a lotus leaf. (b) An
SEM image of a lotus leaf surface after the dip coating process. (¢c) An SEM image of the
polyester fabric. In spite of the presence of re-entrant curvature, hexadecane can readily wet the
fabric surface (inset). (d) An SEM image of the dip-coated polyester fabric. The inset shows the
elemental mapping of fluorine obtained using energy dispersive X-ray scattering (EDAXS) (e)
Super-repellency of a dip-coated polyester fabric against various polar and non-polar liquids.

The reason most natural or synthetic surfaces possessing re-entrant curvature fail to repel low
surface tension liquids is because of the low robustness of the composite interface formed on
such substrates. For such liquids, even small pressure differentials across the liquid-air interface
can lead to significant sagging of the composite interface, as illustrated in Figure 5-1d. Any
additional increase in the pressure differential across the interface, caused for example by the
application of external pressure, leads to more severe sagging. Once the liquid-air interface is

distorted enough to cause the sagging height (4;) to become equal to the original clearance
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between the liquid-air interface and the solid texture (%), the whole system rapidly transitions to
a Wenzel state. Thus, if the breakthrough pressure required to force the sagging liquid-air
interface to impinge on the solid substrate is small, even though the equilibrium condition = 6z
indicates the existence of a composite interface, it would never be sufficiently stable to be

observed in practice.’

The two important design characteristics for a composite Cassie-Baxter state on a textured
surface with a particular contacting liquid are thus (i) the apparent contact angle ¢ and (i1) the
robustness of the composite interface. The equilibrium apparent contact angles on the texture can
be readily estimated using the Cassie-Baxter relation (Eq. 1), and various research groups have
estimated the robustness of the composite interface by computing the overall free energy for the
system.” Even though these free energy calculations can reliably predict whether or not a given
surface texture provides the possibility of supporting a stable composite interface, it is unable to
estimate the robustness of a composite interface to external perturbations.” The free energy
analyses presented to date typically ignore the sagging of the liquid-air interface, leading to
inaccurate predictions of breakthrough pressure for liquid droplets under external pressure,
where the transition between the composite (Cassie) and the wetted (Wenzel) regimes is
typically caused by the sagging of the liquid-air interface. Further, the assumption of a flat
liquid-air interface in Gibbs free energy calculations leads to predictions of infinite breakthrough
pressures for any surface having a local texture angle ,;, < 0°, due to a singularity at = 0°.

To provide a more accurate prediction of the robustness of a composite interface, we developed a
dimensionless design parameter, 4°, which incorporates details of the sagging interface, the
texture geometry and the equilibrium contact angle of the contacting liquid. This robustness

factor represents the ratio between the breakthrough pressure required to disrupt a composite
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interface, and the reference pressure P, given as F,, =2y, /¢, , where £ =.Jy,/pg (here p

is the fluid density and g is the acceleration due to gravity). As defined, P, is close to the
minimum pressure across the composite interface for millimetric or larger liquid droplets or

puddles. Thus, the breakthrough pressure for a given composite interface can be computed as

5

=4 xP

Y ref *

breakthrough

For a texture with dominant cylindrical features, such as the duck feathers shown in Figure 5-1

and the fabric surface shown in Figure 5-3, A’ can be calculated to be:

. b l, _
A = breakthrough _ _cap ( *1 j _ 1 Cos 9.E ( 5- 3)
B, R \D -1)\ D —1+2sin6,

Here R is the fiber radius and D is half the inter-fiber gap, as shown in Figure 5-1(a). Eq. 3
shows that the robustness factor A4~ allows one to correlate the breakthrough pressure with the

characteristic properties of the surface texture (R, D), the liquid (¢ _ ) and the solid-liquid

cap
interaction (6g). Large values of the robustness factor (4”>> 1) indicate the formation of a robust
composite interface, with very high breakthrough pressures. On the other hand, as A approaches
unity, Ppreakirough approaches P, Thus a composite interface on any surface for which A <1
cannot maintain its stability against the smallest pressure differentials across the liquid-air

interface, causing the liquid to spontaneously penetrate into the textured surface.

In addition to the robustness factor A*, it is also useful to define another dimensionless
parameter, D", that parameterizes the geometry of the re-entrant features. For a texture consisting
of uniform cylindrical features as shown in Fig. 1a, Cassie and Baxter derived the ratios f; and £,

inEq. 1tobe f,=R(x—6,)/(R+D)and f, =1—Rsinf,/(R+ D). Thus f; and f; are functions

of both the material property & and the surface geometry. We define the spacing ratio

96



D" =(R+D)/R to represent the dependence of these ratios on the details of surface texture

alone. This allows us to re-write Eq. 1 as:

1
D*

cos§ =—1+—sin6, +(7—6,)cosb | (5-4)

Higher values of D correspond to a higher fraction of air in the composite interface (f; in Eq. 1),
and consequently an increase in the apparent contact angle d for a given liquid. Care must be
taken in developing expressions for D" and A" for surfaces with variable surface texture
parameters or multiple scales of roughness such as a duck feather and a lotus leaf (see supporting

information for further details).

To achieve both high apparent contact angles with low contact angle hysteresis and a robust
composite interface, we seek to maximize the two design parameters D" and 4" simultaneously.
However, for the cylindrical geometry, these two design factors are strongly coupled. Increasing
the value of D', by increasing D or reducing R (with the other parameter fixed), leads to a

decrease in the values of 4" (see Eq. 3).

Evaluating the magnitude of the robustness factor A  also explains why rapeseed oil
spontaneously penetrates the texture of many naturally re-entrant superhydrophobic surfaces
such as a duck feather (see Fig. lc, D" = 4) and a lotus leaf (see inset of Figure 5-1a, D" = 58).
To enable these surfaces to support a composite interface with various low surface tension
liquids, it is essential to increase the magnitude of the robustness factor 4™. For a fixed surface
texture, such an enhancement can be induced most readily by markedly lowering the surface
energy of the solid, leading to increased values of the equilibrium contact angle & (based on the

Young’s relation).
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In our recent work, we discussed the synthesis and application of a new class of polyhedral
oligomeric silsesquioxane (POSS) molecules, in which the silsesquioxane cage is surrounded by
1H,1H,2H,2H-heptadecafluorodecyl groups. These molecules are referred to as fluorodecyl
POSS. The high concentration of perfluorinated carbon atoms in the alkyl chains leads to an

extremely low solid surface energy for these molecules (%, = 10 mN/m). As a comparison, the

surface energy of Teflon® is y, = 18 mN/m.

To provide a conformal coating of fluorodecyl POSS molecules on any preformed substrate
possessing re-entrant texture, we have developed a simple dip-coating procedure (see
experimental methods). After the dip-coating process, the equilibrium contact angle for rapeseed
oil on smooth glass slide increases to &z = 86° compared to 5° on the uncoated slide. The dip-
coating process also increases the value of the robustness factor for rapeseed oil on a duck
feather and a lotus leaf to 4~ = 4.2 (assuming R = 1 um, D =20 pm) and A4~ = 26 (assuming R,
= 2.5 um, D, = 5 um) respectively. As the lotus leaf does not possess a cylindrical surface
texture, the robustness factor 4~ for the lotus leaf cannot be computed using Eq. 3. Figure 5-1e
shows that a dip-coated duck feather is able to support a composite interface with rapeseed oil,
and thereby display high apparent contact angles (0* = 138°). Further, Figure 5-1f shows an
image of the back of a dip-coated duck feather. The top surface of the duck feather has multiple
droplets of hexadecane (y, = 27.5 mN/m; 4" = 3.3) on its surface (see inset). It is clear from the
image that the dyed hexadecane droplets have not penetrated the texture of a dip-coated duck

feather.

In Figure 5-1b we show an SEM micrograph highlighting the surface texture of a dip-coated

lotus leaf. A comparison with the surface morphology of an uncoated lotus leaf (Figure 5-1a)
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shows that all the surface details, even in the sub-micron range are preserved after the dip-
coating process. The inset in Figure 5-1b shows that the dip-coating process turns the surface of
the leaf oleophobic, allowing it to support a robust composite interface with rapeseed oil and

display large apparent contact angles (6 = 145°).

Another general class of textured substrates possessing re-entrant curvature is commercial
fabrics. Figure 5-1c¢ shows an electron micrograph of a commercial polyester fabric (Anticon 100
clean-room wipe). The inset in Figure 5-1c¢ shows that a droplet of hexadecane completely wets
the surface of the as-received polyester fabric. Figure 5-1d shows the surface morphology of a
polyester fabric dip-coated with fluorodecyl POSS. All the surface details of the polyester fabric
are preserved after the dip-coating process. The inset in Fig. 3d shows the elemental mapping of
fluorine on the dip-coated fabric surface using energy dispersive X-ray scattering (EDAXS).
This image confirms that the dip-coating process provides a conformal coating of fluorinated
molecules on the fabric surface. The liquid repellency of the dip-coated fabric is highlighted in
Fig. 3e which shows that this fabric is able to support a composite interface and display high
apparent contact angles (0* > 140°) even with octane (3, = 21.7 mN/m). Taking the geometry of
the bundle as the dominant texture (Rpundie = Dpundie = 150 pm, Rpper = 5 pm, Dppe, = 10 um, D’ =
6), the robustness factor 4" = 2.5. The reflective surface visible underneath all the droplets shown

in the figure clearly indicates the formation of the composite interface.

5.2 Strain induced tunable wettability
To obtain even higher apparent contact angles with such low surface tension liquids, it is
necessary to increase the value of the spacing ratio D" (see Eq. 4). For polyester fabrics, this can

be readily achieved by equal biaxial stretching such that the imposed strain ¢ is the same in both
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directions. Strain ¢ is defined as(L - L,)/L,, where L and L, represent the stretched and non-

stretched dimensions of the surface respectively. Stretching (such that the inter-fiber spacing D is
increased for a fixed value of the fiber radius R) increases the spacing ratio to be

*

D =D, sweened (1+ € ), leading to an increase in the value of the apparent contact angles.

stretched
Based on the CB relation, the apparent contact angles on the stretched fabric can then be
computed as:

* *

cos -1+ (5-5)

stretched —

*;[sin0+(7z—6’)cosﬁ]:—1+1L(1+cos¢9

non—stretched )
stretched t+e&

However, as mentioned earlier, for a cylindrical geometry the two design parameters D” and 4~
are strongly coupled (see Eq. 3). Another consequence of increasing the inter-fiber spacing D is
more severe sagging of the liquid-air interface, leading to lower values of the robustness factor
A", Thus, with increasing values of D, we expect to initially see an increase in the value of
apparent contact angles 6. However, once 4~ decreases to values close to unity, the system is

expected to transition suddenly to the Wenzel state.

The changes in the apparent advancing and receding contact angles for dodecane (y, = 25.3
mN/m, 8= 70°) on a dip-coated polyester fabric, as a function of the applied strain are shown in
Figure 5-2. As expected from Eq. 5, initially there is an increase in both the apparent advancing
and receding contact angles with increasing values of strain due to the increasing fraction of
trapped air underneath the liquid droplet. Figure 5-2b shows the variation with applied strain in
the values of both the robustness factor 4*, and the spacing ratio D" for dodecane on the dip-
coated fabric surface. Comparison between Figure 5-2a and Figure 5-2b shows that we see a

rapid transition to a super-wetting regime with both ¢’ =¢" =0° when 4" — 1. Threshold

values of A" for the transition from the composite regime to the Wenzel regime were measured to
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be consistently close to unity (varying between 4” = 1.0 and 4™ = 1.7) for various polar and non-
polar liquids. Thus, biaxial stretching provides a simple mechanism for systematically adjusting
the wetting properties of the dip-coated polyester fabric. To our knowledge, this is the first

demonstration of tunable superoleophobicity on any surface.
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Figure 5-2. (a) The apparent advancing (red squares) and receding (blue dots) contact angles for
dodecane (7, = 25.3 mN/m) on a dip-coated polyester fabric, as a function of the applied bi-axial
strain. The dashed red and blue lines are the apparent contact angles predicted by Eq. 5. (b)
Predictions for 4™ (red line) and D" (blue line) as a function of the imposed bi-axial strain on the
fabric. (c) Switchable oleophobicity of the dip-coated fabric with decane (3, = 23.8 mN/m). (d)
and (e) Decane droplets on a non-stretched and stretched (30% bi-axial strain) dip-coated
polyester fabric respectively.

An example of switchable oleophobicity of the fabric surface is shown in Figure 5-2c. When a
droplet of decane (3, = 23.8 mN/m, @ = 60°) is placed on an unstretched (D" = 6) dip-coated
fabric, the relatively high value of the robustness factor (4" = 2.8) enables the fabric to support a

composite interface with decane and thereby display high advancing apparent contact angles
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0" =149° £2° (Figure 5-2¢). However, once the fabric is biaxially stretched to a strain of 30%
(D* = 7.8) to yield robustness factor values close to unity (A* ~ 1.4), the fabric is fully wetted by

decane, with 6, — 0° (see Fig. 4e).

When the strain on the fabric is released, the initial surface texture is restored. Returning to the
original value of inter-fiber spacing D leads once more to high values of the robustness factor 4.
This allows the fabric to support a composite interface and display high apparent contact angles
with a new droplet of decane at any location on its surface, other than the spot where it was
previously fully-wetted. The fabric is also able to regenerate its oleophobic properties, at the
original wetted spot after a simple evaporative drying process. The data in Figure 5-2¢ shows the
apparent contact angles with decane at a single fixed location on the dip-coated polyester fabric.
The first contact angle measurement is performed on the unstretched fabric. Next, the fabric is
stretched until D increases to a value of 7.8 and correspondingly 4™ decreases to a value of 1.4,
leading to complete wetting. The strain is then removed and the fabric is placed in a vacuum
oven to dry at 100°C for 20 minutes. This is followed by another contact angle measurement at
the same location. Next, the fabric is stretched again and the cycle is repeated. It is clear from
Figure 5-2c¢ that biaxial stretching enables the fabric to easily switch its wetting characteristics
from perfectly oil-wetting to non-wetting, easily and reproducibly. Further, EDAXS elemental
mapping (see supporting information) on the dip-coated fabrics after the sixth cycle shows that
there is no apparent physical damage to the fabric coating after the entire process, such as
cracking or delamination. Similar switchable wettability is also possible with ethanol (y, = 22.1
mN/m), methanol (j, = 22.7 mN/m) and dodecane (j,, = 25.3 mN/m) by stretching up to 20%,

30% and 60% strain respectively.
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5.3 Strain induced sequential wetting of alkanes
From the definitions of the design parameters A” and D" in Equations 3 and 4, it is clear that for
the same value of the spacing ratio D", different liquids possess different values of the robustness
factor 4" due to the differing values of surface tension, capillary length and equilibrium contact
angle for each liquid on the fluorodecyl POSS surface. Thus, while the dip-coated fabric may
support a composite interface with a particular contacting liquid (4" >> 1), another liquid with a
lower surface tension may fully wet the fabric (4" = 1). In addition, as we have shown in Figure
5-2b, biaxial stretching of the fabric provides a simple mechanism to tune the robustness factor
A" and correspondingly adjust the conditions under which a liquid will wet and permeate through

the fabric, or remain beaded up at the top of the surface.

Figure 5-3 highlights the strain-induced sequential wetting of a dip-coated polyester fabric with a
series of drops by exploiting its sensitivity to the surface tension and equilibrium contact angle of
the contacting liquid. The non-stretched (D" = 6) dip-coated fabric shown in Figure 5-3a is able
to support a composite interface with four different low surface tension alkanes, octane (y, =
21.7 mN/m), decane (5, = 23.8 mN/m), dodecane (7, = 25.3 mN/m) and hexadecane (y, = 27.5
mN/m). Starting from this initial state, we continuously increase the applied strain on the fabric.
At a strain of 15% the spacing ratio reaches a value of D" = 6.9, and the lowest surface tension

oil octane ( 4"

octane

~ 1.7) transitions to a fully wetted Wenzel state (Figure 5-3b), while the other
three liquids maintain the Cassie-Baxter composite interface with the dip-coated fabric. Thus, the
stretched fabric can demonstrate remarkably different wetting properties with liquids having a
surface tension difference of Ay, ~ 2 mN/m between them. On increasing the spacing ratio

*

further, until the spacing ratio reaches a value of D’= 7.8, decane (4 ~ 1.4) wets the fabric

decane
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surface (Figure 5-3c), while dodecane and hexadecane still maintain a non-wetting composite

interface. Further stretching of the fabric (until D" =9.6) causes even dodecane ( 4’ ~1.0) to

dodecane

transition to the fully-wetted interface (Figure 5-3d).

Figure 5-3. Sequential wetting of four alkane droplets on a dip-coated polyester fabric. (a) Super-
repellency of the unstretched, dip-coated, fabric against octane (j, = 21.7 mN/m), decane (y, =
23.8 mN/m), dodecane(y, = 25.3 mN/m) and hexadecane (y, = 27.8 mN/m). (b) At 15% strain,
octane droplet transitions to the Wenzel regime with 4" = 1.7. (c) At 30% strain, decane droplet
transitions to the Wenzel regime with 4" = 1.4. (d) At 60% strain, dodecane droplet transitions to
the Wenzel regime with A" = 1.0. Hexadecane does not transition into the Wenzel regime until
the fabric fibers start to tear apart at ~70% strain.

In conclusion, in this work we have developed a simple dip-coating process that enables us to
provide a conformal coating of extremely low surface energy fluorodecyl POSS molecules on
any surface, including those that inherently possess re-entrant texture, such as duck feathers,
lotus leaves or commercially available fabrics. The synergistic effect of roughness, re-entrant

texture of the preformed substrate, and the low surface energy of fluorodecyl POSS molecules,
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enables the dip-coated texture to support a composite interface even with very low surface
tension liquids. We have also used two design parameters 4" and D to provide an a priori
estimate of both the apparent contact angles as well as the robustness of a composite interface.
Biaxial stretching of a dip-coated, commercial polyester fabric can cause a significant
enhancement in both the apparent advancing and receding contact angles as predicted by changes
in the spacing ratio D", Further, due to the strong coupling between the two design parameters A
and D" for a typical fiber geometry, stretching the commercial fabrics can lead to a dramatic
reduction in the robustness of the composite interface that is supported with a given contacting
liquid. Indeed, beyond a critical strain at which 4~ decreases to values close to unity, the
contacting liquid spontaneously penetrates the fabric texture, leading to near zero contact angles.
In the context of this design framework, we have developed suitably textured surfaces that can
readily adjust their surface wettability and even switch their wettability behavior (between super-
wetting and super-repellent) reversibly with a wide range of polar and non-polar liquids, in

response to simple mechanical deformation.
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6 Fluoroalkylated Silicon-Containing Surfaces — Estimation of
Solid Surface Energy

[This chapter is partially reproduced from “S. S. Chhatre, J. O. Guardado, B. M. Moore, T. S.
Haddad, J. M. Mabry, G. H. McKinley, R. E. Cohen, ACS Applied Materials and Interfaces
2010, 2, 3544-3554” with permission from the American Chemical Society. Copyright 2011
American Chemical Society]

6.1 Introduction
In the recent past, there have been a number of reports on surfaces that are not wetted by liquid
droplets, i. e. superhydrophobic,'™ oleophobic,”"* hygrophobic,'® omniphobic” ' surfaces. These
surfaces have potential applications in oil-water separation, non-wettable textiles,” > & & % 1413
and fingerprint/smudge resistant touch-screen devices. Here we use the term Omniphobicity to
refer to surfaces that are not wetted by a broad set of liquids, including water, alkanes, alcohols,
acids, bases and other organic liquids. The design of omniphobic surfaces involves selection of a

suitable surface chemistry to minimize the solid surface energy and optimal choice of the surface

texture.

In our previous work, we emphasized re-entrant topography as a necessary condition for the

-9, 11-13 . :
79, Liquids such as

design of surfaces that are not wetted by low surface tension liquids.
octane (y,=21.6 mN/m) and methanol (y,=22.7 mN/m) will partially wet a flat untextured
surface (equilibrium contact angle, 8z < 90°) of any surface chemistry. Using a combination of
surface chemistry and re-entrant texture, surfaces that exhibit substantially enhanced non-
wettability to such liquids (apparent contact angle, §° > 90°) can be created. On such non-wetting
surfaces, liquid droplets sit partially on the solid texture and partially on the air trapped between

the asperities of the solid texture. The Cassie-Baxter (CB) relation can be used to understand

variations in the apparent contact angles (") for liquid droplets with solid-liquid-air composite
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interfaces. The CB relation shows that the apparent contact angle (0) increases as the
equilibrium contact angle (6z) increases and as the relative amount of trapped air increases.'” We
have also developed an expression for the breakthrough pressure (Pp) required for the disruption
of this solid-liquid-air composite interface (or ‘CB state’).'* Both the apparent contact angle )
and the breakthrough pressure (P5) increase monotonically with increasing equilibrium contact

7-9, 12

angle (Og). Therefore maximizing 6 is one objective in the optimal design of omniphobic

surfaces with robust composite interfaces.

We have used fluorodecyl POSS based coatings to design a range of robust non-wettable
surfaces.”” '"® A fluorodecyl POSS molecule consists of a silicon — oxygen cage surrounded by
eight 1H,1H,2H,2H-heptadecafluorodecyl chains.'”® A flat silicon wafer spin-coated with a
uniform coating of this molecule has one of the highest reported values of equilibrium contact
angle for water droplets (8 =~ 122°). Moreover, liquid droplets with a wide range of surface
tension (15.5 < y, < 72.1 mN/m) form high contact angles on a fluorodecyl POSS coated flat
surface (as summarized in Figure 6-1). The contact angles (6,4, and 6,..) are significantly higher
on a fluorodecyl POSS surface than on a corresponding surface coated with a fluoropolymer
such as Tecnoflon (BR 9151, a fluoro-elastomer from Solvay Solexis). In addition, it is apparent
from Figure 6-1 that the difference between the corresponding contact angles on the two surfaces
increases as the liquid surface tension (y;) decreases. The molecular level origins of the
unusually low wettability of fluorodecyl POSS remains unresolved.

In this study, we document the wettability of two sets of fluorinated silicon-containing molecules
in an attempt to resolve some aspects of the unanswered questions regarding fluorodecyl POSS.
In the first set, the length of the fluorinated chain is changed keeping the T silicon/oxygen cage

intact. [This cage is referred to generally as the 7T cage because it has eight silicon atoms each
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bonded to three oxygen atoms.] In the other set of molecules, the fluorodecyl chain is retained
and the silicon/oxygen architecture is changed successively from a T cage to a O, ring [four Si
atoms, each bonded to four oxygen atoms] or a M, straight chain [two Si atoms, each bonded to a
single oxygen atom]. The structure and chemical formulae are summarized in Table 6-1.

Table 6-1. Structure of Fluorohexyl T, Fluoropropyl T, Hexafluoro-i-butyl T is shown along

with the structure of Fluorodecyl 75 and Fluorooctyl Ty , Fluorodecyl QMg and Fluorodecyl M,
for reference.

e _0-__R Fluorodecyl T, R = -(CH),-(CF);-CF;
R\SiP', '\Si ,ds‘{ Fluorooctyl Ts, R = -(CH,),-(CF,)s-CF3
7 o\ DQR Fluorohexyl Ts, R = -(CH,),-(CF»);-CF;
R%Si\o_ —Sisg Fluoropropyl T3, R = -(CH,),-CF3
R o i‘;o Hexafluoro-i-butyl Ts, R = -CH,-CH(CFs3),
R(HCHSQ OSICHIR
RIHICH S0y rng ISR
0( >° Fluorodecyl Q.Ms, R = -(CH,)2-(CF2)7-CF3
RICESOF S~ ogicryR
R{HCRSO OSI(CHER
Fac(cmH"':chll'hc)le/o\SI(CHahchgk{CF hCFs Fluorodecyl M2, R = -(CH,),-(CF»);-CF;

Apparent Water (y,, Diiodomethan | Rapeseed Qil | Hexadecane Octane (y,,
advancing 72.1 mN/m) ey, =508 (7 =355 (pp=27.5 21.6 mN/m)
contacl angles mN/m) mN/m) mN/m)

(6" a)

Fluorodeeyl 122 £ 2° 100 = 2° BB £ 3° 80 =x1° 67=x1°

POSS

&
R 070

Tecnollon 110 £2° 80 +2° 71+£2° 58+£2° 16 £ 3°

Figure 6-1. Variation of advancing contact angles (6,4,) on flat silicon wafers spin-coated with
fluorodecyl Ts and Tecnoflon is shown. The advancing contact angles decrease in magnitude as
the surface tension of the contacting liquids decreases from y,=72.1 mN/m (for water) to
v =21.6 mN/m (for octane) and as the solid surface energy increases from fluorodecyl Ty to
Tecnoflon.
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The wettability of these materials is assessed using contact angle measurements on smooth spin-
coated Si wafers with a set of probing liquids. There are various methods described in the
literature to estimate the solid surface energy from contact angle data: including the Zisman
analysis,19 Owens-Wendt method,” or Girifalco-Good method*" %%, In this work, we perform
Zisman analysis with a set of n-alkanes, a standard framework for quantifying non-wettability of
low energy solid surfaces. We also estimate the surface energies of our solid surfaces using the
Girifalco-Good analysis, which additionally considers polar contributions in the wettability

analysis.

6.2 Synthesis of fluoroalkylated silicon-containing molecules

Fluorodecyl, fluorooctyl and fluorohexyl POSS: A 94.3% yield of pure 1H,1H,2H,2H-
heptadecafluorodecylgTs (Fluorodecyl POSS), a 95.1% yield of pure 1H,1H,2H,2H-
tridecafluorooctylgTs  (Fluorooctyl POSS), a 91.5% yield of pure 1H,1H,2H,2H-
nonafluorohexylg Ty (Fluorohexyl POSS)and was obtained using a previously reported method."®
Fluoropropyl POSS: Fluoropropyl POSS was synthesized using a modification of a previously
reported method.” 3,3,3-Trifluoropropyltrichlorosilane (0.87 mL) was added to a stirred solution
of heptakis(3,3,3-trifluoropropyl)tricycloheptasiloxane trisodium silanolate (4.00 g) in THF (70
mL) at room temperature. Triethylamine (0.49 mL) was then added drop wise to the mixture.
The contents were stirred under nitrogen for 3 h in a 150 mL round bottom flask with a Teflon-
coated magnetic stir bar. After filtering the precipitated salts, the filtrate was concentrated under
reduced pressure. The fine white powder formed was rinsed with methanol and dried. A 76%
yield of pure 3,3,3-trifluoropropylsTs (Fluoropropyl POSS) was obtained.

Hexafluoroisobutyl POSS: Hexafluoroisobutene (28.4 g, 173 mmole) was condensed into a 250

mL heavy walled reaction vessel with a Teflon-coated magnetic stir bar. HSiCl; (23.9 g, 176
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mmol) was then added at -10 °C under nitrogen followed by a 0.2 M H,PtCls isopropanol
catalyst solution (0.5 mL, 0.1 mmol). The flask was sealed, heated to 150 °C, and stirred for 40
h. The contents were then vacuum transferred at 0 °C to a collection flask, which was then
cooled to -80 °C. While slowly warming to -40 °C, volatiles were removed under static vacuum
to give an 85 % yield of hexafluoroisobutyltrichlorosilane (44.2 g, 148 mmol). '"H NMR (3,
CDCl3) 3.29 ppm (1H, nonet, *Jur and *Juy = 7.2 Hz, CH), 1.93 ppm (2H, d, *Jy.u = 7.2 Hz,
CH,); "°F NMR (8, CDCls) -68.23 ppm (d, *Ju.r = 7.2 Hz); “C{'H} NMR (8, CDCl;) 123.28
ppm (quart, Jer= 281 Hz, CF;) 44.40 ppm (sept, 2Jc_p = 30 Hz, CH), 18.49 (m, 3Jc_p = 1.8 Hz,
CH,); *’Si{'H} NMR (5, CDCl;) 8.14 ppm (br, s).

Hexafluoroisobutyltrichlorosilane (44.19 g, 148 mmole) was placed into a 250 mL round bottom
flask (rbf) with a Teflon-coated magnetic stir bar under nitrogen and heated to 100 °C.
Trimethylorthoformate (145.3 mL, 1.33 mol) was added drop-wise over a period of 1.5 h and the
reaction was refluxed overnight. 1H,1H,2H-Hexafluoroisobutyltrimethoxysilane was isolated by
fractional distillation (bp = 102 °C) under full dynamic vacuum, in 63 % isolated yield (26.57g,
93 mmol). 'H NMR (5, CDCls) 3.52 ppm (9 H, s, OMe), 3.06 ppm (1H, nonet, 3Jur and *Jun
= 7.2 Hz, CH), 0.97 ppm (2H, d, *Ji.u = 7.2 Hz, CH,); "’F NMR (8, CDCls) -69.25 ppm (d, *Jiv.¢
= 7.2 Hz); “C{'H} NMR (8, CDCl3) 123.75 ppm (quart, 'Jc.r = 269 Hz, CF5), 50.27 (s, OCHs)
43.64 ppm (sept, “Jer = 29 Hz, CH), 3.20 (m, “Je.r = 1.7 Hz, CH,); *’Si{'"H} NMR (8, CDCI3)
-48.7 ppm (s).

1H,1H,2H-Hexafluoroisobutyltrimethoxysilane (2.00 g, 7.00 mmole) and 205 mg of KOH
solution (774 mg KOH in 100 mL H,0O) were added to 7 mL ethanol in a 25 mL rbf with a
Teflon-coated magnetic stir bar and stirred overnight at room temperature, under nitrogen. The

fine white powder formed was rinsed with ethanol and dried. An 85% yield of pure
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Hexafluoroisobutyl POSS was obtained. 'H NMR (3, CsF¢) 3.65 ppm (1H, nonet, *Jy.r and Ty
=7 Hz, CH), 1.54 ppm (2H, d, *Ji.y = 7 Hz, CHy); "’F NMR (8, CeF) -70.4 ppm (d, *Jyp = 7
Hz); “C{'H} NMR (3, C¢F¢) 123.47 ppm (quart, 'Jep = 282 Hz, CF3), 43.83 ppm (sept, “Jc.r =
30 Hz, CH), 5.18 (s, CH,); *Si{'H} NMR (8, C¢F¢) -69.4 ppm (s).
1H,1H,2H,2H-HeptadecafluorodecylgMgQ, (FluorodecylsMsgQy): 1H,1H,2H,2H-
Heptadecafluorodecyldimethylchlorosilane (25 g, 46.2 mmol), octakis[chloro calcium
oxy]cyclotetrasilicate24 (3.4 g, 3.7 mmol), acetone (50 mL), and AK225 (14 mL) were added to a
100 mL rbf and refluxed under nitrogen for three days.” The volatiles were then removed under
vacuum. The product was dissolved in AK225 solvent (50 mL) and a water extraction was used
to remove CaCl,. Isopropanol (10 mL) and Amberlyst 15 (1 g) were added after reducing the
solvent to 25 mL. After 3 h of stirring, the solution was filtered through silica gel (1.20 g, 60 A
pore size, 35-75 micron particle size). After re-dissolving the product in AK225 (11 mL),
Amberlyst 15 (1.03 g) and silica gel were added,”® and the mixture was stirred overnight at room
temperature. The solution was filtered through silica gel and the volatiles were removed by
dynamic vacuum. The fluorodecylgMsQs was dissolved in a minimal amount of AK225. A
white precipitate formed upon sitting at room temperature. The AK225 was filtered off and the
solid was washed with chloroform. A 9% vyield (1.5 g) of fluorodecylgMsQ4 was obtained.
¥Si{'H} NMR (AK225, ppm) 12.0 (s), -108.3 (s).
1,3-bis(1H,1H,2H,2H-Heptadecafluorodecyl)-1,3-tetramethyldisiloxane  (Fluorodecyl,M,
disiloxane): A distillation to isolate the fluorodecyl,M; disiloxane was performed on the final
distillate during the synthesis of FluorodecylsMgQ4 at 118 °C, 0.2 mmHg. A 10% yield (4.7 g)
of fluorodecyl,M, disiloxane was obtained. 'H NMR (CDCl;, ppm) 0.12 (s), 0.75 (m), 2.03 (m).

¥Si{'H} NMR (CDCl, ppm) 8.4 (s).
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Surface characterization — The fluoroalkylated silicon-containing molecules were dissolved in
Asahiklin solvent (AK 225, Asahi Glass Company) at a concentration of 10 mg/ml. Later, the
solutions were spin-coated on a flat silicon wafer at 900 rpm for 30 seconds to achieve uniformly
coated flat surfaces (AFM rms roughness < 10 nm) for contact angle measurements. Advancing
and receding contact angles were measured using a VCA2000 goniometer (AST Inc.) with ~5

uL droplets of various liquids (purchased from Aldrich and used as received).

6.3 Zisman analysis on fluoroalylated silicon-containing surfaces
Zisman and co-workers introduced the concept of the critical surface tension for a solid surface
(vo),"” 2738 and it has become the most commonly used parameter to rank order solid surface
energy (ys,) and wettability of different substrates. In order to assess the impact of molecular
structure on wettability, contact angle measurements were performed on the full set of
fluoroalkylated silicon containing molecules shown in Table 6-1. n-alkanes [pentane
(yn=15.5 mN/m) to hexadecane (y, =27.5 mN/m)] were used as contacting liquids, and the
advancing contact angles (6,4,) results are summarized in Figure 6-2. Strong linear correlations
(R’ = 0.95 to 0.99) were observed for plots of cosf,q versus liquid surface tension (yu). The
critical surface tension (y.) for the spin-coated surfaces was obtained by a linear extrapolation of
the best-fit line through the cosf,4 versus y; data. The intercept of this extrapolation to the
cosf.ay =1 line is the critical surface tension (y.). As the length of the perfluorinated chain
decreased from fluorodecyl Ts (M) to fluoropropyl Ts (<€), the critical surface tension (y.)
increased monotonically from 5.5 to 19.7 mN/m. This trend is consistent with Zisman’s results
on modified poly tetrafluoroethylene (PTFE),”’ chlorinated polymers,31 fluorinated
(meth)acrylate polymers,” and perfluorinated carboxylic acids.” ¥ Additionally, the critical

surface tension (y.) increased as the size and complexity of the —Si/O— structure decreased; from
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y. = 5.5 mN/m for the fluorodecyl T (cage, M) to y. = 14.5 mN/m for the fluorodecyl Qy (ring,A)

and y. = 19.6 mN/m for the fluorodecyl M, (straight chain, V).
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Figure 6-2. Zisman analysis for fluoroalkylated silicon-containing compounds. Cosine of
advancing contact angles (6,s,) for droplets of hexadecane (y,=27.5 mN/m), dodecane
(yn» =253 mN/m), decane  (y,=23.8 mN/m), octane (y,=21.6 mN/m), heptane
(y»=20.1 mN/m), and pentane (y, = 15.5 mN/m) on a spin-coated film on a flat silicon wafer
are plotted against the surface tension of contacting liquids (y,). For fluorodecyl Ty
(yc=5.5 mN/m, M), fluorooctyl Ts (y.=7.4 mN/m, @), fluorohexyl Ts (y.=8.5 mN/m, @),
fluoropropyl T (y. = 19.7 mN/m, <€), hexafluoroisbutyl Ty (y.= 17.7 mN/m, @), fluorodecyl Q,
(yc=14.5 mN/m, A), and fluorodecyl M, (y. = 19.6 mN/m, V), the critical surface tension (y.) is
obtained by a linear extrapolation of the corresponding best-fit line.

The critical surface tension (y.) is a qualitative indicator of the solid surface energy (y,,) but it is
not equal to the solid surface energy (y.# ys,). Any liquid with a lower surface tension than the
critical surface tension (y; < 7.) is expected to completely wet the solid surface (6 = 0). Zisman
noted that the critical surface tension (y.) can change if a different set of probing liquids is used
on the same solid surface. When the solid surface and/or the contacting liquid is polar with a
higher value of surface tension, the contact angle data deviates from the linear trend, as shown in

Figure 6-3 for a flat silicon wafer spin-coated with fluorodecyl 7s. The advancing contact angle
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data (6,4, M) for liquids with a wider range of surface tensions (15.5<y,<72.1 mN/m) are

plotted along with the linear extrapolation of the Zisman line ( ). The Zisman line fits the
alkane data well (R> = 0.99 for fluorodecyl Ty, Figure 2, y,< 30 mN/m), however it deviates
significantly when other liquids are included (R’ = 0.04 for fluorodecyl T, Figure 6-3). Alkanes
are completely non-polar, while higher surface tension liquids like water, ethylene glycol or
dimethyl sulfoxide have polar functional groups and the polarity of these probing liquids is

considered to be the cause of deviation from the Zisman line.
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Figure 6-3. Variation of advancing contact angles (6,4,) of liquid droplets with a wide range of
surface tension on a fluorodecyl T surfaces is shown in this figure. Cosine of advancing contact
angles (6,4v) for droplets of water (y, = 72.1 mN/m), diiodomethane (y;, = 50.8 mN/m), ethylene
glycol (y, =47.7 mN/m), dimethyl sulfoxide (y;, =44 mN/m), rapeseed oil (y, =35.5 mN/m),
hexadecane (y, =27.5 mN/m), dodecane (y; =25.3 mN/m), decane (y, =23.8 mN/m), octane
(yn»=21.6 mN/m), heptane (y, =20.1 mN/m), and pentane (y;, = 15.5 mN/m) on a spin-coated
film on a flat silicon wafer are plotted against the surface tension of contacting liquids (ys). The
Zisman best fit line for the alkane data ( ) and the best fit Girifalco-Good curve (— — .)
over the whole range of liquids is shown with the respective intercepts y. = 5.5 mN/m, and
ye = 9.3 mN/m respectively.

A better model which incorporates the polarity of the solid surface and/or the contacting liquid

was proposed by Girifalco, Good and co-workers.”"” ** ** According to this framework, the
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solid surface energy (ys,) is given by Equation 6.1, where 8 is the equilibrium contact angle and
@4 1s a solid-liquid interaction parameter.

I/Vsll/Z :}/lv(1+COSHE):2¢SI\jysvylv (6-1)
Equation 6.1 has two unknowns, y,, and @y The parameter ¢y equals the ratio of work of

adhesion of the solid-liquid pair (W) to the square roots of the works of cohesion of the solid (
W.=2ys) and the liquid (W, =2y,), where W< W, =4y,y,. The Berthelot geometric mean

mixing rule suggests that the work of adhesion can be approximated as the product of the square

roots of the two works of cohesion.”? For non-polar liquid droplets on non-polar solids, this is

indeed the case (W, =\W:W, ), and the solid-liquid interactions are nearly ideal (py=

w / Ww, =1), e. g. alkane droplets on fluorodecyl POSS (Figure 6-2 and Figure 6-3).

However, in general, the value of ¢, for a solid/liquid pair is not known a priori. Contact angle
measurements were performed over a broad range of liquids with differing polarities and the
average value of ¢y was assumed to be unity. The advancing contact angle measurement results,
along with the (py = 1) best fit Girifalco-Good curve (— — .) are shown in Figure 6-3 for a
fluorodecyl Ts surface. Alkanes from pentane (y,=15.5mN/m) to hexadecane
(yn»=27.5 mN/m), rapeseed oil (y,=35.5mN/m), and diiodomethane (y;, =150.8 mN/m)
represent a set of non-polar liquids; whereas dimethyl sulfoxide (y;, = 44 mN/m), ethylene glycol
(yn»=47.7 mN/m) and water (y, =72.1 mN/m) have polar nature. When compared with the

extrapolated Zisman line ( , R? = 0.04), the Girifalco-Good curve (— — .) is a much better

fit (R° = 0.88) to the advancing contact angle data over the whole range of liquid surface
tensions, barring the two outliers — water (y,=72.1 mN/m) and ethylene glycol

(yn=47.7 mN/m), which lie significantly below the curve. Statistical analysis based on the
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residuals between the best-fit predictions and measured values of cosf,,, are summarized in the

Figure 6-4 and Figure 6-5.
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Figure 6-4. The difference () between measured value of the cosine of advancing contact angle
(cosB.q4v) and the cosine of the expected contact angle from the Zisman as well as the Girifalco-
Good relation is plotted against the liquid surface tension (y). The Girifalco-Good relation is a

better fit to the data with a much smaller summation of the residual (3 » = -0.25) compared to the
Zisman analysis (3 r = 2.13).

One of the main sources of uncertainty with Zisman analysis is the large extrapolation of the
best-fit line to 6,, — 0 that is typically required to estimate the value of y.. In the Girifalco-

Good analysis, such an extrapolation is avoided. If a liquid (with surface tensiony, ) is found

such that it forms an equilibrium contact angle, 6z = 90°, then assuming that ¢, = 1, the solid

surface energy can be found by solving Equation 1 which yields y,, =y, / 4 . Even if such a liquid

cannot be found, y;, can be estimated by interpolation using two liquids (say 1 and 2) if g ; > 90°
and 0, <90°. The location, shape and curvature of the Girifalco-Good curve are an embodiment
of the solid surface energy (y,,), and in Zisman analysis, it is y.. The solid surface energy (y,,) can
also be represented as the intercept where the extrapolated Girifalco-Good curve intersects the

c0sb,q, = 1 line [y, = 9.3 mN/m in this case].
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Figure 6-5. The square of the difference (») between measured value of the cosine of advancing
contact angle (cosf,4,) and the cosine of the expected contact angle from the Zisman as well as
the Girifalco-Good relation is plotted against the liquid surface tension (y;). The Girifalco-Good
relation is a better fit to the data with a much smaller summation of the squares of the residual (3.
* =0.16) compared to the Zisman analysis (Y° = 1.30).

Since the Girifalco-Good curve has positive curvature (i.e. it is concave ‘upwards’), the Zisman
critical surface tension always tends to underestimate the solid surface energy (y.<7s)

determined from Girifalco-Good analysis. The Girifalco-Good relation (Equation 1) can be re-

written in the form cos6, =-1+2¢,./7,,/7, » which can be further expressed as a Taylor series
when y, /y,, — 17in terms of(y, /¥, —1), as shown in Equation 6.2 (assuming ¢y = 1, a good
assumption for alkanes).*
3 s E '
cos@, =1—| Loy |42 Loy | 20 T _p | g 22N e ) (6-2)
Vv A\ 7 8\ 7 64\ 7,
This series converges only if (y, /y, —1)<1 ie. y»<2ys. The Taylor series can be truncated

after the second term to get a linear relation between cosfz and y;, (Equation 6.3), and absolute

value of the slope of this line is expected to be the inverse of the solid surface energy (ys,).
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cos 0, ~ 1—[ﬁ—1j (6-3)
7/SV

This linearization is valid only if the quadratic term is considerably smaller (ca 10%) compared

to the linear term. This condition restricts the range of liquid surface tensions (y, /y,,) < 1.13 for

which the linearization is valid, therefore in general, this linearization should be avoided.
Johnson and Dettre have reported the value of the Zisman slope along with the intercept (y.) as a
more complete indicator of the solid surface energy.* The absolute value of the Zisman slope

equals the reciprocal of the Zisman critical surface tension (i.e. dcos 8, /0y, =—1/y,, ). Slopes in

the range of -0.035 to -0.050 (mN/m)"' were reported and the absolute value of the slope tends to
increase with increasing y..** This trend is contradictory to the linear form of the truncated
Taylor series expansion of the Giriflco-Good equation. Therefore, the slope of the Zisman line

does not provide a complete description of the solid surface energy (ysy).

6.4 The Girifalco — Good analysis

The Girifalco-Good framework was also applied to smooth spin-coated surfaces prepared from
the other T3 molecules and the values of the solid surface energy (y,,) were computed from the
advancing contact angle data (Figure 6-6). The calculated values of the solid surface energy
monotonically increase from y,, = 9.3 to 18.7 mN/m as the length of the fluorinated side chain
decreases from fluorodecyl Ts (M) to fluoropropyl Ts (). These values follow a similar trend to
that of the critical surface tension (y.), but as expected, there is a lack of quantitative agreement
between the two.

A close packed monolayer of —CF; moieties has the lowest known solid surface energy
(o = 6.7 mN/m)."” ¥ The side-chains of the fluoroalkylated molecules under consideration

terminate with —CF3 groups which are backed by —CF,— groups, with surface energies in the
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range of 5, ~ 18-20 mN/m.*® As the length of the perfluorinated chain increases, close packing
of the chains becomes more favorable and consequently liquid-induced molecular reorganization
at the surface becomes restricted. For fluorodecyl 75 with the longest perfluorinated chain (seven
—CF,— groups), predominantly —CF3 groups are presented at the surface and the surface energy
remains quite low (y,, = 9.3 mN/m). However, as the length of the fluorinated chain decreases,
the tendency to chain alignment and crystallization reduces and the chains at the solid-liquid

interface become more susceptible to liquid-induced reorganization.
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Figure 6-6. Variation of advancing contact angles (6,4,) for Ts cages surrounded by various
fluorinated chains is summarized in this figure. Cosine of advancing contact angles (6,4,) for
droplets of water (y,=72.1 mN/m), diiodomethane (y,=50.8 mN/m), ethylene glycol
(y»=47.7 mN/m), dimethyl sulfoxide (y, =44 mN/m), rapeseed oil (y,=35.5 mN/m),
hexadecane (yp =27.5 mN/m), dodecane (y; =25.3 mN/m), decane (y,=23.8 mN/m), octane
(y» =21.6 mN/m), heptane (y, =20.1 mN/m), and pentane (y, = 15.5 mN/m) on a spin-coated
film on a flat silicon wafer are plotted against the surface tension of contacting liquids (y;). Solid
surface energy for Fluorodecyl Ty (ys,=9.3 mN/m, M), fluorooctyl 7s (ys = 10.6 mN/m, @),
fluorohexyl Ts (y,,=11.6 mN/m, @), fluoropropyl Ts (y,,=18.7mN/m, <€), and
hexafluoroisbutyl Ts (5, = 19.1 mN/m, ®) is estimated by the extrapolation of the best fit
Girifalco-Good curve.
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Consequently, the underlying higher surface energy moieties (—CF,— and —CH,— groups) are
exposed to the contacting liquid, and y,, increases significantly from the value y,, = 9.3 mN/m,
which is close to that of a —CF3; monolayer. It was also noted that some high surface tension
liquids like dimethyl sulfoxide (y,=44 mN/m) or ethylene glycol (y,=47.7 mN/m) fully wet
(6 — 0°) the fluorohexyl and fluoropropyl Ts surfaces, even though y;, >> y.. This unexpected
behavior is due to specific polar interactions across the solid-liquid interface and it can be

understood by careful examination of the Girifalco-Good framework.

In one set of molecules, the 75 cage structure was kept constant and the length of the
perfluorinated side chain was changed (Figure 6-6). It was found that fluorodecyl Ts, with the
longest perfluorinated side chain, had the lowest solid surface energy (y,,) among the Tg
molecules. Therefore, in a second set of molecules, the fluorodecyl side chain was kept constant
but the —Si/O— architecture was changed from the 75 cage (M) to a O, ring (A) as well as a linear
chain molecule (¥, M>). The solid surface energy (y) increased from 9.3 mN/m for the
fluorodecyl Ts, to 14.3 mN/m for fluorodecyl Q,, and finally to 26.8 mN/m for fluorodecyl M,
(Figure 6-7). This trend is consistent with the variation in the corresponding critical surface
tensions (y.) obtained from Zisman analysis. In this set of molecules, the perfluorinated side
chain was held constant; therefore changes in the —Si/O— architecture are the only possible cause
for the change in wettability. For the fluorodecyl M, molecules, the relative ease of access to the
high surface energy —Si—O—Si— moiety is expected to be the reason for its high solid surface
energy. The reason for the difference in wettability of the fluorodecyl 75 and O, molecules is

currently unknown.
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Figure 6-7. Variation of advancing contact angles (6,4, for various —Si/O— moieties surrounded
by 1H,1H,2H,2H-heptadecafluorodecyl chains is summarized. Cosine of advancing contact
angles (6,4v) for droplets of water (y, = 72.1 mN/m), diiodomethane (y;, = 50.8 mN/m), ethylene
glycol (y, =47.7 mN/m), dimethyl sulfoxide (y;, =44 mN/m), rapeseed oil (y, =35.5 mN/m),
hexadecane (y, =27.5 mN/m), dodecane (y; =25.3 mN/m), decane (y, =23.8 mN/m), octane
(yn»=21.6 mN/m), heptane (y;, =20.1 mN/m), and pentane (y;, = 15.5 mN/m) on a spin-coated
film on a flat silicon wafer are plotted against the surface tension of contacting liquids (). Solid
surface energy for Fluorodecyl Ts (y5, = 9.3 mN/m, W), fluorodecyl O (75, = 14.3 mN/m, A),
and fluorodecyl M; (y,,=26.8 mN/m, ¥) is estimated by the extrapolation of the best fit
Girifalco-Good curve.

According to the Girifalco — Good framework, the total surface energy can be divided into a
dispersion (or non-polar, yd) and a polar () component. Subsequently, Girifalco, Good and co-

workers expressed the polar component of a solid (»? ) or a liquid (/) in terms of hydrogen

bond donating (or acidic, y") and hydrogen bond accepting (or basic, y~) components (as shown

in Equation 4).

_ . d p _ A d +,.,—
j/v_yv—l_}/v_}/v—i—z 7/v7/v
A A A I W/l (6-4)
Vo =VntVn=Vo +2WV0s
Liquids such as acetone (y;, = 25.2 mN/m) or dimethyl sulfoxide (y;, = 44 mN/m) have an oxygen

atom attached to an electropositive atom; therefore, the oxygen can donate its lone pair of
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electrons or accept hydrogen bonds. These liquids do not have any acidic protons, and therefore

have negligibly small values of hydrogen bond donating components of surface energy (y,, ).

Such liquids with one predominant polar component are said to be monopolar liquids. Liquids
like ethylene glycol (y,=47.7mN/m) and glycerol (y, =66 mN/m) have both (a) an
electronegative atom like oxygen which can accept hydrogen bonds, and (b) a hydrogen atom
bonded to electronegative oxygen atom, which can be easily donated. Therefore, such liquids

have appreciable values of both the polar components (., 7, ), and they are commonly termed

bipolar liquids. Values of the surface energy components are known (tabulated in the supporting

information) based on water as a standard state withy, =y, =25.5 mN/m. Some researchers
have recently argued that for water y;/y,=6.5, based on the shifts in the absorption

wavelengths of solvatochromic dyes,*® but we have used the former standard state due to the

availability of surface energy component data in this reference frame. Finally, it is important to

note that the magnitude of acidic ( }/:v)and basic components ( ]/;v)of the solid surface energy
depends on the choice of the standard state, whereas the magnitude of the total polar

(va =2rlr. )and dispersion component (}/fv) is independent of the standard state.

Two molecules of a bipolar liquid can have dispersion (non-polar) as well as polar cohesive
interactions with each other; and due to the presence of these additional polar interactions, the

surface tension (y;,) and work of cohesion (W, = 2y,,) for bipolar liquids tends to be higher than

for non-polar or monopolar liquids (Figure 6-8). A droplet of a bipolar liquid can interact with a
non-polar solid only through dispersion adhesive interactions, and consequently the work of

adhesion (W) tends to be lower for a bipolar liquid on a non-polar solid. Therefore, for a droplet
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of bipolar liquid (like water and ethylene glycol) on a non-polar solid, the parameter ¢y =
W / JWwe <14 In Figure 6-3, Figure 6-6 and Figure 6-7 we fitted Equation 1 to the

advancing contact angle data, assuming ¢y = 1, but we now recognize that ¢y <1 for water and
ethylene glycol on non-polar surfaces. Therefore, these points corresponding to bipolar liquids
are not expected to lie on the best-fit curve (Equation 1).

(a) Bipolar liquid on a non-polar solid (p;; < 1) (b) Monopolar or non-polar liquid on a non-
polar solid (py = 1)

<>
<----->

Figure 6-8. Schematic of (a) a bipolar and (b) a monopolar or a non-polar liquid droplet on a
non-polar solid surface is shown. The dotted arrows (<€ = =>) indicate a non-polar (dispersion)
interaction and the filled arrows (<€——>) indicate a polar interaction. A bipolar liquid has both
polar and non-polar cohesive interactions whereas a monopolar or a non-polar liquid has only
non-polar cohesive interactions. Consequently, for the same values of liquid surface tension (y)
and solid surface energy (ys), a droplet of a bipolar liquid forms higher equilibrium contact angle
(6r) compared to a droplet of either a monopolar or a non-polar liquid. (This figure is adapted
from the book by Van Oss.*’)

The statistical Dixon Q-test was used to decide whether to use the water and/or ethylene glycol
data for fitting Equation 1. Based on the magnitude of the residuals and the Q-test tables, both
water and ethylene glycol data were rejected for fitting Equation 1 with a 95% confidence for the
fluorodecyl T surface. A similar statistical exercise was carried out for all the solid surfaces and
the “best-fit” plots in Figure 6-6 and Figure 6-7 are based on the liquids which satisfy the Dixon
Q-test with 95% confidence (data shown in supporting information). Moreover from the value of
the best-fit predicted and experimentally measured contact angles, the parameter ¢y can be
computed to be 0.60 for water and 0.75 for ethylene glycol on the fluorodecyl Ty surface. For
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monopolar or non-polar liquids on non-polar solids, both the cohesive and adhesive interactions
are dispersive, therefore the parameter ¢y is expected to be close to unity and it is found to be
0.95 < @< 1.05 for such liquids on non-polar solids.

The advancing contact angles for dimethyl sulfoxide and ethylene glycol droplets were found to
have surprisingly low contact angles (6,4 < 15°) on fluorohexyl Ts, fluoropropyl Ts, and
fluorodecyl M, surfaces (Figure 6-6 and Figure 6-7). These low contact angles are believed to
occur due to a strong specific polar interaction (g >> 1) across the solid-liquid interface. These
anomalously low contact angles were excluded from the fitting to obtain the solid surface

energies. The solid-liquid work of adhesion (/) can be written in terms of the individual

components of the surface energy of the solid and contacting liquid *****+

Wi =y,(1+cosb,)=2 [\/%m‘i N R N J (6-5)

Note that the first term on the right hand side of Equation 5 (/¢

sV

71 has the same form as

Equation 1, but the other two terms appear in the form of a cross product. The hydrogen bond

donating component of the solid () interacts with the hydrogen bond accepting component of
the liquid (y, ) and vice versa. If either the solid or the liquid is purely non-polar, then these

polar interactions vanish and Equation 5 simplifies to Equation 1. The individual contributions to

the liquid surface tension (y/,y;,r, ) are known for a few standard liquids (See supporting

information). Therefore by measuring the equilibrium contact angles of (at least) three contacting

liquid droplets, the three unknowns in Equation 5 (y¢,y7,y. ) can be obtained by solving a

linear system of three equations [A][x]=[b], given by Equation 6.
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_\/}/,‘i,l \/71;,1 \/7;,1 | 7! Vi (1 +cos b, )
\/711,2 \/71;,2 \/7;,2 Yoo |=| Vi2 (1 +cosdy, ) (6-6)
_\/711,3 \/71;,3 \/711,3 ] Vo Vi3 (1+COS 05’3)

[\

The relative error in the contact angle measurements (the right hand side of Equation 6) is
amplified by the condition number of matrix [A], therefore the contacting liquids are chosen
such that the matrix [A] is not ill-conditioned or it has as low a condition number as possible.*® **
Dodecane (y5 = 25.3 mN/m), chloroform (y; = 27.5 mN/m), and acetone (y;, = 25.2 mN/m) were
chosen as a set of contacting liquids. All the three liquids have similar values of surface tensions

but different polarities. Acetone has a strongly monopolar hydrogen bond accepting component (

7. =0,7, =24mN/m), and chloroform has a weekly monopolar hydrogen bond donating
component (y, =3.8,y7, =0mN/m), whereas dodecane is completely non-polar (y, =y, =0).
Even though both acetone and chloroform are polar, due to their monopolar nature, the polar
component of surface energy is zero (y/ = 2\/% = 0). The condition number of the pre-factor

matrix [A] is reasonably small (7.2), therefore this set of liquids can be used successfully to
evaluate the individual components of the solid surface energy. All three liquids are expected to

have similar contact angles on non-polar solids (i.e. solids withy =y _ = 0), as the last two terms

of Equation 5 vanish and the interactions across solid-liquid are purely dispersive. Indeed,
dodecane (6,4 =75+2° 06,,.=60=x4° @), acetone (G =71£2° 6,..=59+4° M), and
chloroform droplets (6,5, =73 £2°, 6,,.=54+4°, W) all form similar contact angles on
fluorodecyl Ts, which is a completely non-polar molecule (Figure 6-9(a)).

As the polarity of the surfaces increases from fluorodecyl Ty to fluorooctyl Ts, and finally

fluorodecyl Q,, the acetone and chloroform droplets form much lower contact angles in
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comparison with dodecane droplets. For example, on the fluorodecyl Q, surface (Figure 6-9(c)),
the dodecane contact angles (6,45 =62 +2°, 6,..=17+£2° A) are much larger than those
measured for acetone (6,4, = 30 £ 1°, 6,.. = 0°, A) or chloroform (0,4 =29 +4°, 0,,. = 15 + 3°,
A). Therefore, it is vital to know about the polarity of the contacting liquids and solids when

evaluating the equilibrium contact angles and solid surface energies (ysy).
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Figure 6-9. Variation of advancing and receding contact angles (6,4, , 6,.c) 1S summarized for (a)
fluorodecyl Ts (M, [3), (b) fluorooctyl Ts (@, O), (c) fluorodecyl O, (A, A), and (d) . Cosine
of advancing and receding contact angles (0. , 6..) for droplets of hexadecane
(y»=27.5mN/m), dodecane (y, =253 mN/m), decane (y,=23.8 mN/m), octane
(y»=21.6 mN/m), heptane (y,=20.1 mN/m), pentane (y;,=15.5 mN/m), chloroform
(yn = 27.5 mN/m), and acetone (y, = 25.2 mN/m) on a spin-coated film on a flat silicon wafer are
plotted against the surface tension of contacting liquids (ys). Solid surface energy is estimated by
substituting the values of the contact angles with dodecane (0, @, A), chloroform (&) and
acetone droplets () in the Girifalco — Good equation.

Fluorinated species have surfaces with relatively low polarity and low solid surface energy, and
the reason for this can be understood by looking at the unusual characteristics of fluorine.
Fluorine is the most electronegative element of the periodic table (3.98 on the Pauling scale).

Carbon (2.55) is significantly less electronegative and consequently a C—F bond is polar (

C% —F° )and acquires some ionic character. A carbon attached to three fluorine atoms (—CF3)
is significantly electron deficient; therefore the only way to reduce the dipole moment between
this a carbon (—CF3) and the adjacent f carbon is by fluorinating the f carbon as well. By
perfluorinating a large number of successive carbon atoms, the —CF,—CH,— dipole is buried deep
within the molecule. Therefore fluorodecyl Ts and other molecules with long fluorinated side
chains show negligible polar component of solid surface energy (y? = 0). Furthermore, due to
the small size (van der Waals radius, » = 1.47 A), the polarizability of a fluorine atom is small,
and it is difficult to create fluctuating dipoles involving fluorine atoms. The interaction energy
arising from London forces varies as the square of the polarizability therefore the dispersion
component of the solid surface energy (¢ ) is also small for fluorinated species.”” Intuitively,
the high electronegativity of fluorine makes it an ideal candidate for accepting hydrogen bonds
and therefore fluorinated species are expected to have a high value of y_ . However in practice,

due to the small size and small polarizability, a fluorine atom holds its three lone pairs extremely

tightly and therefore it is a poor hydrogen bond acceptor. The hydrogen bonds formed by
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fluorinated species are weaker in strength (typically 1/4™ of the bond energy of a -C=0 --- HOR
bond).”® On the contrary, hydrogen (2.20) and carbon (2.55) have similar electronegativities and
they form non-polar bonds; due to the relatively higher polarizability of hydrogen, the dispersion
component of the solid surface energy for hydrocarbons tends to be higher than corresponding

fluorocarbons.

6.5 Solid surface energy estimation
Using the set of three liquids mentioned above (acetone, chloroform and dodecane) and using
Equation 5, the solid surface energy was estimated for various fluoroalkylated silicon-containing
molecules (summarized in Table 6-2).

Table 6-2. Computed values of solid surface energy (yw mN/m) for various fluoroalkylated

silicon containing moieties are summarized.

»  (mN/m) based on|All liquids | Dodecane, Diiodomethane,
CS(:ntact angles (°) of the (Eguation 1 | acetone, and | dimethyl sulfoxide
probing liquids with gy =1) chloroform and water
(Equation 5) (Equation 5)
Fluorodecyl T; 9.3 10.2 8.8
Fluorooctyl T; 10.6 13.6 10.9
Fluorohexyl Ty 11.6 26.8 47 .4
Fluoropropyl Ty 18.7 21.4 38.4
Hexafluoro-i-butyl Ty 19.1 19.8 26.9
Fluorodecyl T 9.3 10.2 8.8
Fluorodecyl 0, 14.3 20.1 14.9
Fluorodecyl M, 26.8 -- 39.7

*All liquids include a set of n-alkanes from pentane to hexadecane, rapeseed oil, dimethyl
sulfoxide, ethylene glycol, dilodomethane, and water. Assuming a typical error in contact angle
measurement (Af = 2°), and from the condition number of the transformation matrix in the
system of linear equations, a 15% relative error (8y,, /7., ) is expected in the computed values of

the surface energies.

For the fluorodecyl Ts POSS cages, this value of the surface energy agreed (within experimental
error) with the value of surface energy estimated using Equation 1. However, these three probing

liquids considered so far have low surface tensions (y; = 25 to 27 mN/m) therefore they wet and
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spread on most of the non-fluorinated surfaces that have y,, > 25 mN/m. Moreover, the relative
error in the measurement of small contact angles is always large; therefore a set of probing
liquids with higher surface tension is required to accurately probe higher energy surfaces. Water
(yw="72.1 mN/m), diiodomethane (y;,=50.8 mN/m), and dimethyl sulfoxide (y,=44 mN/m)
constitute such a set with high values of liquid surface tension (and give rise to a small condition
number for the matrix [A], cond(4) = 4.58). Using this set of liquids, a broader range of surfaces
(ys» <40 mN/m) can be analyzed using the Girifalco-Good method (see Table 6-2 and Table
6-3).

Table 6-3. Computed values of the dispersion (¢ ), acidic (), and basic (y_, ) components of

solid surface energy (mN/m) for various fluoroalkylated silicon containing moieties are
summarized.

Y. (mN/m) Alkanes All liquids~ | Diiodomethane, dimethyl sulfoxide and water

(Zisman (Equation 1 | (Equation 5)

analysis) | with

91 =1)
7. Ve Yoo Dispersi | Polar Acidic Basic
on(ys) | (rh) | (ro) | (7))

Fluorodecyl Ty | 5.5 93 8.8 8.7 0.1 0.04 0.1
Fluorooctyl T; 7.4 10.6 10.9 10.6 0.3 0.2 0.1
Fluorohexyl Ty | 8.5 11.6 47.4 11.4 36.0 20.8 15.6
Fluoropropy! T 19.7 18.7 38.4 19.1 19.3 11.8 7.9
Hexafluoro-i- 17.7 19.1 26.9 26.8 0.1 0.002 0.8
butyl Ty
Fluorodecyl Ty | 5.5 9.3 8.8 8.7 0.1 0.04 0.1
Fluorodecyl Q, |145 14.3 14.9 14.5 0.8 0.0 0.2
Fluorodecyl M, | 19.6 26.8 39.7 30.9 8.8 2.0 9.7

For fluorohexyl, fluoropropyl and hexafluoro-i-butyl 7y surfaces, solid surface energy values
obtained using these three high surface tension liquids (column 4 of Table 6-3) did not match the

previously obtained values (columns 2 and 3). In order to diagnose the reason for this mismatch,
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the magnitudes of the individual components of the solid surface energy must be considered (as
summarized in Table 6-4). The values of the dispersion component of the solid surface energy (

y de , given in column 5 of Table 6-3) match well with the solid surface energy (ys,, column 3 of

Table 6-3) calculated using Equation 1.
The dispersion component of the solid surface energy (calculated in Table 6-3) increased

monotonically from fluorodecyl Ts (¢ = 8.7 mN/m) to hexafluoro-i-butyl Ts (¢ = 26.8 mN/m),
whereas the polar component (y” ) does not follow any clear trend. These fluoroalkylated T

molecules have two methylene groups connecting the —Si—O- cage with the fluoroalkyl chain
(see structure in Table 1). Methylene groups are non-polar, but due to the higher polarizability of
a —CH,— moiety (as compared with a —CF,— moiety), the dispersion component of the solid

surface energy tends to be higher (¢ for polyethylene ~30 — 32 mN/m, versus y! =18 — 20
mN/m for PTFE and 6.7 mN/m for a monolayer of —CF3 groups). Therefore, this increase in y¢

of the Ts molecules is attributed to higher interaction of the contacting liquids with the
underlying —CH,—~CH,— and (—CF;—), groups. As the length of the perfluorinated chain
decreases, the crystalline-like packing of the side chains becomes unfavorable and the underlying

—CF,— and —CH,— groups start contributing to the total solid surface energy.

Similarly, when we compare the fluorodecyl 75, O, and M, molecules, we find that y fv increases

monotonically from a Ts cage (8.7) to a Q4 ring (14.5) and finally to a M, straight chain
(30.9 mN/m) and this increase in the dispersion component of the solid surface energy accounts
for most of the increase in y,,. The Ts cage structure seems to achieve an optimal packing of the
eight fluorodecyl chains, which results in a very restricted ability to rearrange these chains when

in contact with probing liquids. As a consequence, the fluorodecyl 75 has the lowest solid surface
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energy among all the molecules tested so far. The behavior of Ty surfaces with fluorinated chains
longer than the fluorodecyl (i.e. greater in length than (—CF,—);—CF3) is still an open question.
Currently fluorododecyl and fluorotetradecyl 75 synthesis is underway and the systematic
analysis of their wettability will be the scope of a future investigation.

The main objective of this paper was to estimate the solid surface energy of the native solid
surface. The discussion above is based on calculations of the solid surface energy obtained by
substituting the advancing contact angles (6,4,) in place of the equilibrium contact angle (6g) in
the governing equations. The advancing contact angle (6,4,) is the contact angle formed by a
liquid droplet when it touches the solid surface for the first time, so the advancing contact angle
(B.4v) 1s the physically more relevant measurement to use rather than the receding contact angle

(0y¢c) in the context of determining solid surface energies.

Although unintended chemical inhomogeneities and dust contamination can contribute to contact
angle hysteresis, we believe that the most important factor is reorganization or reconstruction of
the solid surface as a result of contact with the probing liquid. As a result, a finite contact angle
hysteresis (A@ = 6,4, - O,.c) Was observed for all the molecules studied here. Substituting the
advancing contact angles (6,4) on a flat surface in place of the equilibrium contact angle (6g),
into the Girifalco-Good equation leads to a value of solid surface energy (say a), while

substituting receding contact angles (6,..), yields a higher value of solid surface energy (say

f / b
b>a)i.e. cosl, =-1+2¢, 2 and cos 0. =-1+2¢, |— . If the difference between b and a
ylv j/lv

is small, a low energy solid surface has the desirable attribute of being able to resist
reorganization in the presence of the contacting liquid. As shown in Table 6-4, fluorodecyl Ty

exhibits lowest value of b — a (=7 mN/m). Fluorodecyl O, and fluorodecyl M, molecules are
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more susceptible to rearrangements in contact with probing liquids, as indicated by
comparatively higher values of b — a, 12.2 and 9.0 mN/m respectively. In case of molecules with
a Ts cage, the fluoropropyl molecule has equally low value of b —a as that of fluorodecyl T,
though the inherent solid surface energy is much higher for the fluoropropyl 7s molecule

(ysv = 18.7 Vs 9.3 mN/m for fluorodecyl Ty).

Thus in summary we note that the special character of fluorodecyl POSS (lowest solid surface
energy Yy =9.3 mN/m along with maximum resistance to solid surface reconstruction)
apparently arises from the favorable combination of the cage structure and the fluorodecyl side
chains. The latter contribute to an unusually low value of dispersive contribution to the solid
surface energy while simultaneously reducing polar contributions to nearly zero. The cage
structure is relatively inflexible towards molecular reorganization compared to the ring or linear
analogs. Whether or not fluorodecyl represents the optimal substituent remains an open question.
A plot of solid surface energy (y;,) versus cage substituent chain length (Figure 6-10) suggests
that a minimum may not yet have been achieved with the fluorodecyl substituent. Synthesis of
the dodecyl and tetradecyl analogs is now underway to explore this unanswered question. We
note, however, that very long fluoroalkyl chains on the POSS cage should eventually produce
PTFE-like surface energies in the range of y,, =18-20 mN/m, well above the value of

7ev = 9.3 mN/m found here for the fluorodecyl cage molecule.
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Figure 6-10. Solid surface energy (y,,) obtained by Girifalco-Good analysis and critical surface
tension (y.) obtained by Zisman analysis is plotted against the length of fluorinated side chain for
fluoroalylated 7’s molecules.
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Figure 6-11. The data in Figure 3 (cosine of the advancing contact angle on various 7T surfaces)
are replotted against inverse square root of liquid surface tension. Best fit Girifalco-Good lines
are plotted using Equation 1 with gy =1.
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Table 6-4. Computed values of solid surface energy (yw mN/m) for various fluoroalkylated

silicon containing moieties are summarized.

y (mN/m) | All Dodecane, | Diiodomet | All liquids* Dodecane, | Diiodomet

bsa:sed oh liquids* acetone, hane, (Equation | acetone, hane,

contact angles (Equation | and dimethyl 1 with | and dimethyl

©) of the 1 with | chloroform | sulfoxide psi=1) chloroform | sulfoxide

probing liquids | 95 = 1) (Equation | and water (Equation |and water
5) (Equation 5) (Equation

5) 5)

Advancing Receding

Fluorodecyl T | 9.3 10.2 8.8 16.3 14.9 18.0

Fluorooctyl Ts | 10.6 13.6 10.9 19.7 20.9 21.7

Fluorohexyl Ts | 11.6 26.8 474 24.0 27.4 38.2

Fluoropropyl 18.7 21.4 38.4 25.7 21.9 31.2

Ty

Hexafluoro-i- | 19.1 19.8 26.9 28.5 21.6 42.5

butyl Ts

Fluorodecyl Ts | 9.3 10.2 8.8 16.5 14.9 18.0

Fluorodecyl Q4 14.3 20.1 14.9 26.5 243 38.8

Fluorodecyl 23.0 - 39.7 32.0 -- 43.1

M,

*All liquids include a set of n-alkanes from pentane to hexadecane, rapeseed oil, dimethyl
sulfoxide, ethylene glycol, dilodomethane, and water. Assuming a typical error in contact angle
measurement (Af = 2°), and from the condition number of the transformation matrix in the
system of linear equations, a 15% relative error (8y,, /7., ) is expected in the computed values of

the surface energies.
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Table 6-5. Values of hydrogen bond donating (y,, ), hydrogen bond accepting (y,, ), polar (7 ),

dispersion (), and total liquid surface tension (y, ) in mN/m used for the estimation of solid

surface energy are summarized. [Taken from - Chaudhury, M. K. Mat. Sci. Eng. R. 1996, 16, 97-

159.]

Liquid Vi Vi Vi Vi

Acetone 25.2 25.2 0.0 0.0 24.0
Chloroform 27.5 27.5 0.0 3.8 0.0
Dimethyl 44.0 36.0 8.0 0.5 32

sulfoxide

Water 72.1 21.1 51.0 25.5 25.5
Ethylene 47.7 28.7 19.0 1.9 47.0
glycol

Diiodomethane 50.8 50.8 0.0 0.0 0.0
Rapeseed oil 35.5 35.5 0.0 0.0 0.0
Hexadecane 27.5 27.5 0.0 0.0 0.0
Dodecane 25.3 25.3 0.0 0.0 0.0
Decane 23.8 23.8 0.0 0.0 0.0
Octane 21.6 21.6 0.0 0.0 0.0
Heptane 20.1 20.1 0.0 0.0 0.0
Pentane 15.5 15.5 0.0 0.0 0.0

Table 6-6. Values of the advancing contact angles (6,4,) for liquid droplets with a wide range of
surface tensions on a flat silicon wafer spin-coated with fluoroalkylated silicon-containing
compounds are summarized.

Solid / Fluorodec | Fluorooctl | Fluorohex | Fluoropro | Hexafluor | Fluorodec | Fluorodec

liquid yl T Ts yl T pyl Ts o-i-butyl | yl MsQy yl M,
Ty

Water 122 +2° 122 £+ 2° 120+ 1° 111£1° 102 +2° 114 +2° 70 + 2°

Diiodomet | 100 + 2° 95+1° 93 +1° 77 +2° 63 +4° 87 £ 3° 56 +4°

hane

Ethylene | 111 +£2° 112 +£3° 19 +2° 15 +2° 71 +2° 94 + 2° 56 +5°

glycol

Dimethyl | 98 +2° 90 + 2° 15 +2° 11 +2° 63 +2° 81 +2° 12 +3°

sulfoxide

Rapeseed | 88+ 3° 84 +1° 76 +1° 58+1° 60 + 4° 69 +2° 39+3°

oil

Hexadeca | 80+ 1° 76 + 4° 73+ 1° 48 +£2° 52+2° 66 + 2° 34 +2°

ne

Dodecane | 75+ 1° 70 + 1° 71 +2° 47+ 1° 48 £2° 62 +2° 30+ 4°

Decane 70 £2° 63+1° 63+1° 31+1° 38+£2° 55+1° 23+ 1°

Octane 67+ 1° 61 +£2° 60+ 1° 22+3° 34+2° 43 +2° 13+1°

Heptane 63 +2° 58 +2° 54 +2° 17+1° 25 +3° 32 +4° 13 +3°

Pentane 52+1° 46 +2° 43 +2° 14+1° 17+1° 23+ 1° <10°
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Table 6-7. Values of the receding contact angles (6,..) for liquid droplets with a wide range of
surface tensions on a flat silicon wafer spin-coated with fluoroalkylated silicon-containing
compounds are summarized.

Solid / Fluorodec | Fluorooctl | Fluorohex | Fluoropro | Hexafluor | Fluorodec | Fluorodec

liquid yl Ty Ts yl Ty pyl T o-i-butyl | yl MsQ, yl M>
Ty

Water 116 £2° 97 +2° 103 £4° 95 +£2° 61 +2° 74 + 3° 45 +3°

Diiodomet | 79 + 3° 76 + 3° 77 +1° 59 +2° 40 £2° 55+2° 41 +£1°

hane

Ethylene | 87+ 1° 82 +3° <10° <10° 24 +4° 60 + 2° 40 £ 2°

glycol

Dimethyl | 80 +5° 78 +2° <10° <10° 19 +2° 61 +7° <10°

sulfoxide

Rapeseed | 66 + 3° 42 £2° 37 +4° 25 +3° 23+ 6° 21 +£2° 17 +£2°

oil

Hexadeca | 61 +3° 45 +£2° 39 +£2° 39+ 3° 37 +3° 20+ 1° 18 +2°

ne

Dodecane | 60 + 4° 35+2° 36 +4° 34 +£2° 40 +£2° 17 +2° 14 + 2°

Decane 44 +2° 30 +2° 30 +2° 25 +£2° 26 +2° 14 +2° <10°

Octane 24 +2° 24 +2° 23 +3° 16+ 1° 23 +£2° <10° <10°

Heptane 19 + 4° 14+1° 15+3° 12 +2° 18 +2° <10° <10°

Pentane <10° <10° <10° <10° <10° <10° <10°

Table 6-8. Computed values of solid surface energy @, mN/m) based on advancing and receding

contact angles for various fluoroalkylated silicon containing moieties are summarized. From
these values, various notions of contact angle hysteresis are computed.

y_ (mN/m) All liquids” (Equation1 |b-a b7 —a™ [ A=2(1-(a/b)™)
based on with ¢, = 1), based on— | mN/m (mN/m)°?
contact angles
(°) of the - -
probing liquids advancing | receding

contact contact

angles (a) | angles (b)
Fluorodecyl Ty | 9.3 16.3 7.0 0.99 0.49
Fluorooctyl 7s | 10.6 19.7 9.2 1.19 0.54
Fluorohexyl Ty | 11.6 24.0 12.5 1.51 0.61
Fluoropropyl 18.7 25.7 7.0 0.74 0.29
Ty
Hexafluoro-i- | 19.1 28.5 9.4 0.97 0.36
butyl T;
Fluorodecyl Ty | 9.3 16.5 7.0 0.99 0.49
Fluorodecyl 0, |143 26.5 12.2 1.36 0.53
Fluorodecyl M, | 23.0 32.0 9.0 0.86 0.30
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7 Oleophobic army fabrics

In this chapter, previously developed design parameter framework is used to a priori predict and
enhance the non-wettability of army combat uniform fabrics. The chapter is divided in two parts
— (a) applying the design framework to various textile fabrics supplied by the US Army Natick
Soldier Research, Development, and Engineering Center (NSRDEC), (b) evaluating different

periodic topographic models and to see whether these models can be applied to army fabrics.

The army fabrics were coated using the following protocol. Prepare a 50 — 50 fluorodecyl POSS
(1H,1H,2H,2H-heptadecafluorodecyl silsesquioxane) — Tecnoflon (BR 9151, a fluoro-elastomer
from Solvay Solexis) solution (total solids = 10 mg/ml) in Asahiklin solvent. Dip the fabric in
the solution for about 10 minutes. Air-dry the fabric to remove solvent. Then keep it in a vacuum

oven for 30 minutes at 60° C to ensure that all the solvent has evaporated.

7.1 Oleophobic ECWCS fabric
The ECWCS fabric (SEM image shown in Figure 7-1(b)) was dip-coated with 50% POSS — 50%
Tecnoflon solution and then contact angle measurements were performed for a series of liquids
from water (y, = 72.1 mN/m), ethylene glycol (3, =47.7) rapeseed oil (y, = 35.5), hexadecane
(y=27.5), dodecane (y, =25.3) and decane (y, =23.8) (results summarized in Table 7-1). A
piece of dip-coated oleophobic ECWCS fabric with various liquid droplets (colored using food
dyes) is shown in Figure 7-1(a). Water droplets formed high apparent contact angles (4.,
=142+4° and ¢, =117+7°) on the ECWCS fabric dip-coated with 50% POSS — 50%

Tecnoflon. For an idealized cylindrical texture, the spacing ratio is given by D" =(R+ D)/R,

where R is the radius of the cylindrical texture and 2D is the inter-cylinder spacing. The apparent
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contact angle for a liquid droplet in solid-liquid-air composite interface is given by the Cassie-

Baxter (CB) relation. For 1D cylindrical texture, the CB relation can be written as'® —

cosé’ =—1+§[(7f—0E)cosl9E+sin0E] (7-1)
Dodecane
Ethylene ;
olycol | Rapeseed
oil

- S imm . S Water

Figure 7-1(a) Droplets of water (y,=72.1 mN/m), ethylene glycol (y,=47.7 mN/m), rapeseed
oil (y,,=35.5 mN/m), and dodecane (y;,=25.3 mN/m) form robust composite interfaces on the
ECWCS fabric dip-coated with 50% POSS — 50% Tecnoflon. (b) SEM micrograph of the
uncoated ECWCS fabric showing the bundles and individual fibers of the fabric.
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Figure 7-2. (a) Generalized wetting diagram and (b) the design chart for wettability for liquid
droplets on 50% POSS — 50% Tecnoflon coated ECWCS fabrics. A wide range of probing
liquids from water to dodecane form a robust composite interface on the dip-coated fabric
surface whereas lower surface tension liquids like decane wet the fabric. The effective
dimensionless spacing ratio (D*) and effective length scale (R) are extracted to be 3.7 = 0.4 and
85 um respectively.
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Table 7-1. Apparent advancing (¢, ) and receding contact angles (&, ) on 50% POSS — 50%

Tecnoflon coated ECWCS fabric for liquid droplets with a wide range of surface tensions are
listed in the following table.

Liquid Surface tension Apparent advancing Apparent receding
¥i (MN/m) contact angle g, (°) | contact angle g (°)

Water 72.1 142 +4 117 +7

Ethylene glycol [ 47.7 141 +£3 118 £4

Rapeseed oil 35.5 137+1 106 £2

Hexadecane 27.5 132+4 94+ 14

Dodecane 253 126 £2 86+5

Decane 23.8 =0 =0

From the values of advancing contact angle on flat (6,4,) and textured dip-coated fabric surface (

d., ), the effective spacing ratio was found by regression to be D" =3.7+ 0.4 (Figure 7-2(a)).

The contours of the apparent contact angle (") for (6 =0 (—), 90 (—), 120 (—) and 150°
(—)) are plotted on the design chart (Figure 7-2(b)) with the equilibrium contact angle on a
chemically identical smooth surface (&) and the spacing ratio (D*) as the two axes. The

dimensionless robustness factor (4") compares the ratio of the breakthrough pressure (P3) to a
reference pressure (P =2y, /(,,, ), where ¢ is the capillary length (¢, =./7, / pg ), yw1s the

liquid surface tension and pg is the specific weight. The reference pressure (P, is close to the
minimum pressure differential across a millimetric scale liquid droplet; therefore is a necessary
condition for the existence of a robust composite interface. For an array of cylinders with radius
R and inter-cylinder spacing 2D, the robustness factor (4°) can be calculated using the following

expression" %> —

P { (1-cos ;) } (7-2)

P, R(D -1)| (D' -1+2sin6,)

The robustness factor is a function of the equilibrium contact angle on a chemically identical

smooth surface (&g), the geometrical spacing ratio (D*) introduced above, and the ratio of
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capillary length (/) to the feature length-scale (R) of the solid’s surface texture. Values of A*g

1 (grey shaded region in Figure 7-2(b)) indicate that a drop sitting on the composite fibrous

surface will spontaneously transition to a fully-wetted interface.

7.2 Oleophobic Nomex / Kevlar / P-140 fabric
A similar procedure was repeated for the Kevlar / Nomex / P140 fabric and the contact angle
results are summarized in Table 7-2. For the Kevlar Nomex fabric (shown in Figure 7-3), the
spacing ratio was found to be D" = 4.5 + 0.4 and the effective length scale, R = 35 pm. Therefore
the period of the cylindrical texture L (= 2RD") was found to be 315 + 30 pm, which is consistent

with the SEM micrograph shown in Figure 7-4(b).

Dodecane Ethylene glycol

5 mm

100 LIm

X188 188kmm

Octane Rapese‘ga‘ oil Waler

Figure 7-3. Droplets of water (y,= 72.1 mN/m), ethylene glycol (y,=47.7 mN/m), rapeseed oil
(yn=35.5 mN/m), dodecane (y,=25.3 mN/m), and octane (y,=21.6 mN/m) form robust
composite interfaces on the ECWCS fabric dip-coated with 50% POSS — 50% Tecnoflon. (b)
SEM micrograph of the uncoated 92% Nomex / 5% Kevlar / 3% P-140 fabric showing the
bundles and individual fibers of the fabric.
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Figure 7-4. (a) Generalized wetting diagram and (b) the design chart for wettability for liquid
droplets on 50% POSS — 50% Tecnoflon coated 92% Nomex / 5% Kevlar / 3% P-140 fabrics. A
wide range of probing liquids from water to octane form a robust composite interface on the dip-
coated fabric surface whereas lower surface tension liquids like heptane wet the fabric. The
effective dimensionless spacing ratio (D°) and effective length scale are extracted to be 4.5 + 0.4
and 35 um respectively.

Table 7-2. Apparent advancing (¢, ) and receding contact angles (4. ) on 50% POSS — 50%

rec

Tecnoflon coated Nomex / Kevlar / P-140 fabric for liquid droplets with a wide range of surface
tensions are listed in the following table.

Liquid Surface tension Advancing contact | Receding contact
i (MN/m) angle ¢, (°) angle 9. (°)

Water 72.1 145+1 133+6

Ethylene glycol | 47.7 143 £3 122 £3

Rapeseed oil 355 137+1 106 £2

Hexadecane 27.5 130+£3 1107

Dodecane 25.3 130+ 1 96 +4

Decane 23.8 127 +2 96 + 10

Octane 21.6 125+ 4 76 +4

Heptane 20.1 =~ 0 =0

Kawase et. al. proposed four new models to explain the wettability of woven meshes, namely (1)
hole model, (2) cross model, (3) plane model, and (4) modified plane model.” The geometric
illustration of these models is shown in Figure 7-6. The wettability of the above mentioned

model textured surfaces can be understood by plotting corresponding design charts, where the
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variation of 6 in terms of @z and D" is plotted. These design charts for hole, cross and plane

model are plotted in Figure 7-7, Figure 7-8, and Figure 7-9 respectively.

7.3 Refinement of the 1D cylinder model

1D cylinder Model

120t J-r |
—d=ar

100 b &=120°
— 4 =150

a0

40t

20F

1]

1 15 2 25 3 345 4 4.5 ] a5 G

D
Figure 7-5. Variation of the apparent contact angle (¢°) in terms of equilibrium contact angle (6z)
and a spacing ratio (D) is plotted for a 1D cylinder model. The four contours are for apparent
contact angles of 0, 90, 120, and 150° respectively.

Z(r«d)

2(r-d) 2red)
Figure 7-6. Schematic illustrations of proposed models for mesh screens: (a) Cassie-Baxter
model, (b) hole model, (c) cross model, (d) plane model, and (¢) modified plane model.”
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Figure 7-7. Variation of the apparent contact angle (6") in terms of equilibrium contact angle (0r)
and a spacing ratio (D ) is plotted for a hole model. The four contours are for apparent contact
angles of 0, 90, 120, and 150° respectively.
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Figure 7-8. Variation of the apparent contact angle (6") in terms of equilibrium contact angle (0r)
and a spacing ratio (D) is plotted for a cross model. The four contours are for apparent contact
angles of 0, 90, 120, and 150° respectively.

The legends in Figure 7-7, Figure 7-8, and Figure 7-9 are identical to the legend in Figure 7-5,

therefore they are omitted in the later figures. It is very clear that all four models show similar
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qualitative dependence of 6 on 0 and D”, i.e. the apparent contact angle (§") increases as the
equilibrium contact angle (0z) or the spacing ratio (D") increases. For the hole model (Figure
7-7), in the region of low 6z and low D", the apparent contact angle (6") seems to increase as the
spacing ratio (D) decreases, which is an unphysical result. Finally, the apparent kinks in the

contour lines are artifacts due to numerical technique employed to solve the implicit equations.

Plane Model
120 ' ' ' ' ' ' -

100 |-

80 -

40r 1

0r -

Figure 7-9. Variation of the apparent contact angle (9*) in terms of equilibrium contact angle (6g)
and a spacing ratio (D) is plotted for a cross model. The four contours are for apparent contact
angles of 0, 90, 120, and 150° respectively.

In the above figures, the variation of the apparent contact angles (8°) on some of the model
textured surfaces is summarized. Qualitatively, all four models behave similarly in terms of the
variation of the apparent contact angle. Therefore, the 1-D cylindrical model was retained as the

preferred model for this analysis.

In this chapter, two Army Uniform Fabrics were dip-coated and rendered oleophobic. The design

parameter helped to predict and quantify the non-wettability. A fabric with smaller characteristic
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length scale (either bundle or individual fiber radius R), tight weave (small D*), coated with a
non-wetting coating (high 6,4,) will lead to high apparent contact angles (6") for droplets of low

surface tension liquids.
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8 A goniometric microscope to quantify feather structure,
wettability, and robustness to liquid penetration

8.1 Introduction
Birds in the cormorant family routinely dive in water up to tens of meters for food and are known
to subsequently dry their wings by spreading them in sunlight for extended periods of time.
Noting this behavior, researchers have attempted to correlate the wing spread phenomena to the
structure of bird feathers, with notable efforts for the cormorant and darter, but there is a lack of
consensus.' Rijke correlated the two by reporting on the wing-spreading behaviors of
cormorants and studying feather barbs and barbules, which he characterized by applying an

idealized cylindrical model to feather texture. '

Bird feathers have cylindrically shaped barbs and barbules that emerge from the main shaft of
the feather, as shown in Figure 8-3(a). Rijke employed optical microscopy and photography to
measure barb spacing, 2D, and diameter, 2R, from which he calculated a spacing ratio

D" =(R+D)/R for various bird species.' In previous literature, researchers have argued both in

favor of and against a correlation between D for the feathers and diving, swimming, and wing-
spreading behavior. *7 Past studies have relied on photographic and microscopic techniques in

attempts to characterize feather structure and wettability." > *°

Analysis of Feather structure using microscopy is complicated

An array of parallel cylinders is typically considered as a simplistic model of a bird feather. Even
for such a simple model, accurate estimation of the cylinder radius and spacing is key for
predicting feather wettability. However, feather structures are complicated and hierarchical, as

shown in Figure 8-1 and Figure 8-2 for wing feathers of African Darter and Common Shelduck
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respectively. Features generally contain a main shaft (rachis), barbs (ramus) that branch out of
the main shaft and barbules that extend from the barbs and often form an interlocking
microstructure. Barbules compose the majority of the surface area in these bird feathers. Due to
such complex nature of the feather topography as viewed in photographed images it is difficult if
not impossible to select appropriate representative values of spacing (2D) and diameter (2R) in
order to apply the simple cylindrical model. SEM evaluations at different spots on the feathers
and at different magnifications to determine R and D from images are time consuming and the

inherent texture might get damaged due to long exposure to high energy electron beam.”

(@)

Barbs & barbules,
central

Barbule tip

()

Barbs & barbules, &
distal :

Figure 8-1. Scanning electron micrographs for the topography of a wing feather of an African
Darter are shown. Pair of images at different magnifications for the central (a), (b), tip (c), (d)
and distal part (e), (f) of the feather indicate the complexity and hierarchical nature of its texture.
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Figure 8-2. Scanning electron micrographs for the topography of a wing feather of Common
Shelduck are shown. Pair of im