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SUMMARY

Fabrication of polymer nanocomposites from wet-phase processing of nanoparticle/polymer

dispersions remains a very active area of research today due to its ability to create nano-

functional materials by low-cost, large-area techniques in out-of-cleanroom settings. The bene-

fits of such nano-materials are widely documented; however, many of their applications remain

limited due to their durability and scalability. Durability refers to the tendency of a nano-

material to retain its desirable properties (e.g., superhydrophobicity). Scalability refers to the

ability of a given nano-material synthesis procedure to be “scaled-up” to manufacturing-level

processing. This encompasses many different areas including the following: cost and availability

of raw materials; processing time and area; etc. With this in mind, the following topics have

been pursued in this thesis.

One area of nanotechnology research that has made great strides towards low-cost, large-

area fabrication of functional nanocomposites is liquid repellent coatings. By combining solution

processed hydrophobic polymers and nanoparticle suspensions, one can form a dispersion for

spray (i.e., wet processing) that results in a water (superhydrophobic) and even oil (super-

oleophobic) repellent coating with good substrate adhesion and flexibility. So while it appears

that large-area processing of superhydrophobic coatings has been realized, in reality most es-

tablished processes require the use of organic solvents and fluorinated polymers, which raises

issues of cost, safety, and environmental impact, and therefore limits industrial implementation.

To the former problem, the obvious solution is to replace the organic solvents with water, which
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SUMMARY (Continued)

gives rise to an oxymoron: A superhydrophobic coating from a water-based dispersion. To the

latter problem, the solution is to supplement hydrophobic fluorine containing chemicals (e.g.,

–CF3) with hydrocarbons (e.g., —CH3). Each problem on its own is difficult; together they

are especially hard. The first portion of the thesis addresses these problems with several ap-

proaches, culminating in the first ever water-based, non-fluorinated polymer-particle dispersion

for synthesis of superhydrophobic coatings from spray.

Durability of nano-materials, especially as it relates to superhydrophobicity, is a major prob-

lem and in some instances is the reason why commercial and industrial applications have not

been realized. Surfaces typically become compromised through fouling (e.g., oils) or mechanical

failure (e.g., strain). Nano-materials also, due to their relatively small size, tend to be brit-

tle. For superhydrophobic applications, substrate adhesion may be low due to the widespread

use of fluoropolymers. The second portion of this thesis investigates the final composition of

nanocomposites (e.g., filler concentration and types; polymer types, etc.) on mechanical dura-

bility, wettability, and electrical conductivity. This thesis reports the first wettability study of

a classic, extremely durable nanocomposite: poly(vinylidene fluoride) and nanoclay. It is also

the first to study to investigate failure modes of elastomeric superhydrophobic nanocomposites

undergoing mechanical strain and the associated effects on coating wettability.

While many applications require spatially uniform wettability, as was the focus of the first

and second portion of the thesis, the third part of this thesis focuses on processing nanocom-

posites with patterns of hygrophobicity and hygrophilicity by large-area techniques—so called

wettability patterned (engineered) surfaces. Patterned wettability (PW) finds important appli-
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cations in the areas of fog capture, pool boiling, and lab-on-a-chip (LOC), where major property

enhancement is achieved when hygrophobic/hygrophilic spatial features are ∼100µm—a non-

trivial result considering the emphasis placed on nanotechnology in modern research. How-

ever, PW surfaces rely on fabrication methods that are too costly, non-scalable, and inflexible;

property enhancement is also not persistent. In this thesis, one of the first superoleopho-

bic/superoleophilic patterned surfaces is presented, which has potential application in combi-

natorial chemistry, and in health care applications for surface microfluidic devices capable of

pumpless transport of low-surface tension liquids. Other WP surfaces—developed and pre-

sented in this thesis—were also shown to play an important role in fluid dynamic events such

as droplet impact; their role was to shape the final conformation of a drop (i.e., liquid volume

shaping). Finally, as was stated previously, PW surfaces demonstrated significant property

enhancement of pool boiling processes (i.e., energy applications); however, coating synthesis

remains costly and non-scalable for current technology. This work aims to bridge this gap by

developing low-cost, large-area PW surfaces for high temperature heat transfer applications.

This thesis demonstrates the potential of low-cost, large-area wet processing of functional

nano-structured composites for advancement—and industrial implementation—of many tech-

nologies.
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CHAPTER 1

INTRODUCTION

1.1 Nanotechnology: Historical Perspective

Since this thesis is primarily focused on modern-day nanotechnology research—which at

the moment encompasses a wide-range of research areas—it is instructive to consider its origins

briefly; this acts to give context and meaning to the enclosed work. From a materials perspec-

tive, nano-scale particles, or so-called nanoparticles, are nothing new. As an example, consider

colloidal gold. It likely first appeared in Egypt and China around the 5th or 4th century B.C.

(1); however, its original use was of an aesthetic or curative nature. By 1718, a treatise on

colloidal gold was written (2), and its first proper scientific treatment was given by Faraday

in 1857. He showed that the color of the gold colloidal suspension was not due to the color

of the particles themselves but rather to their small size (i.e., structure) (3). Measurements

of nanoparticle sizes were then made in the early 20th century by Richard Adolf Zsigmondy

(1925 Chemistry Nobel Prize) down to 4 nm (gold(III) oxide particles in glass; so-called cran-

berry glass) with use of an ultramicroscope (4). He was also the first person to use the term

“nano-meter” explicitly for expressing particle size. By 1914, structural characterization (of

table salt) with atomic resolution was achieved with X-ray crystallography; this led to the dis-

covery of ionic bonds. This was made possible by the pioneering work of Wilhelm Röntgen (5)

(1901 Physics Nobel Prize; the first physics Nobel) and Max von Laue (6) (1914 Physics Nobel

1
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Prize). The same year the length of the C–C bond in an allotrope of carbon (i.e., diamond) was

determined: 0.152 nm (7). By 1916, another allotrope of carbon (graphite) had its structure

solved by the method of powder diffraction (8); that technique was developed by Peter Debye

(9) (1936 Chemistry Nobel Prize) and Paul Scherrer.

Nano-scale films or coatings are also nothing new. Thin films (nano-scale thick; commonly

referred to as Langmuir-Blodgett (LB) films) consisting of oils were already being experimented

with by the polymath Benjamin Franklin in 1773 (10). In fact, the use of oil to “calm waters”

was well known to the ancients Aristotle and Pliny (11). Lord Rayleigh (1904 Physics Nobel

Prize) quantified the effect seen by Franklin and showed the film thickness to be 1.6 nm (12)

The study of LB films by Irving Langmuir (1932 Chemistry Nobel Prize) led to the concept of

the monolayer which is now ubiquitous in nanotechnology research (13). From these examples

it is obvious that advances in interface and colloid science and X-ray crystallography existed

well before they became associated with nanotechnology (∼100 years).

Richard Feynman is the first to set the stage for what becomes modern-day nanotechnology

research. In 1959, he gave a lecture at an American Physical Society (APS) meeting entitled,

“There’s Plenty of Room at the Bottom,” which is generally regarded as the first impetus or

inspiration for the field of nanotechnology (14); for a modern researcher in nanotechnology, it

reads as extremely prescient. If nothing else, this lecture serves to give broad vision and justi-

fication to a single field devoted to studying all-things “small”. He classifies the field as a type

of solid-state physics whose aim is to understand strange (important) phenomena occurring in

complex situations. His bold proposal to scientists can be stated succinctly as: manipulate,
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control, and characterize things at atomic scales. Drexler (15) addressed the feasibility of ma-

nipulation at the atomic scale two decades later. He proposed utilizing molecular engineering of

protein molecules to act as molecular machinery. He drew analogies between common macro-

scopic technologies and their molecular examples. Cables are collagen; motors are flagella;

clamps are enzymatic binding sites; numerical control systems are genetic systems (15).

Nanotechnology and nanoscience in general got a jump-start in the 1980s with the invention

of the scanning tunneling microscope by Gerd Binnig and Heinrich Rohrer (1986 Physics Nobel

Prize) (16) and the birth of cluster physics, whose aim was to bridge the gap between gas and

condensed phases (17). Clusters can be defined as an aggregate of 103−4 atoms or molecules

with a diameter ≤ 1 nm and represent an interesting research area due to their dramatic size-

dependent properties (17). However, for electronic size effects in metallic clusters, the cluster

may contain several hundred to many millions of atoms (1-10 nm) (18). This research led to

the development of fullerenes by Harold Kroto, Robert Curl, and Richard Smalley (19) (1996

Chemistry Nobel Prize), the “rediscovery”1 of the multi-walled carbon nanotube by Sumio

Iijima (21), and the discovery of the single-walled carbon nanotubes by Sumio Iijima (22) and

Bethune (23; 24), which ultimately bolstered the developing field of nanotechnology.

In general, nanotechnology deals in the investigation of materials and phenomena at length

scales < 100 nm. The subject continues to receive greater interest owing to the exciting re-

sults reported over a wide range of fields. One particular reason for the interesting observed

1Multi-walled carbon nanotubes were discovered several decades before (20).
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behavior is the high surface area to volume ratio, which scales as ∼ d−1, where d is the charac-

teristic length scale. At such scales, the particles—or so-called nanoparticles—have a relatively

large proportion of molecules residing on their surface. For a given material, this fact can

lead its nanoparticle form to have significantly different material behavior (e.g., melting point,

reactivity) as compared with its bulk state; this is the so-called size effect. Quantum effects

also become more important for nanoparticles, affecting their optical, magnetic, and electrical

properties (1).

The main advantage of nanomaterials is that manipulation of such properties can take place

without the need for chemical modification. By properly designing and implementing nanoma-

terials, one can achieve extremely tunable, highly optimized materials for novel technologies

and applications. By combining nanoparticles with bulk materials, such as polymers, one

can achieve outstanding property enhancement. For example, by dispersing carbon nanotubes

(CNT) in a non-conductive polymer (epoxy) matrix, one can generate a percolating structure

that is electrically conductive at extremely low concentrations of CNT (∼0.003 wt.%) (25).
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Figure 1. (a) Mollusk shell;2 (b) abalone shell;3 (c) Namib desert beetle, bumps indicate

hydrophilic chemical patterns (photograph);4 (d) cylindrical silica diatom (ceramic

composite);5 (e) polypropylene-CaCO3 nanocomposite;6 (f) poly(vinylidene fluoride)-graphite

nanocomposite;7 (g) hydrophobic-hydrophilic patterned nanocomposite, with hydrophilic areas

containing red, green, and blue dye solutions (photograph);8 (h) profilometer image of a

three-dimensional patterned poly(vinyl alcohol)-CdTe nanocomposite.9 All images are

micrographs unless otherwise stated. All images reproduced with permission from the

respective publishers (citations included in text).
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1.2 Approaches to Nanotechnology

Approaches to synthesizing nanomaterials on an individual basis are as diverse as the field

itself; however, from a high-level perspective the approaches can generally be classified as

follows: top-down, bottom-up, or mixed. Top-down refers to a progressive reduction (e.g.,

milling) of dimensions—without atomic-level control—through externally controlled tools (e.g.,

2Reproduced with kind permission from Springer Science and Business Media, Experimental Mechan-
ics, 42, 2002, 395–403, Rigid biological composite materials: Structural examples for biomimetic design,
G. Mayer and M. Sarikaya, Figure 2e, Copyright 2002.

3Reprinted from Materials Science & Engineering A: Structural Materials: Properties, Microstructure
and Processing, 390, A. Lin and M. A. Meyers, Growth and structure in abalone shell, 27–41, Copyright
2005, with permission from Elsevier.

4Reprinted by permission from Macmillan Publishers Ltd: Nature, A. R. Parker and C. R. Lawrence,
Water capture by a desert beetle, 414, 33–34, Copyright 2001.

5Reprinted from Progress In Materials Science, 53, M. A. Meyers, P.-Y. Chen, A. Y.-M. Lin, and Y.
Seki, Biological materials: Structure and mechanical properties, 1–206, Copyright 2008, with permission
from Elsevier.

6Reprinted from Polymer, 43, C. M. Chan, J. S. Wu, J. X. Li, and Y. K. Cheung, Polypropy-
lene/calcium carbonate nanocomposites, 2981–2992, Copyright 2002, with permission from Elsevier.

7Reprinted from Advanced Materials, 21, F. He, S. Lau, H. L. Chan, and J. Fan, High dielectric
permittivity and low percolation threshold in nanocomposites based on poly(vinylidene fluoride) and
exfoliated graphite nanoplates, 710–715, Copyright 2009, with permission from John Wiley and Sons.

8Reprinted (adapted) with permission from Nano Letters, 6, L. Zhai, M. C. Berg, F. C. Cebeci, Y.
Kim, J. M. Milwid, M. F. Rubner, and R. E. Cohen, Patterned superhydrophobic surfaces: Toward a
synthetic mimic of the Namib Desert beetle, 1213–1217. Copyright 2006 American Chemical Society.

9Reprinted from Advanced Functional Materials, 17, E. Tekin, P. J. Smith, S. Hoeppener, A. M. J.
van den Berg, A. S. Susha, A. L. Rogach, J. Feldmann, and U. S. Schubert, Inkjet printing of luminescent
CdTe nanocrystal-polymer composites, 23–28, Copyright 2007, with permission from John Wiley and
Sons.
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photolithography, inkjet printing) while bottom-up refers to a molecule by molecule building

process and relies on chemical assembly by the principles of molecular recognition (i.e., self-

assembly) (26; 27; 28). The mixed approach involves elements of both top-down and bottom-up

(i.e., soft lithography) (29; 30). All three are suitable approaches to generation of nanomate-

rials, with each approach having its own advantages and disadvantages. In general, all three

approaches are utilized to create a very important class of nanomaterials: the nanocomposite.

1.3 Nanocomposites: Background and Motivation

Nanocomposites can be generally defined as a multiphase material where at least one con-

stituent phase has one, two, or three dimensions < 100 nm (31). In its broadest sense, this

definition can be taken to include colloids and copolymers; however, it is generally taken to mean

a solid bulk matrix phase that contains a nanoscale dimensional phase, which causes the prop-

erties to differ markedly from that of the bulk due to dissimilarities in structure and chemistry.

Even with this restriction of scope, the diversity of nanocomposites is wide, and for the purpose

of clarity, we restrict our discussion to polymer-based and polymer-filled nanocomposites. These

classes of nanocomposites can be subdivided to either homogeneous or heterogeneous; hetero-

geneous nanocomposites generally have an added degree of complexity as compared with their

homogeneous counterparts.

Figure 1 presents examples of homogeneous and heterogeneous nanocomposites in natural

and synthetic form. In general, homogeneous nanocomposites are isotropic, meaning that their

material properties are independent of orientation. Natural and synthetic examples of isotropic

nanocomposites are the homogeneous mollusk shell, based upon calcium carbonate (Figure 1a,
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(32)), and the polypropylene-CaCO3 nanocomposite (Figure 1e, (33)), respectively. Heteroge-

neous polymer-based and polymer filled nanocomposites can be further subdivided into many

categories, but we restrict our discussion to only three for clarity: anisotropic, surface patterned,

and volumetrically patterned.

1.3.1 Anisotropic

Anisotropic nanocomposites have material properties which are directionally dependent,

usually arising from the highly oriented nanoscale (geometric) features within the nanocom-

posite. As a natural example, Figure 1b presents the image of an abalone shell, which con-

tains crumbled nano-layers (organic material) “sandwiched” in-between oriented mesolayers

(rigid) (34). Such orientation provides the shell with rigidity and strength. Figure 1f presents

a micrograph of a poly(vinylidene fluoride)-exfoliated graphite nanocomposite cross-section,

clearly showing the oriented nature of the exfoliated graphite (35). In both the cases, ori-

ented nano-platelets give rise to advantageous anisotropic material behavior. For synthetic

nanocomposites, this concept has led to the development of electrically percolating polymer

nanocomposites based upon highly oriented, high-aspect ratio, conductive nanoparticles at

ultra-low particle concentrations (25). Low-concentrations of nanoparticles in nanocomposites

allow the nanocomposite to maintain more of the advantageous properties associated with its

bulk polymer matrix (i.e., durability, transparency, etc.) while introducing additional function-

ality. Highly oriented, high aspect ratio nanoparticles may also produce nanocomposites where

electrical percolation is directionally dependent, allowing one to produce highly sophisticated,

next generation terahertz (THz) devices (36).
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1.3.2 Surface Patterned

Surface patterned nanocomposites utilize chemical patterning to either: 1) alter their final

formation (e.g., pattern); or 2) to impart site-selective self-assembly behavior. Originally, chem-

ical patterning was used to deposit resists which acted to protect underlying precious metal

nanomaterials during wet etching. In the case of soft lithography, resists were comprised of

self-assembled monolayers (SAMs; ∼2-3 nm thick) (37). For gold patterning, hexadecanethiol

SAMs were deposited by a poly(dimethylsiloxane) (PMDS) stamp onto gold foils; subsequently,

hexadecanethiol was chemically converted to hexadecanethiolate and played the role of resist

during wet etching (30). Then, surface patterned nanocomposites were used to generate so-

phisticated wettability patterned surfaces which performed phase management of liquids (e.g.,

water, methanol) for important heat transfer processes (pool boiling, condensation) (38; 39).

More recently, such wettability patterning—hydrophilic spots on a hydrophobic background—

has even been shown to be useful for improving the behavior of golf balls (i.e., Surlyn R© resins;

a well studied matrix for nanocomposites (40)) under wet playing conditions; moisture is at-

tracted to the hydrophilic domains while leaving the hydrophobic region dry so that the friction

between the golf club head and the golf ball surface (a desirable feature) is not reduced (41)!

Figure 1c presents a natural example of a surface patterned composite, the Namib desert beetle,

which has regular domains of hydrophilicity patterned on a hydrophobic composite wing (i.e.,

wettability patterned), enabling it to perform so-called fog capture—a site-selective process—

and survive in an extremely arid, desert environment (42). A synthetic example of the surface

patterned nanocomposite is presented in Figure 1g, which bears the same wetting properties
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as the Namib desert beetle (i.e., wettability patterned), and represents an excellent example of

biomimicry (43). Chemical patterning of the synthetic hydrophobic nanocomposite is achieved

by selectively depositing solution processed polyelectrolyltes directly onto its surface (43). What

results is regular surface domains of hydrophilicity—as a result of polyelectrolyte deposition—on

a hydrophobic background, mimicking the fog capture behavior of the Namib desert beetle (43).

Beyond fog capture, such surface patterned nanocomposites have found promising applications

in diverse fields, such as surface microfluidics (i.e., lab-on-a-chip, lab-on-paper; (44; 45; 46)),

multiphase heat transfer (i.e., pool boiling, condensation, (47; 38; 48)), and droplet impact

(i.e., printing, bio-chips; (49; 50)). In some areas—like soft-lithography—this research area can

be considered mature; however, in areas such as multiphase heat transfer, it can be considered

young and rapidly evolving.

1.3.3 Volumetrically Patterned

Volumetrically patterned nanocomposites have geometric order/structure in one, two, or

three dimensions extending beyond crystal or chemical structure. Figure 1d presents a natu-

ral example of such nanocomposites, the cylindrical silica diatom (51), where biological self-

assembly processes are responsible for the formation of regular cylindrical features based upon

silica. Figure 1h presents a synthetic example of a volumetrically patterned nanocomposite—

based upon poly(vinyl alcohol) and CdTe—which was formed by three-dimensional inkjet pat-

terning (52). From a biological standpoint, extremely complex structures can be achieved due

to Nature’s well developed self-assembly processes. From a synthetic standpoint, self-assembly

techniques (bottom-up) can be developed and implemented in order to achieve nanocomposites



11

of comparable complexity; however, top-down techniques such as three-dimensional printing

(53) have also demonstrated excellent resolution and capabilities. Examples of volumetrically

patterned nanocomposites—not considering those found in Nature—are quite numerous, and

many represent the most advanced technologies afforded by nanotechnology today. One exam-

ple is three dimensional printing of micro-, submicro-, and nano-wires for applications as high

performance micro-solenoids (inductors) and plasmonic nanoantennas (54; 53; 55). Nanoim-

print lithography has demonstrated the ability to print color images at the highest physical

resolution possible— ∼100,000 dots per inch (DPI)—for applications in security, steganogra-

phy, nanoscale optical filters, and high-density spectrally encoded optical data storage (56).

Electrospinning has demonstrated the ability to form polymer-DNA composites capable of al-

lowing individual strains of DNA to be analyzed, opening up possibilities for novel sequencing

techniques and mechanical characterization of DNA molecules (57).

1.3.4 Wettability: Considerations of Super-hygrophobic/-hygrophilic Surfaces

While nanocomposites have facilitated many new areas of research, they have also reinvigo-

rated several long-existing ones, owing to the degree of sophistication (e.g., patterns, structures)

with which nanocomposites can presently be generated, making possible studies which were pre-

viously thought unrealizable. One research area in particular which has seen a type of resurgence

as a result of nanotechnological developments is the study of wettability, especially on surfaces

with extreme wettability properties (i.e., liquid repellency). The study of wettability is a clas-

sical field which is mainly concerned with the behavior of solid-liquid-vapor interactions (58).

It finds its roots in the pioneering work of Thomas Young (59), yet it still has great practical
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Figure 2. Schematic of the equilibrium contact angle (θe) determined via forces.

importance today in the fields of ink-jet printing (60; 61; 62), microscale printing (63), coatings

(64), textiles (65), and the study of self-assembly (i.e., dissipative structures) (66; 67).

When a liquid drop is placed on a smooth, untextured surface, one of two things can occur:

1) The drop can spread completely (total wetting) or 2) the drop can form a spherical cap

and the contact line remains static (partial wetting). The parameter that distinguishes the two

wetting states is referred to as the spreading parameter, S, and is defined as

S = [Es]dry − [Es]wet = σsv − (σsl + σlv) , (1.1)

where the coefficients σ represent the surface tensions at the solid/vapor (σsv), solid/liquid (σsl),

and liquid/vapor (σlv) interfaces, respectively (68). In fact, it is the sign of S that predicts the
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Figure 3. Liquid droplet edge undergoing a small displacement (dx) on a (a) textured but

homogeneous, and (b) chemically heterogeneous surface.

wetting behavior; S > 0 predicts total wetting and S < 0 predicts partial wetting (68). For

the case of S < 0, the liquid drop will form a dome-like shape on the substrate with a finite

equilibrium contact angle, θe. By summing the forces acting on the line of contact (triple line)

and setting them equal to zero and projecting the equilibrium forces onto the solid plane, one

obtains Young’s relation (59) and the definition of θe

σlv cos θe = σsv − σsl. (1.2)

This previous analysis applies for atomically smooth and chemically homogeneous surfaces;

however, many of the surfaces of practical importance have surface roughness or are chemically

heterogeneous, making analysis more complicated.
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Two standard models exist to describe the wetting behavior of a partially wetting drop

on a textured or chemically heterogeneous surface. The former case received treatment by

Wenzel (69) and is depicted in Figure 3a. The basic assumption is that the local contact angle

is given by Equation 1.2, and the goal is to find the apparent contact angle θ∗ on a rough,

chemically homogeneous surface. θ∗ can be found from an energy consideration. By taking a

small displacement dx of the contact line parallel to the surface, the surface energies change by

dE as, dE = R (σsl − σsv)dx+ σlvdx cos θ
∗, where R (R > 1) is the ratio of true surface area to

apparent surface area, and substituting into Equation 1.2 leads to Wenzel’s equation

cos θ∗ = R cos θe. (1.3)

Equation 1.3 states that surface roughness always magnifies the wetting properties of the sur-

face, e.g., hydrophobic surfaces become more hydrophobic. The theory for the wetting be-

havior of a partially wetting droplet on a planar chemically heterogeneous surfaces was first

treated by Cassie and Baxter (70) and is depicted in Figure 3b. The assumptions are: 1)

the surface is made of two species, each with their own intrinsic contact angle θ1 and θ2 and

fractional surface area f1 and f2 (f1 + f2 = 1), respectively. The goal is to find θ∗. The

energy change associated with a small displacement of the contact line can be defined as,

dE = f1 (σsl − σsv)1 dx + f2 (σsl − σsv)2 dx + σlvdx cos θ
∗, where the indices 1 and 2 represent

the species wet during the displacement of the contact line, and solving for the minimum energy

state of this differential and substituting Equation 1.2 leads to the Cassie-Baxter equation
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cos θ∗ = f1 cos θ1 + f2 cos θ2. (1.4)

Equation 1.4 states that the cosine of the apparent contact angle, θ∗, is given by a weighted

average of the cosines of the constituent equilibrium contact angle values.

From Equation 1.3, it is valid to suppose that for a hygrophobic surface (θe > 90◦), increasing

R should lead to θ∗ = 180◦; however, the situation is more complicated than that for highly
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textured surfaces, and Equation 1.3 is only valid for mildly textured surfaces. In fact, with

the proper amount and type of surface texture entrainment of air between a liquid droplet and

the solid hygrophobic surface can become thermodynamically favorable resulting in θ∗→180◦

(71; 72). This case is depicted schematically by Figure 4, where increasing the amplitude and

holding the frequency constant of the sinusoidal surface texture from a to b results in the

entrapment of air in b, and results in the so-called fakir droplet (73). The droplet is also said

to be in a Cassie wetting state (chemically heterogeneous)—even though the solid surface is

chemically homogeneous—because it is resting on a composite surface of solid and air. In this

special case, Equation 1.4 can be rewritten as,

cos θ∗ = −1+Φsl (cos θe + 1) , (1.5)

where Φsl is the solid/liquid fractional area (Φsl < 1). When a liquid droplet resides on a tex-

tured surface in a Cassie wetting state, it is possible for θ∗ > 150◦, and when it does, the surface

is deemed superhygrophobic. For the case of water, the surface is called superhydrophobic. From

thermodynamic arguments, one can show that such a situation is energetically favorable if θe

satisfies the following inequality,

θe > θc with cos θc = −
1−Φsl

R−Φsl

, (1.6)
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where θc is the critical contact angle and Φsl is the relative area fraction of solid surface

underneath the liquid drop.

In the reverse case, we see from Equation 1.3 that if θe < 90◦, as R increases, then θ∗ → 0◦;

however, as with the prior case, the validity of Wenzel’s equation is restricted. Increasing R for

specific types of surface texture can lead to this super-wetting state (θ∗ = 0◦; superhygrophilic).

One such process is depicted in Figure 4, where increasing the amplitude of the sinusoidal

surface texture (constant frequency) for a hygrophilic surface (θe < 90◦) results in a wetting

transition from c (Wenzel) to d (Cassie), and such a situation is referred to as a penetrating

film, since “islands” of the coating still rise above the absorbed liquid (58). It is a Cassie wetting
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state because the droplet is resting on a composite solid/liquid surface. From thermodynamic

arguments, one can show that such a situation is energetically favorable if θe satisfies the

following inequality

θe < θc with cos θc =
1−Φsl

R −Φsl

, (1.7)

where Φsl is the relative area fraction of solid surface underneath the liquid drop. In the case

of water, a surface that has θ∗ = 0◦ is referred to as superhydrophilic.

Superhygrophobic surfaces are usually (not always, see rose petal effect, (74)) characterized

by low-solid/liquid adhesion and low droplet sliding angles (α)—the tilt angle required by the

substrate to induce droplet sliding—due to the relatively small value forΦsl (for superhydropho-

bic surfaces, Φsl ≈ 0.05). For a given liquid, if α < 10◦, the surface is said to be self-cleaning

to that liquid, provided that gravitational effects are negligible. The importance of the force of

gravity can be quantified by the Bond number (dimensionless), which is the ratio of body (e.g.,

gravity) to surface tension forces, and is defined as

Bo =
ρgr2d
σlv

, (1.8)

where ρ is the density of the fluid (or density difference between fluids), g is the acceleration

due to gravity, and rd is the radius of the liquid droplet. Bo < 1 is a sufficient requirement for

surface tension to be the dominate force. The sliding angle (α) can be estimated from (75; 76)
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sinα =
2rdσlv (cos θ

∗
r − cos θ∗a)

ρVg
, (1.9)

where θ∗a and θ∗r are the apparent advancing and receding contact angle values, ρ is the density

of the liquid droplet, and V is the volume of the liquid droplet (see (58) for an overview of θ∗a and

θ∗r ). From this analysis we see that droplet mobility is dependent not on a high θ∗ (statistical

apparent contact angle) or θ∗a, but rather it depends on the difference between the cosines of θ∗r

and θ∗a; in order to increase droplet mobility, the difference should be minimized (i.e., θ∗r ≈ θ∗a).

The difference between the two apparent contact angles is defined as , ∆θ∗ = θ∗a − θ∗r , and the

quantity ∆θ∗ is called contact angle hysteresis.

The above discussion primarily applies to situations at thermodynamic equilibrium; how-

ever, many liquid repellent surfaces (e.g., superoleophobic) rely on metastable thermodynamic

wetting conditions to repel liquids (e.g., oil). The reason is that no known surface has θe > 90◦

for oil, meaning that all untextured surfaces are inherently oleophilic; however, reentrant sur-

face texture is capable of rendering an oleophilic surface superoleophobic (metastable) (77; 78).

Figure 5 presents an image of a liquid droplet in a metastable superhygrophobic wetting state.

It also shows the contact line behavior and how θe < 90◦ is satisfied locally while still being

able to have θ∗ > 150◦.

It should also be mentioned that for drops to be in low-adhesion Cassie states—like the

one depicted in Figure 4b—the surfaces need not promote the entrainment of air. In fact, if

instead of air, the surface is impregnated with a non-miscible lubricant, then drops placed on

the surface can display a high degree of droplet mobility even under extreme pressures (68
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Figure 6. (a) Schematic of a lubricant impregnated surface with a liquid droplet partially

wetting it. (b) Such surfaces display extremely low values for ∆θ, enabling them to have low

droplet sliding angles α without high θ∗a values. (c)-(d) Show the sliding dynamics of a water

droplet on a tilted lubricant-impregnated surface which is comprised of a carbon

nanofiber-fluoroacrylic copolymer composite suffused with Krytox lubricant (unpublished).

MPa) and condensation conditions (79; 80; 81). Figure 6a shows a schematic of a lubricant

impregnated surface. Even though the θ∗a for a liquid droplet on a lubricated surface is much

less than that on a traditional superhygrophobic surface, its contact angle hysteresis is still quite

small (∆θ ≈ 2◦ for σlv = 18 − 72 mN m−1, (80)), enabling a high degree of droplet mobility.

This wetting behavior is depicted schematically in Figure 6b and experimentally in Figure 6c-e.
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1.4 Thesis Objective

The primary objective of this thesis is to present fundamental investigations into design,

synthesis, and characterization of large-area, technologically relevant nano-structured compos-

ites with a bias towards application in advanced fluid management technologies. With this

objective, the following research topics were considered:

1.4.1 Environmentally Benign Superhydrophobic Coatings

• Design and generate a water-based dispersion consisting of hydrophobic polymer(s) and

particle(s) in order to eliminate the use of volatile organic compounds in synthesis of

superhydrophobic nanocomposites;

• optimize the polymer and particle type as well as concentrations so that when they are

deposited by spray processing they form a superhydrophobic coating;

• demonstrate multi-functionality (e.g., electrical conductivity) so that said water-based

dispersion may find broader applications;

• highlight the nuances of spray processing of water-based dispersions and how it compares

with spraying organic solvent-based dispersions.

1.4.2 Stretchable Superhydrophobic Composite Coatings

• Design elastomeric superhydrophobic nanocomposites capable of maintaining their liquid

repellent property through flexing and uniaxial straining to directly address issues of

nanocomposite durability and highlight them for future nanocomposite design;
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• identify failure modes of superhydrophobic elastomeric coatings in order to give insight

into suitable operating conditions (e.g., strain, substrate) and to aid in future design.

1.4.3 Fluoropolymer Blends: Multifunctional Liquid Repellent Nanocomposites

• Identify two polymers that when blended have the following properties: high adhesion,

cohesion, and a high-degree of hydrophobicity;

• develop a rational scheme for blending the said polymers and ensure that the final polymer

concentration in solution is high enough to facilitate spray processing (e.g., > 1 wt.%);

• identify the “optimum” nanoparticle type and concentration so that when incorporated

into the said polymer blend, the resulting nanocomposite demonstrates liquid repellency to

water and lower surface tension liquids, the goal is to minimize nanoparticle concentration

to enhance nanocomposite strength and reduce costs associated with synthesis;

• demonstrate the versatility of the dispersion by showing tunable multi-functional proper-

ties (e.g., electrical conductivity) of the resulting nanocomposite.

1.4.4 Wettability Engineering: Handling Low Surface Tension Liquids

• Identify a coating system capable of repelling a variety of organic, low-surface tension

liquids;

• identify a hygrophilic polymer with well studied wetting behavior to organic solvents

(having well-known wetting values will aid in modelling the fluid dynamic behavior) that

is capable of being solution-processed and patterned onto said coating in a facile manner;
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• identify a suitable patterning technique and polymer concentration to optimize pattern

size and behavior;

• demonstrate rapid transport of said liquids in a pumpless manner (meniscus velocities

∼10 cm s−1);

• demonstrate site-selective wetting behavior of liquids with a wide-range of surface tension

values (20-72 mN m−1);

• identify a suitable model in order to predict fluid dynamic behavior (hemiwicking) and

to aid in future design of low-surface tension surface microfluidic systems (such a model

will identify theoretical limits to miniaturization);

• show directional sliding behavior of high surface tension liquids, such as water.

1.4.5 Wettability Engineering: Thermal Stability and Scalability

• Identify a polymer/nanoparticle system that is not based upon traditional organic poly-

mers but rather upon silicon chemistry; such a system—if chosen correctly—should have

enhanced temperature stability;

• identify suitable concentrations of polymer and nanoparticles in a dispersion for forming

a superhydrophobic coating from spray processing;

• identify a suitable technique for transforming said superhydrophobic coating to superhy-

drophilic in a rapid manner;

• identify a large-area, flexible patterning technique capable of transforming said superhy-

drophobic coating to superhydrophilic in a well-defined spatial manner;



24

• identify optimum patterning conditions including maximum patterning speeds;

• identify the physical mechanism responsible for the wettability transition with both wet-

tability transformation techniques;

• demonstrate pumpless transport of water in superhydrophilic channels and measure max-

imum meniscus velocities.

• demonstrate the temperature stability of the wetting property in unpatterned and pat-

terned regions for potential multi-phase mass transfer applications;

• under boiling conditions, demonstrate site-selective nucleation behavior of water on a

superhydrophobic/superhydrophilic patterned coating for potential application in multi-

phase mass transfer applications.

1.4.6 Wettability Engineering: Shaping and Mobilizing Liquid µ-Volumes

• Design and synthesize a nanocomposite capable of repelling liquid droplets impinging at

velocities greater than 3 m s−1;

• identify and implement suitable wettability patterning system capable of transforming

said nanocomposite to hydrophilic—without altering surface texture—in a spatial manner

with a patterning accuracy of ∼100 µm;

• characterize droplet impact on superhydrophobic/hydrophilic annular wettability patterns

for droplet lens formation applications and complex shaping;

• identify optimum patterning and droplet impact conditions for annular droplet formation—

without loss of liquid—for lab-on-a-chip style applications;
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• utilize suitable drop impact and thin film rupture models to guide design;

• utilize complex droplet µ-volume shapes as a soft (water) template for forming conductive

silver patterns for potential applications in terahertz devices;

• develop thermodynamic and fluid mechanical models to aid in rational design of wetta-

bility engineered surfaces.

1.5 Scope of the Work

As stated previously, approaches to synthesizing nanocomposites can be top-down, bottom-

up, or mixed. In all cases, the first step involves a “bulk” additive process (top-down) to form

a liquid-repellent coating; however, there may be elements of self-organization due to “slack”

interactions (e.g., van der Waals interactions) in polymers, copolymers, or surfactant function-

alized nanoparticles. There is no doubt that it is a complicated picture, but we take the coating

process to be a top-down process. For wettability patterned coatings, a post processing step

is required. In this case, we employ top-down techniques due to their flexibility, accuracy, and

ease of use. Therefore, this thesis generally is concerned with the study of dispersions and the

fluid-based top-down approaches to synthesize nanocomposites from them. All the nanocom-

posites studied herein are polymer-based; the choice of nanoparticles was application specific.

For instance, the non-fluorinated, water-based dispersion utilized high-aspect ratio, hydropho-

bic nanoparticles which could be dispersed in water by modifying the pH. The primary concern

was water dispersibility. The chosen wettability patterning techniques are nanocomposite spe-

cific; therefore, they are also application specific. Chapter 2 focuses on design considerations of
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dispersions for producing a superhydrophobic coating from a water-based, non-fluorinated dis-

persion. Chapters 3 and 4 are primarily concerned with optimizing polymer blends, nanoparticle

types, and nanoparticle concentrations for synthesizing highly-durable multi-functional super-

hydrophobic coatings. Chapters 5, 6, and 7 are primarily concerned with synthesizing and

characterizing wettability patterned (engineered) nanocomposites for a variety of applications.

Chapter 5 focuses on pumpless transport and handling of low-surface tension liquids. Chapter

6 is concerned with producing a high-temperature stable, wettability patterned surface (super-

biphilic) for application in multi-phase mass transfer. Chapter 7 focuses less on nanocomposite

synthesis, and more on manipulating droplet impact behavior with wettability patterning for

complex droplet formation and lab-on-a-chip style applications. Finally, some conclusions and

expected research contributions, as well as recommendations for future research, are given.



CHAPTER 2

ENVIRONMENTALLY BENIGN SUPERHYDROPHOBIC COATINGS

This chapter has been submitted for publication in (82). This chapter has a non-provisional

patent application in (83).

2.1 Introduction

Spray deposition of polymer composite coatings that contain high-aspect ratio filler par-

ticles has been demonstrated as a low-cost, large-area process for modifying the wettability

(e.g., superhydrophobicity (84; 85; 86; 87), superoleophobicity (88)), electrical conductivity

(87; 88; 89; 90), and EMI shielding (89; 90) properties of a variety of surfaces. The purpose of

the filler particles is dual, namely to impart surface texture—a requisite for water repellency—

and introduce additional functionality. With regards to liquid repellency, a low-surface energy

polymer (∼20 mJ/m2) must be incorporated into the coating—a general requirement of any

liquid repellency treatment—which is conveniently achieved by utilizing fluoropolymers (e.g.,

fluoroacrylic copolymers, poly(tetrafluoroethylene), etc.). However, concerns over the byprod-

ucts of fluoropolymer degradation, e.g., long-chain perfluorinated acids (PFAs), which have a

documented ability to bioaccumulate (91; 92), as well as the potential adverse effects that PFA

maternal concentrations can have on human offspring (93; 94), have led to a shift in the manufac-

ture and usage of fluoropolymers. One common PFA of particular concern is perfluorooctanoic

acid (PFOA). In 2006, the EPA introduced its PFOA (perfluorooctanoic acid) Stewardship

27
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Program and invited eight major fluoropolymer and telomer manufacturers to commit to elim-

inating precursor chemicals that can break down into PFOA; in one case, DuPont introduced

so-called short-chain chemistry, whereby the length of perfluorinated chains within polymers

are kept below a threshold in order to avoid degradation into PFOA. In other applications,

usage of fluoropolymers in products that come in sustained contact with the human body or

in disposable items intended for landfilling after consumption must be minimized. For these

applications, polymers such as polyolefins (PE) are far more preferable. Where the environ-

ment is concerned, hydrophobic polymers intended for application by spray should ideally be

water-borne, so as to minimize the usage of harmful volatile organic compounds (VOCs)—a

common, non-trivial problem with coatings aiming to achieve superhydrophobicity upon depo-

sition. Water dispersion of hydrophobic polymers could be facilitated by introducing pendant

carboxylic acid functional groups that can be charge-stabilized by increasing the pH of the

dispersing medium (water) (95; 96); in short, acid functional groups form negative carboxylate

ions, thus creating charge repulsion, and ultimately stabilization. Carboxylic acid groups also

act to promote adhesion with polar surfaces.

The choice of filler particles is quite restrictive, as the particles should possess a high-aspect

ratio, re-entrant characteristics (i.e., high curvatures), low-surface energy, and still be dis-

persible in water. One such filler is fatty amine salt modified nanoclay (97) (i.e., organoclay),

which is highly hydrophobic in its native state, but can be dispersed in water by reducing the

pH due to its cationic surfactant functionalization (98). However, for the case of water-based

PE dispersions with carboxylic acid functionality or anionic surfactants (emulsifiers), the dis-
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persions are of a basic character rendering cationic surfactant modified fillers (i.e., organoclay)

not feasible. Another common filler—exfoliated graphite (e.g., graphene, few layer graphene

(FLG), or exfoliated graphite nanoplatelet (xGnP))—might be useful due to its ability to form

said carboxylic acid groups at the periphery of its basal planes without forming oxygen groups

normal to the plane (i.e., not becoming graphene/graphite oxide) by large-area processing (99).

Maintaining limited oxygen functionality allows the filler to stay relatively hydrophobic, while

still being water-dispersible under proper (high) pH conditions. This is an important point,

meaning that no ionic surfactant functionality is required to play the role of dispersant (when

in the dispersion) or surface energy reducer (when cast in the coating), as is the case with

nanoclays—potentially reducing the fabrication cost. There is also a myriad of other non-high-

aspect ratio, hydrophobic fillers that might benefit from a similar approach (e.g., hydrophobic

fumed silica); however this is out of the scope of the present study.

Approaches to utilizing graphene/graphite in superhydrophobic applications are reported

in the literature and a few will be briefly discussed here to demonstrate applicability. In a

recent report (100), a dispersion consisting of colloidal graphite and polytetrafluoroethylene

was spray cast and sintered to form the basis for a conductive, thermally stable, water-repellent

coating. Other approaches to utilizing graphite—or its exfoliated form, graphene—to form

superhydrophobic films have included aerogels (101), poly(vinylidene fluoride) composites (102),

and Nafion blends (103). Graphene oxide films can also be superhydrophobic when modified by

octadecylamine; however, this is not suitable for our application for the same reason organoclays

cannot being used (104). Work regarding wettability tuning for graphene films to water has been
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done, but it relies on chemisorption of acetone to defects in graphene reduced from graphene-

oxide as its mechanism (105). In all of these studies, none of the systems were water-based, and

some contained some type of fluoropolymer, which makes them not environmentally friendly or

benign.

Approaches to non-fluorinated superhydrophobic coating treatments are numerous; however,

from a water repellency standpoint they are not ideal. The surface tensions of typical end bonds

in organic hydrophobic coating treatments are ranked from highest to lowest as –CH2 > –CH3

> –CF2 > –CF2H > –CF3, with fluorine-containing bonds having the lowest surface tension

(106). Replacing –CF3 with –CH3 chemistries introduces more stringent requirements (e.g.,

more roughness) when designing coating surface texture, if superhydrophobicity is the goal.

Holtzinger et al. provided a description of available methods of fluorine-free superhydrophobic

coating treatments as well as their intricacies (107). Achieving a superhydrophobic coating with

non-fluorine chemistry is relatively simple though when compared with developing water-based

superhydrophobic coating treatments.

Very few works have been reported on water-based superhydrophobic coating treatments

from spray, and even fewer have been fluorine-free. Reports on hydrophobic coatings from

water-based dispersions have been around for some time (108); however, interest in super-

hydrophobic coating treatments from all-aqueous dispersions is a relatively recent research

endeavor. As one example, a recent patent application claims a superhydrophobic coating re-

alized by spray deposition of an all-aqueous dispersion consisting of a fluoroacrylic copolymer,

bentonite nanoclay, and water (98). So while water-based superhydrophobic coating systems
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are few, fluorine-free versions are even more scarce. Researchers have looked into the use of

rare earth metals—of which some are known to be hydrophobic—in an all-aqueous sol-gel pro-

cess to achieve hydrophobic coatings (e.g., lanthanum) (109); however, these coatings were not

superhydrophobic and their use—as their name implies—may be cost prohibitive and therefore

limited in terms of industrial scalability.

We report herein—for the first time—an approach to produce an all-water-based, non-

fluorinated superhydrophobic surface treatment from a sprayable PE-xGnP dispersion. Hy-

drophobic components are stabilized in water by their acid functional groups via increased

pH. Such an approach to water-repellent coatings is expected to find wide application within

consumer products aiming to achieve simple, low-cost, large-area, environmentally benign su-

perhydrophobic treatments. It is emphasized that xGnP is employed due to its ability to be

simply modified by carboxylic acid chemistry, but that any hydrophobic, high-aspect ratio filler

with similar chemistry can also be used. As one possibility, one can modify nanoclay by an

anionic surfactant and follow the same procedures listed here for processing of xGnP to achieve

similar results.

2.2 Experimental

2.2.1 Materials

Exfoliated graphite nano-platelets (xGnPR© Brand Nanoplatelets; Grade C 300) were ob-

tained from XG Sciences (average particle thickness ∼2 nm, average particle diameter < 2 µm,

surface area 300 m2 g−1). Polyethylene-acrylic acid copolymer (PE) dispersion in water (42
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wt.%) was obtained from DOW Chemical (96). Ammonium hydroxide (29%) was obtained

from Fisher Scientific and formic acid (97%) was obtained from Alfa-Aesar.

2.2.2 Procedure

The procedure began by first combining the ammonium hydroxide and xGnP in a 20 mL

vial (refer to Table I for specific concentrations). The mixture was placed in a sonication bath

(output power 70 W; frequency 42 kHz; Cole-Parmer, Model# 08895-04) for several minutes

until a paste was formed. Next, water was added to the mixture and probe sonication (750 W,

13 mm probe dia., 20 % amplitude, 20 kHz frequency, Sonics & Materials, Inc.) was performed

for several minutes. Once stabilized, the PE dispersion (42 wt.% in water) was added to the

xGnP-NH3(aq)-H2O mixture and was bath sonicated for 60 min or until stable. It should be

noted that a high quality dispersion can also be achieved by adding the PE dispersion to the

xGnP-NH3(aq)-H2O suspension while under intense mechanical mixing with a stir bar (> 1200

RPM; StableTemp R© Ceramic Hot Plate). In this approach, for a 20 mL vial, it is important to

keep the mass of the dispersion ∼10 g so as to maximize the intensity of mixing. Once a stable

dispersion is produced, it is spray deposited (Paasche VLS, siphon feed, 0.73 mm nozzle) onto

either glass slides, paper, or aluminum foil and dried at 80 ◦C in an oven for 1 hr. In order to

form high quality coatings, it is necessary to heat the substrates while they are being coated in

order to avoid excess water from collecting on the surface—a problem not typically encountered

for VOCs, such as acetone. In our application, we utilized a heat gun (ProheatR© Varitemp R©

PH-1200, 1300 W max) to heat the substrate from a distance of ∼10-20 cm.
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TABLE I

EXAMPLE OF DISPERSIONS USED FOR CREATING PE-XGNP COMPOSITE

COATINGS.

ingredient concentration (wt.%)

PE 2.8

xGnP 0.8-10.0

NH3(aq) (29%) 6.7

water 89.7–80.5

2.2.3 Characterization

Wettability characterization of the spray deposited coating was done by measuring advanc-

ing and receding contact angle values by the sessile drop method, whereby 5-10 µL volumes of

water were dispensed (advancing measurement) and removed (receding measurement) through

a flat tipped needle. Contact angle measurements were made with images captured with a

high-speed, backlit image acquisition setup (Redlake MotionPro). A new spot was used on the

substrate for each individual measurement. Morphological characterization of the spray de-

posited coatings was done with a Hitachi S-3000N Scanning Electron Microscope (SEM) after

the samples were coated with a 4 nm layer of Pt/Pd. Characterization of the particle filler

xGnP was done with a JEOL JEM-3010 Transmission Electron Microscope (TEM) to deter-
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mine the degree of xGnP exfoliation. According to the manufacturer, xGnP is in granular form

and requires mechanical agitation to become exfoliated. For TEM preparation, xGnP (0.013

g) was added to formic acid (10.0 g) in a 20 mL vial. The suspension was probe sonicated

(13 mm probe; 20% amplitude; 1.0 kJ energy delivered to probe), mechanically mixed at room

temperature for 10 min, and bath sonicated for 30 min; the suspension was then added dropwise

onto a holey carbon grid for subsequent TEM analysis. Figure 7 presents a side-view image

of a typical xGnP platelet demonstrating adequate exfoliation (∼10 layers of graphene). The

xGnP filler comes with a variety of oxygen containing functional groups at the edges of the

platelet as a result of the exfoliation process—according to the manufacturer—which include

carboxyl, lactone, pyrone, hydroxyl, and carbonyl. The weight concentration of oxygen gen-

erally increases with the degree of platelet exfoliation—and for the type of xGnP used in this

study—the concentration is around 2 wt.% as stated by the manufacturer.

2.3 Results and Discussion

In general, for commercial applications of paint or coating treatments, the stability of the

dispersion is an extremely important property, and in the case of this study, the pH of the

overall dispersion is most critical. Figure 8 presents images of three side-by-side 15 mL vials,

all containing water and PE. The difference between the contents of the three vials is in their

pH values. The dispersion in vial 1 is slightly basic, vial 2 basic, and vial 3 acidic; note how vial

3 is phase separated. The PE utilized in this study has acrylic acid functionality—a so-called

acid functional group—which allows it to become water dispersible under basic conditions, and

stay dispersed even at elevated pH values. In the case of vial 3, the addition of acetic acid
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Figure 7. High magnification TEM image of an xGnP platelet demonstrating a platelet

thickness below 5 nm. Scale bar is 5 nm.

no longer allows the acrylic acid groups to retain their charge, in turn phase separating the

solution.

Figure 9(a) presents an image of a suspension formed by xGnP (hydrophobic) in water. Since

these particles are inherently hydrophobic, their apparent stabilization in water without the aid

of dispersants is likely due to electrostatic repulsion (i.e., ionization of acid functional groups).

Figure 9(b) presents an image of an xGnP-water suspension containing an electrolyte, which acts

to suppress the electrical double layer over the particles and destabilize the suspension; this is a

characteristic property of lyophobic colloids stabilized by electrostatic repulsion, in accordance

with Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (110). Figure 9(c) presents an image

of the suspension undergoing laser irradiation (simple laser pointer) perpendicular to the point-
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Figure 8. 15 mL vials all containing 0.12 g of polyethylene copolymer in 10 g of water. Vial 2

also contains ∼1 g of ammonium hydroxide, while vial 3 also contains 1.6 g of acetic acid.

Note the phase separation in vial 3 as a result of acidification.

of-view; note the light scattering, which is characteristic trait of a fine, well dispersed suspension

supporting the colloidal nature of the xGnP-water suspension. In fine suspensions, such a

scattering effect is observed for shorter wavelengths of light (i.e., blue) and is commonly referred

to as the Tyndall effect—another indicator of a fine suspension—whereby longer wavelengths

are scattered less strongly while passing through the suspension while shorter wavelengths of

light are scattered more intensely, giving the appearance of a blue color.

Figure 10 presents a sequence of images of the PE-xGnP dispersion after each major pro-

cessing step (i.e., probe sonication of xGnP-water suspension, addition of PE, bath sonication

of the final dispersion); ceteris paribus, the pH of the individual dispersions increases from vial-
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Figure 9. Suspensions of 0.1 wt.% xGnP in water with (a) no electrolyte, and (b) electrolyte

(0.1 wt.% NaCl). (c) Scattering effect demonstrated on a diluted (0.002 wt.%) xGnP-water

suspension.

to-vial, according to their location from left to right (i.e., the left vial has the lowest pH, the

right vial has the highest pH). Figure 10a presents three xGnP-water suspensions after probe

sonication (first processing step). Based on visual observation, the stability of the dispersions

did not appear to vary significantly from neutral to basic conditions. According to a previous

report of water suspensions containing carboxylic-acid functionalized graphene (110), increas-

ing the pH of the suspension only acts to increase the stability of the suspension, with the zeta

potential increasing from -30 mV for pH ∼6.1 to -43 mV for pH ∼10. Since the xGnP-water

suspension is to be stabilized by a similar mechanism, the outcome that no change in colloidal

behavior is observed for increased pH is thus expected. Figure 10b shows the same three vials

after the addition of the PE solution. In all cases, the xGnP aggregates to produce an unstable
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dispersion that requires the third processing step: bath sonication. The dispersions (in vials)

after that final processing step are depicted in Figure 10c; the left vial (dispersion pH ∼7) is

unstable, while the middle and right vials (pH >7) are stable. It appears that in the case of

vial 1, the xGnP undergoes irreversible aggregation due to the addition of PE. Aggregation

of exfoliated graphite in water is a frequent problem encountered when reducing graphene ox-

ide to graphene in water with hydrazine, due to the hydrophobicity of graphene (110; 111).

This problem can be addressed by controlling the pH of the suspension in order to utilize non-

reactive edge functional groups (e.g., carboxylic acid) to charge stabilize the suspensions (110).

The energy required to exfoliate—or in this case re-disperse—graphite can become quite high

owing to the extremely large surface area required to separate as well as the strong Van der

Waals interactions between adjacent platelets (110). Regarding the stability of xGnP in aque-

ous solutions, previous work (described above) has shown that aqueous suspensions of graphene

oxide and chemically converted graphene have zeta potentials < -30 mV (stable) for pH values

ranging from 7 to 11—decreasing pH results in a lower magnitude of zeta potential and hence

the dispersion is less stable (110). We hypothesize that the increased pH allows for charging

of edge functional groups on xGnP (higher magnitude of zeta potential) and enables it to be

re-dispersed much easier than for neutral conditions (pH=7).

Figure 11a presents a plot of advancing and receding water contact angle values on spray de-

posited PE-xGnP coatings as a function of filler particle concentration in the dry composite coat-

ing. We define the filler particle concentration as a mass fraction, wp = mxGnP/(mxGnP+mPE),

where mxGnP and mPE are the respective masses of xGnP and PE in the composite coating. As
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Figure 10. (a) xGnP-water suspensions in 20 mL glass vials with varying concentration of

NH3(aq) (left vial 0 wt.%, middle vial 1.0 wt.%, right vial 7.7 wt.% NH3(aq)). (b) The vials

from a with 1 g of a 42 wt.% PE dispersion in water added to each. (c) The vials from b after

60 min of bath sonication. Note the apparent stability of the dispersion in the rightmost vial.
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Figure 11. (a) θ∗a (—2—) and θ∗r (– –◦– –) vs. wp (xGnP mass fraction in the dry composite

coating); (b) Coating add-on level (τ) vs. wp for coatings characterized in a.
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observed in previous spray coating studies (112; 48) —as in the classic Johnson and Dettre (113)

experiment—initially advancing contact angle values increase while receding contact angles de-

crease, leading to a widening contact angle hysteresis (∆θ∗ = θ∗a − θ∗r ). After sufficient filler

loading, the receding contact angle value abruptly jumps and becomes comparable with the

advancing contact angle value (i.e., low-contact angle hysteresis), indicating water droplet mo-

bility and ultimately liquid repellency; at wp = 0.64, ∆θ∗ = 9◦ . The wettability transition from

low θ∗a and high ∆θ∗ values to high θ∗a and low ∆θ∗ values is commonly referred to as the Wenzel

(69)-to-Cassie Baxter (70) transition, and is usually associated with a large increase in liquid

droplet mobility. As is widely reported in other spray coating literature, coating morphology

as a result of spray processing and filler inclusion can—under proper circumstances—produce

highly textured surfaces (114; 115; 116; 117); when coupled with low-surface energy polymers,

such coatings are capable of becoming superhydrophobic, and in some cases superoleophobic

(88; 112; 116). Figure 11b shows the individual add-on levels of coating in order to achieve

the desired wetting properties presented in Figure 11a. All of the coating add-on levels are in

the range of 10-25 g m−2, which is a typical level required to achieve superhydrophobicity from

spray coating when coating untextured substrates.

Figure 12 presents a sequence of SEM micrographs (increasing magnification a-to-b) of a su-

perhydrophobic coating (wp = 0.54) demonstrating its high surface texture. While the surface

is highly textured, it also has certain roughness features that contribute to liquid repellency bet-

ter than other surfaces would (e.g., hierarchical, re-entrant, porous) (72; 77). Figure 13 presents

a plot of coating electrical conductivity (γ) vs. wp; increasing concentrations of xGnP result
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Figure 12. SEM images of the spray deposited coating (wp = 0.54) (a) low magnification (50

µm scale bar); (b) high magnification (5 µm scale bar).

in an increase in conductivity of the composite coating (measured by the two probe method).

While the conductivity levels are relatively low (88; 90)—likely owing to non-alignment of

graphite platelets as well as the porosity of the coating—such formulations may still be useful

for anti-static coatings for packaging applications.
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Figure 13. The electrical conductivity of the PE-xGnP composite coating (γ) as a function of

filler concentration (wp).



CHAPTER 3

STRETCHABLE SUPERHYDROPHOBIC COMPOSITE COATINGS

This chapter is reprinted from Composites Part A: Applied Science and Manufacturing,

42, Thomas M. Schutzius, Manish K. Tiwari, Ilker S. Bayer, and Constantine M. Megaridis,

High Strain Sustaining, Nitrile Rubber Based, Large-Area, Superhydrophobic, Nanostructured

Composite Coatings, 979–985, Copyright 2011, with permission from Elsevier (118).

3.1 Introduction

Nitrile rubber, NBR, is a hydrophobic, solution-processable rubber used extensively in the

automotive industry (seals, fuel lines, oil hoses, etc.) for its excellent oil, fuel, and heat resis-

tance (119; 120; 121). Introducing fillers, such as carbon black (CB) and clay, to NBR is well

established, with previous works emphasizing mechanical property improvement (119; 120; 121;

122; 123; 124; 125; 126). Manipulation of the surface texture with added filler particles is a

relatively unexplored feature, which can be used to tune the wettability of the resulting flexible

composite coatings. In fact, carefully designed polymer composite coatings with filler parti-

cles can even demonstrate superhydrophobicity (static water sessile droplet contact angle over

150 ◦) and self-cleaning capabilities (low water droplet sliding angle or low contact angle hys-

teresis) (115; 117). A hierarchical surface morphology in particular (with micron-to-nanoscale

roughness) is known to facilitate such high water repellency (lotus effect) (127; 128; 129). The

well-known elastomeric properties of intrinsically hydrophobic nitrile rubber could thus be uti-

43
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Figure 14. ESEM images of composite coating SC1, deposited on indium foil, unstrained,

demonstrating hierarchical roughness by dual filler particle addition for (a) low magnification

(50 µm scale bar) and (b) higher magnification (2 µm scale bar).

lized for the fabrication of flexible, or even stretchable, water repellent composite coatings.

Such materials can be considered for stretchable substrates (e.g., rubber, textiles) undergoing

moderate to intense strain when super-water repellency is required. This approach is expected

to work for any elastomeric, hydrophobic, solution processable polymer (e.g., fluoroelastomers).

While there have been abundant previous studies on synthetic superhydrophobic surfaces

(115; 117; 127; 128; 129; 130; 86; 131; 132; 133; 78), work related to stretchable polymer-based

(elastomeric) surfaces is scarce. Zhang et al. (134), produced a polyamide film with a trian-

gular net-like structure that was stretchable and switched between superhydrophobicity and

superhydrophilicity (i.e., reversible wetting) depending on its state of strain. Choi et al. (135)

presented a method of dip coating fabrics to attach fluorodecyl polyhedral oligomeric silsesquiox-
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ane molecules and impart tunable oleophobicity to fabrics subjected to strain; increasing strain

resulted in a decrease in oleophobicity. Recently, another group (136) demonstrated the ability

to make recycled-rubber-based water repellent surfaces by stamped texture. The literature on

simple-to-apply water-repellent coatings for hydrophobizing textiles is quite extensive; see the

reviews by Bahners et al. (137) and Gowri et al. (138) for an introduction to currently avail-

able methods. For the sake of brevity, we mention only a few relevant techniques. Gao and

McCarthy (132) demonstrated a simple dip coating technique for hydrophobizing polyester and

microfiber polyester fabrics. Coulson et al. (139; 140) utilized a plasma technique to achieve

ultra-low surface energy well-adhered polymeric films for creating both hydrophobic and oleo-

phobic surfaces applied on cotton substrates without any solvents (which are required for spray

or dip coating applications). Several other authors have also demonstrated relatively simple

textile coatings that are repellent to both water and low-surface tension liquids (e.g., hexane,

hexadecane) (141; 142; 143). While reversible wetting, rubber-based hydrophobic surfaces, and

simple hydrophobic coating application methods for textiles have been demonstrated, works

showing the ability to maintain superhydrophobicity (high contact angle) and self-cleaning

ability (low sliding angle) at increasing strains are lacking. In previous studies, the property

of liquid repellency was both substrate and strain dependent. In the present work, coatings

applied on a variety of flexible substrates maintain superhydrophobicity through a range of

strains. We describe a simple, true one-step, spray process based on commodity chemicals ap-

plied, either upon manufacture or in a post-processing step, to an existing flexible substrate to

impart superhydrophobicity to its surface.
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Figure 15. Sessile water droplet contact angle (θ∗) variation as a function of filler particle

concentration (wp) for coatings with different fillers: PTFE (——2——), CB (– – –◦– – –),

and PTFE+CB (- - - -△- - - -). The PTFE+CB case maintains a filler particle wt. ratio of

9:1 PTFE:CB. The coatings were deposited on glass slides. Each data point represents 10

water contact angle measurements.
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Figure 16. Water droplet sliding angle (α) as a function of filler particle concentration (wp)

for coatings with different fillers. The coatings were deposited on glass slides. 40

measurements were averaged for each data point. For wp less than 72 wt.% PTFE+CB and

80 wt.% PTFE, water droplets remained pinned to the coating’s surface even when inverted.

PTFE+CB (- - - -△- - - -); PTFE (——2——)

3.2 Experimental

3.2.1 Materials

The materials used were: PTFE (Sigma Aldrich, 2.15 g cm−3 density), CB (Cabot, BP2000,

1.9 g cm−3 density), acetone (99.5%, Sigma Aldrich), poly(acrylonitrile-co-butadiene) rubber

(37-39% acrylonitrile, Sigma Aldrich, 1 g cm−3 density), polyester fabric (local fabric store),

microscope glass slides, indium foil (Sigma Aldrich, 0.25 mm thick, 99.99% metals basis), and

silicone rubber (1/2” x 1/16” x 36”, McMaster-Carr).
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TABLE II

COMPOSITION RANGE OF NBR/PARTICLE DISPERSIONS

ingredient concentration (wt.%)

NBR 1.5

filler particles 1.0-9.0

acetone 97.5-89.5 (balance)

3.2.2 Procedure

Pieces of NBR were dissolved in acetone at 40 ◦C under constant mechanical stirring to

obtain a 10 wt.% solution. PTFE and PTFE-CB suspensions were prepared by dispersing the

particles in acetone under bath sonication for 30 minutes. Upon maintaining a good degree

of particle dispersion in acetone, the NBR solution and the suspensions were blended for sub-

sequent spray deposition. Table II describes the composition ranges for the blends used to

produce the coatings. Clean microscope glass slides, silicone rubber, and polyester fabric were

used as substrates for the coatings. Coatings were spray deposited onto the substrates with

a single spray application at a fixed distance of 19 cm using an airbrush atomizer (Paasche

VL siphon feed, 0.55 mm spray nozzle) mounted on an automated industrial dispensing robot

(EFD, Ultra TT Series). The airbrush was operated by passing pressurized air through the

nozzle to move the particle slurry via siphon feeding; this air stream also acted to augment
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atomization at the nozzle exit. The pressure drop across the sprayer varied from 2.7-4.1 bar

depending on conditions. Each type of filler, and their combination, was incorporated into the

dispersion at increasing levels until the dispersion could no longer be sprayed consistently. The

coated substrates were dried for 30 minutes at 80◦C in an oven. The dispersion compositions

which yielded superhydrophobic coatings with an optimally low amount of filler particle load-

ing are listed in Table III. Coatings deposited on flexible substrates were mounted between

two linear clamps and stretched using a programmable linear actuator (Velmex). For uniaxial

straining, coated polyester fabrics were placed on a stretchable supporting substrate (silicone

rubber) in order to facilitate water droplet sliding angle measurements. The stretching limits

used for silicone rubber and polyester fabric were 30% and 70% strain, respectively. These

limits were chosen based on apparent coating and substrate degradation and not based on loss

of superhydrophobicity. Since acetone was the only liquid component of the slurry, the surface

tension of the sprayed fluid should be close to that of acetone (22.72 mN m−1 at 25◦C). No

viscosity measurements were performed for these slurries.

3.2.3 Characterization

A backlit optical image acquisition setup was used to record water droplet images for sessile

contact angle (θ∗) measurements. Water droplet sliding angle (α) measurements were performed

on a tilting stage (accuracy of 1 degree); the stage was gradually inclined until the droplets rolled

off. The water droplet volume used for both θ∗ and αmeasurements was 11.6 µL. Environmental

scanning electron microscope (ESEM) images were obtained using a Philips XL30 ESEM-FEG

after all samples were sputter coated with a 5 nm-thick layer of gold-palladium. For high-
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Figure 17. TEM image showing the morphology of the CB filler particles used in this work.

Image analysis showed that the mean diameter of the CB primary units is 21 nm (standard

deviation 3 nm).
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TABLE III

DISPERSION COMPOSITIONS FOR ELASTOMERIC SUPERHYDROPHOBIC

COATINGS WITH MINIMAL PARTICLE CONTENT

ingredient SC1 (wt.%) SC2 (wt.%)

NBR 1.5 1.5

CB 0.5 0.0

PTFE 4.5 7.0

acetone 93.5 91.5

resolution observation of how the composite coating behaves under strain, flexible indium foil

substrate was used. Once coated, the indium foil was first stretched to ǫ =18% strain, the

upper-limit the indium foil could bear before failing, and was subsequently sputter-coated with

5 nm gold-palladium before imaging on the ESEM. Transmission electron microscope (TEM)

images of the CB filler particles were obtained using a JEOL JEM-2010F. Scanning electron

microscope (SEM) images of the PTFE filler particles were obtained in a previous study; the

mean diameter of the PTFE particles was measured to be 260 nm (standard deviation 54.2 nm)

(117).
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3.3 Results and Discussion

Composite coatings containing filler particles allow control of surface roughness. Composite

coatings containing both nanometer-scale particles (e.g., CB, size < 100 nm) and submicrometer-

scale particles (e.g., PTFE, sizes in the range 100−500 nm) generate hierarchical surface rough-

ness, thus facilitating water repellency. Previous work (117) suggests that while it is possible to

achieve self-cleaning surfaces by utilizing a single type of filler particle in a composite coating,

adding two fillers of different length scales may allow the coating to become self-cleaning at even

lower levels of particle loading. Ultimately, utilizing the minimum required amount of filler to

attain a self-cleaning surface is of utmost importance for the coatings investigated here, as max-

imizing the amount of NBR in the final composite coating is essential to its mechanical integrity.

Figure 14 shows ESEM images that demonstrate hierarchical micro to nanoscale roughness by

utilizing dual-scale fillers. Figure 14(a) shows the presence of micro-scale roughness which is

attributed to the early dynamic interactions of the fillers, PTFE and CB, with NBR during

the spray impact process. Figure 14(b) demonstrates the submicrometer-scale roughness due

to the PTFE particles, as well as the nanoscale roughness introduced by the CB particles.

Filler particle addition to a composite coating can affect surface wettability in two different

ways. The first is by increasing the surface roughness, and the second is by changing the

surface energy, which depends on the wettability of the filler particles themselves (hydrophobic

or hydrophilic). Both mechanisms play an important role in affecting θ∗ on coated surfaces. θ∗

can be described by either the Wenzel (69) or Cassie-Baxter (70) equations, depending on the

state the droplet is in. For heterogeneous surfaces, utilization of these equations requires that
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Figure 18. Water droplet sliding angles as a function of strain (ǫ) for coatings deposited on

silicone rubber and polyester fabric. 10 sliding angle measurements were averaged for each

data point. Uncoated silicone rubber did not allow droplet sliding even when inverted. The

uncoated fabric showed inconsistent sliding angles in the range of 30◦ to 90◦ . SC1 on silicone

rubber (- - - -△- - - -); SC1 on fabric (— - —⋄— - —); SC2 on silicone rubber (——2——);

SC2 on fabric (– – –◦– – –).
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Figure 19. Water droplet sliding angles (α) for coatings deposited on silicone rubber and

polyester fabric at both stretched (S) and contracted (C) conditions. Coated silicone rubber

substrates were cyclically stretched to 30% strain, while coated fabric substrates were

cyclically stretched to 70% strain. 10 measurements were averaged to obtain each data point.

SC1 on silicone rubber (- - - -△- - - -); SC1 on fabric (— - —⋄— - —); SC2 on silicone rubber

(——2——); SC2 on fabric (– – –◦– – –).

the variations in the composite coating’s surface texture are small compared to the droplet size,

and that they are uniform throughout the surface. If those criteria are satisfied, then increasing

liquid repellency as a function of roughness can still be interpreted under the framework of

the Wenzel and Cassie-Baxter equations (144). For heterogeneous coatings with well dispersed

filler particles and self-similar surface features (see Figure 14) with size well below that of the

water droplet (dia. 2.8 mm), the increased water repellency of these coatings due to increased

surface roughness can be interpreted under the Wenzel and Cassie-Baxter models.
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Figure 15 shows θ∗ measurements on composite coatings with varying filler content and

deposited on glass slides. The three curves represent composite coatings prepared using either

PTFE particles only, CB particles only, or PTFE and CB particles in a 9:1 PTFE:CB wt.

ratio. The figure shows that increasing the concentration of CB in the dispersion results in a

corresponding increase in θ∗ for the resulting composite coating. For a CB concentration of

wp = 57 wt.% (2 wt.% in dispersion), θ∗ = 136 ◦, which is higher than the coatings containing

PTFE and PTFE+CB at that same filler concentration. This indicates CB as an optimal

nanofiller when low loading is a factor. On the other hand, PTFE filler particles increase

coating roughness on the submicrometer scale, and lower the overall surface energy of the

composite. Their ability to be dispersed and sprayed more easily at higher concentrations than

their CB counterparts justify PTFE particle use in larger proportion. Figure 15 demonstrates

a steady increase in θ∗ with increasing PTFE content, reaching a maximum of 144 ◦ at wp = 84

wt.% (8 wt.% of dispersion). The combination of PTFE with CB (PTFE+CB) also shows a

steady increase in θ∗ with filler content, reaching a maximum of 144 ◦ at wp = 82 wt.% (7 wt.%

of dispersion). The composite coating with PTFE and CB achieves its maximum θ∗ at at a

slightly lower level of particle concentration than PTFE alone.

It has been argued that superhydrophobicity should be characterized by low-contact angle

hysteresis (132), or low sliding angles, as such quantities quantify readiness of water droplet

movement (water repellency). Figure 16 shows water droplet sliding angle (sliding angle) mea-

surements of composite coatings deposited on glass slides for different fillers and their change

with varying filler content. The two curves depicted in Figure 16 represent composite coatings
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prepared using either only PTFE particles or PTFE and CB (PTFE+CB) particles in a 9:1

PTFE:CB wt. ratio. The figure demonstrates that adding increasing amounts of PTFE to

the dispersion, results in a general reduction in water droplet sliding angle, which ultimately

attains a value 10 ◦ ± 2 at wp = 82 wt.% (7 wt.% of dispersion; composite coating SC2, Ta-

ble III). Figure 16 also shows the gradual reduction in sliding angle with added PTFE+CB

fillers, with the composite coating displaying a sliding angle of 10 ◦ ± 3 at wp = 77 wt.%

(5 wt.% of dispersion; composite coating SC1, Table III), and dropping even lower at higher

filler content. While previous works have demonstrated superhydrophobic spray cast coatings

with hierarchical structures (117; 114), the goal of combining both CB and PTFE here was to

achieve superhydrophobicity at the lowest possible level of filler particle concentration in order

to maximize the amount of NBR in the final composite coating, thus preserving the coating’s

mechanical integrity. By utilizing a PTFE+CB combination, the wp necessary for the self-

cleaning property was lowered by 5.5 wt.% (2 wt.% of dispersion) over just PTFE alone. It

is also interesting to note the relatively large error bar of the sliding angle for the PTFE+CB

case at wp = 72 wt.% (4 wt.% dispersion). At this point, the surface transitioned from a sticky

Wenzel state to a Cassie-Baxter state, which is characterized by low sliding angles. The large

error bar is attributed to the transition between the two wetting states. Since Figure 15 demon-

strates increasing θ∗ for increasing filler content, and since the θ∗ for PTFE+CB at wp = 66

wt.% (3 wt.% dispersion) is sufficiently high to guarantee hydrophobicity but the droplet still

remains pinned to the surface even when tilted, the droplet must be in a Wenzel state of wet-

ting. On the other hand, at wp = 72 wt.% (4 wt.% dispersion) no droplet pinning occurs and
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the droplet must be in a Cassie-Baxter state of wetting. This interpretation is supported by the

decrease of the sliding angles and the corresponding standard deviations with increasing filler

concentration, which indicates that the droplets remain in the Cassie-Baxter wetting state.

Repellency to lower surface tension liquids was also investigated to explore the limits of the

present composite coatings. A mixture water+IPA (9:1 wt. ratio water:IPA, surface tension

40.42 mN m−1) (117) was used as a stronger challenge of liquid repellency. Neither coating SC1

or SC2 displayed any droplet sliding behavior, indicating that the water+IPA droplets were in

a Wenzel state of wetting. However, the corresponding contact angle values were 126± 3 (SC1)

and 104 ± 3 (SC2), indicating that the coatings did display mild solvent repellency. Steele et

al. (116) showed that in order to produce surfaces repellent to such low surface tension liquids,

great care must be taken to contain very low surface energy groups while having the polymer

matrix itself develop its own surface texture features (e.g., polymer cells, pores, etc).

For the CB-only filled coatings, the content of the dispersion reached up to 2 wt.%. No

higher CB content was utilized because of clogging of the sprayer during experimentation,

corresponding to device limitations. The clogging was attributed to the apparent increase in

dispersion viscosity and the tendency of the CB particles to aggregate and clog the sprayer.

Previous studies have reported that raising the nanoparticle volume fraction in a suspending

liquid can result in disproportionate increases in dynamic viscosity as compared with the pure

dispersing fluid (145; 146; 147; 148). Moreover, undispersed agglomerates, which may persist

even after sonic bath treatment (149), can cause increased viscosity in nanoparticle dispersions

as well (146; 150). Figure 17 confirms the presence of CB aggregates. These aggregates were
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obtained by drying a small amount of the dispersion placed on a holey carbon film supported

by a standard electron microscope grid. Since the limits of breaking up CB aggregates were

apparently reached for our sonicator, efforts were made to lower the volume fraction of the

nanoparticles (to reduce viscosity) by diluting the dispersion with increased acetone. However,

this resulted in large amounts of acetone reaching the surface and causing nonuniform coverage

of the substrates by the composite coating.

Figure 18 displays the effect of strain on droplet sliding angle for coatings SC1 and SC2

deposited on silicone rubber and polyester fabric substrates. It is clear that SC1 preserves

the self-cleaning property (sliding angles < 10 ◦) for both silicone rubber and polyester fabric

substrates throughout the strain levels investigated. Stretching was ceased at 30% strain for the

silicone rubber substrate because visual crack formation of the coating began to occur beyond

that level. Visual crack formation of the coating on the polyester fabric substrate was never

noted, but permanent deformation to the substrate began to occur beyond 70% of strain and

for this reason, the straining of the fabric was ceased at that level. It is important to note that

in both cases, the strain was not ceased due to a loss of superhydrophobicity. Michielsen and

Lee (151) utilized Cassie-Baxter theory (70) in its original form (i.e., not simplified to liquid

in contact with a flat porous surface) to review the relationship between surface tension and

roughness for artificially made superhydrophobic textiles. In that study, the wetting behavior

was controlled by varying the geometric structure of the fabric; surface energy was controlled

by applying different chemical treatments. In the present study, wetting behavior is influenced

solely by the composite coating itself, as roughness is affected by the filler particles, while surface
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Figure 20. ESEM images of the uncoated polyester fabric at (a) low-magnification (50 µm

scale bar), and (b) higher magnification (5 µm scale bar). ESEM images of composite coating

SC1, deposited on polyester fabric, unstrained, demonstrating conformal coating of the fabric

fibers at (c) low magnification (200 µm scale bar), and (d) higher magnification (50 µm scale

bar).
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energy is influenced both by the rubber matrix and the particles. If the geometric structure of

the underlying textile did significantly affect the wettability of the surface, then there would be

a measurable difference in wettability between a flat coated substrate (e.g., glass slide, silicone

rubber) and a textured coated substrate (e.g., textile). Figure 18 shows that the coating when

on a flat substrate (silicone rubber) has similar droplet sliding angles as when on the fabric

for varying stretched states. This indicates that the fabric’s surface texture (i.e., roughness,

which is also expected to change with stretching) is not contributing to superhydrophobicity.

One of the goals in developing the present coating system was to be able to apply it to a

variety of flexible substrates without relying on each substrate’s inherent roughness to create

superhydrophobicity.

Figure 19 shows sliding angles for coatings SC1 and SC2 deposited on fabric and silicone

rubber substrates and their values during cycling at their corresponding strain limits. SC1

remains self-cleaning on both silicone rubber and polyester fabric beyond the four strain cycles.

Coating SC2 with sliding angles between 10 ◦ and 20 ◦ is not quite self-cleaning, but maintains

its superhydrophobic property throughout and beyond the four strain cycles. It is argued that

the higher strains achievable with the coated fabric (without visual crack formation) were due

to the fact that the coating conformed to the fibers of the fabric rather than plugging its pores.

A conformal coating is supported by the ESEM images of Figure 20 where the coating clearly

conforms to the bulk fibers. Choi et al. (135) also demonstrated a conformal style coating for

their strained polyester fabrics with tunable oleophobicity. In Figure 19, we present only a few

cycles of straining to show that superhydrophobicity is maintained after repeated straining and
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contracting. Abrupt failure of the coating was not observed after the four strain-contraction

cycles; moreover, loss of superhydrophobicity was not observed even after one-hundred strain-

contraction cycles, although the coating did begin to show slow mechanical degradation with

increasing number of cycles.

Figure 21(a)-(c) present ESEM images of coating SC1 deposited on stretchable indium foil.

Once coated, the indium foil was strained to 18%. Figure 21(a) shows the presence of crack-

like defects, which are randomly distributed on the coating, but have a preferred direction of

propagation perpendicular to the applied tension (152). During the formation of the crack-

like structures, nanofibers formed from the rubber binder were seen to bridge the microcracks;

(c). The formation of small fibers is common in fracture of glassy thermoplastics, where these

fibers are referred to as fibrils, and the effect associated with their formation is referred to as

crazing (153). As seen in (b), the fibril orientation is perpendicular to the direction of crack

propagation; the presence of fibrils is also quite homogeneous with respect to the depth of the

crack; (c). The average diameter of the observed fibrils is 70±33nm, which is of the same order

with previously observed polymer fibrils (5-30nm dia.) (153). Crazing is known to increase

energy dissipation and fracture toughness, due to the ability of the fibrils to support some

load. While it is unclear whether the fibrils themselves increase the fracture toughness of the

present composites, these fibrils play a positive roll in keeping the coating intact and delaying

macroscopic crack formation. It is also interesting to note the shape of the fibrils themselves,

which appear to be cylindrical but also decorated with ‘pearls’. Periodic beads seem to form
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Figure 21. (a)-(c) ESEM images of composite coating SC1 (deposited on indium foil, strained

to 18%) at different magnifications increasing from left to right showing crazing. (d)-(f)

ESEM images of composite coating SC1 deposited on silicone rubber relaxed after stretching

to 30% strain. The inset in (f) displays a magnified image of broken fibrils. Scale bars (µm):

(a) 200; (b) 50; (c) 2; (d) 200; (e) 50; (f) 5.

along the entire length of the individual fibrils, as previously observed in nanofibers electrospun

from polymer solutions of low viscoelasticity (154; 155).

Figure 21(d)-(f) present ESEM images of coating SC1 applied on stretchable silicone rub-

ber. Once coated, this substrate was stretched to 30% strain and then allowed to relax. Fig-

ure 21(d)-(f) display images of the coating surface at its relaxed state (i.e., 0% strain) and

reveal the presence of microcracks. Prior to crack formation, the composite coating appears to
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have formed fibrils, which broke probably under excessive strain. Remnants of broken fibrils in

Figure 21(f) indicate their earlier presence under reduced strain. So while superhydrophobicity

of the composite coating on silicone rubber persists for stretching between 0-30% strain, coat-

ing fracture and thus mechanical failure occurs at strains below 30%. This low level of strain

required for the composite coating to fracture, when compared to other NBR composites, is at-

tributed to the high level of particle filler concentration required for superhydrophobicity (3.3:1

filler particle:NBR mass fraction). It should be noted, though, that flaking off of the coating,

as previously observed for other superhydrophobic surfaces undergoing significant stretching, is

not observed for the levels of strain investigated here.



CHAPTER 4

FLUOROPOLYMER BLENDS: MULTIFUNCTIONAL LIQUID

REPELLENT NANOCOMPOSITES

This chapter is reprinted (adapted) with permission from Industrial & Engineering Chem-

istry Research, 50, Thomas M. Schutzius, Ilker S. Bayer, Manish K. Tiwari, and Constantine

M. Megaridis, 11117–11123, Copyright 2011, American Chemical Society (87).

4.1 Introduction

Fluoroacrylic polymer-based coatings are of high interest due to their unique surface prop-

erties, such as exceedingly low surface energy, low friction coefficients, repellency to both oil

and water, and relatively low permeability to most gases (156; 157; 158). Among them, perflu-

oroalkyl ethyl methacrylate copolymers (PFEMA) have been characterized for water as well as

oil repellency applications (159). Due to their environmental friendliness, water-dispersed fluo-

rinated acrylic copolymers—which we designate here by the umbrella term PMC (e.g., perflu-

oroalkyl methacrylate copolymers)—have been approved for industrial use. These compounds

can be synthesized by conventional free radical polymerization in various liquids, including non-

solvents, such as water. However, processing in water poses challenges in controlling molecular

weight distribution and composition, as needed for attaining the desired physical properties. In

addition, there are environmental concerns about the allowable length (e.g., molecular weight)

of the perfluoroalkyl group due to adverse bioaccumulation rates (91; 92; 94). The US Environ-

64
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mental Protection Agency (EPA) has raised concerns over chemicals that can break down into

PFA (perfluorinated acids), and studies have shown that the bioaccumulation rate in rainbow

trout of perfluoroalkyl carboxylate and perfluoroalkyl sulfonate (two types of PFA) are generally

proportional to the length of the original perfluoroalkyl chain, with the type of PFA also affect-

ing bioaccumulation rates (92; 91). Although PFA compounds are prevalent, studies outlining

their toxicity thresholds are lacking (94). A recent EPA study expressed concern that current

maternal concentrations of PFOA (perfluorooctanoic acid) have the potential to cause adverse

effects in human offspring (94; 93). According to the EPA’s PFOA Stewardship Program, an

invitation was made to eight major fluoropolymer and telomer manufacturers (DuPont, 3M,

etc.) to commit towards elimination of precursor chemicals that can break down into PFOA

(160). The PMC utilized in the present study was created in response to this EPA initiative,

and would not break down into PFOAs in the environment. Since this copolymer has restricted

molecular weights due to its processing technique as well as environmental impact, its mechan-

ical properties are expected to be degraded. One way to circumvent this problem could be to

blend the PMC with a durable biocompatible polymer, preferably fluorinated (since water and

solvent repellency is the ultimate application), in order to improve the overall performance of

the final coating.

Poly(vinylidene fluoride) (PVDF) is a hydrophobic fluoropolymer with excellent electro-

mechanical properties and resistance to harsh environments (e.g., chemicals, heat, etc.) and

finds application in the chemical processing industry (e.g., fluid handling systems) or as the

base resin for long-life coatings of exterior surfaces (e.g., aluminum, wood, masonry, etc.) (161).
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PVDF is also used in various biomedical applications (162). As such, PVDF could offer a

possible solution to the PMC durability problem, if a proper solution blending process were

developed. Since PVDF resists most chemicals, it is only soluble in a limited number of sol-

vents (163). It also has relatively poor adhesion due to its inherent hydrophobic property.

This problem can be surmounted by blending with PMC, due to the latter’s acrylic function-

ality. More specifically, blending is not straightforward, since PMC is available as an aqueous

based dispersion (due to environmental restrictions on spray coating applications), and blending

water-based PMC directly with PVDF would phase-invert PVDF from the solution (164; 165).

Blending PVDF in solution with a non-solvent (such as water) is usually done for the purposes

of generating phase inversion PVDF membranes (166; 167; 165; 168; 169; 164). Bottino et

al. (163) showed that PVDF does not dissolve in most conventional solvents but is generally

soluble in polar, aprotic solvents, such as NMP and dimethylformamide (DMF). Generally,

previous studies on PVDF phase inversion focused only on adding non-solvents (e.g., water) to

‘good’ PVDF solvents and not to ‘poor’ solvents or ‘good-poor’ solvent blends (NMP-acetone),

with the general trend being the better the PVDF solvent, the higher the concentration of

non-solvent before phase inversion occurs (164). Other authors have reported phase inversion

membranes by using ‘good-poor’ solvent blends, where the ‘good’ solvent has a high boiling

point and a strong affinity for water while the ‘poor’ solvent has a low boiling point, hence

when the ‘poor’ solvent evaporates, water vapor is absorbed, and phase inversion occurs. How-

ever, isothermal quaternary diagrams designating water concentrations necessary for this type

of phase inversion process are absent (170; 171; 172). For spray applications ‘good’ PVDF sol-
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vents are not suitable in high concentrations due to their high boiling points (i.e., non volatile),

therefore, such solutions are usually diluted with a low-boiling point ‘poor’ PVDF solvent (e.g.,

acetone) to facilitate drying (115; 117).

Recently a number of studies have been undertaken to fabricate PVDF-based composite

films displaying high water and solvent repellency by dispersing sub-micron and nano-sized

particles, such as poly(tetrafluoroethylene) and/or ZnO in the PVDF matrix (115; 117; 89).

One of the most studied PVDF systems is PVDF-clay nanocomposites. Previous works have

shown dramatic mechanical property improvements with the addition of such fillers as well as

improved crystallinity control (for the purposes of producing a thermally stable beta phase for

application as a piezoelectric and pyroelectric material) (173; 174; 175; 176; 177; 178; 179; 180).

Clay has advantages over other fillers in that it can be delaminated from its original layered

structure of silicate platelets thus producing discrete, nanoscale silicate platelets (NSPs). These

NSPs are polydisperse in size, generally exhibit high aspect ratios and can self-assemble into

hierarchical structures necessary for the ‘lotus-effect’ (127; 97). Bayer et al. (86) utilized

NSPs in polyurethane-based spray cast composites for producing superhydrophobic coatings.

These nanoclays were surface modified with fatty-amino/amine functionality to render them

hydrophobic.

We report a facile solution-blending method to disperse PVDF in a water-based PMC solu-

tion using suitable co-solvents under pH control. These highly stable solutions can be solution-

or spray-cast to fabricate low-surface-energy polymer films with good substrate adhesion com-

pared to pristine PVDF films. Further, by dispersing high-aspect-ratio nanostructured fillers,
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such as organoclay and carbon nanowhiskers (CNWs) in these solutions, water and solvent

repellent functional nanocomposite coatings are fabricated by simple spray casting. Although

fluoroacrylic copolymers have the desired chemistry for liquid repellency (both to water and

oils), they do not possess a high degree of mechanical, thermal and chemical resistance as

compared to thermoplastic fluoropolymers. This study therefore investigates the blending of

a high performance thermoplastic fluoropolymer (PVDF) with a fluoroacrylic copolymer in

aqueous-based solutions to form durable—and yet highly liquid-repellent—polymer nanocom-

posite coatings.

First we incorporate nanoclay (organoclay) to produce water and water-alcohol repellent

composite coatings. Next, we demonstrate the robustness of this approach by replacing the

nanoclay filler with acid treated CNWs and produce highly water and water-alcohol repel-

lent nanocomposites with the added property of electrical conductivity. Wetting properties

of PVDF-PMC-nanoclay composite coatings are compared with those of PVDF-poly(ethyl 2-

cyanoacrylate)-nanoclay composites in order to demonstrate the effect of PMC copolymer on

liquid repellency. Wettability is interpreted within the framework of the Wenzel and Cassie-

Baxter wetting theories (69; 70).

4.2 Experimental

4.2.1 Materials

PVDF powder (typical size 231 ± 66nm based on 40 measurements, particle sizes were

measured from ESEM images, melt viscosity: 23500-29500 poise at 230◦C, 100 s−1) was ob-

tained from Alfa-Aesar, USA. Ethyl 2-cyanoacrylate (ECA) monomer, carbon nanowhiskers
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TABLE IV

COMPOSITION OF ORGANIC SOLVENT-BASED DISPERSIONS USED TO MAKE

PVDF-CLAY COMPOSITE COATINGS.

ingredient concentration (wt.%)

PVDF 2.8

nanoclay 0-8.3

NMP 25

acetone 72.2-63.9 (balance)

(dia. = 110-170 nm, solid core, length = 5-9 µm, >90 wt.% purity), DMF, reagent grade

acetone, trifluoroacetic acid (TFA), formic acid, isopropyl alcohol (IPA), and NMP were all ob-

tained from Sigma Aldrich, USA. Nanoclay, Nanomer R© I.31PS, which is a montmorillonite clay,

surface-modified with 15-35 wt.% octadecylamine and 0.5-5 wt.% aminopropyltriethoxysilane,

was procured from Sigma Aldrich, USA. The aqueous fluorinated acrylic copolymer dispersion,

CapstoneR© ST-100 (PMC, 20 wt.% in water) was donated by DuPont, USA. Figure 22 shows

an environmental scanning electron (ESEM) micrograph of the nanoclay (organoclay), as pur-

chased. The nanoclay was sonicated in acetone for 5 minutes, blended with a small amount

of ECA (clay:ECA 10:1 wt. ratio) to promote adhesion with the substrate, and subsequently

dropcast onto aluminum foil. The dry samples were imaged with a Philips XL30 ESEM after
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being sputter coated with an 8nm gold-palladium layer to facilitate imaging. The image in

Figure 22 shows discrete, delaminated clay platelets, each having microscale size. The edges

of these clay platelets exhibit nanometer-scale features, which together with the microscale

features, produce the hierarchical texture required for super-repellency.

4.2.2 Procedure

10 wt.% PVDF solutions were prepared by dissolving PVDF powder in NMP under slow

mechanical mixing at 40◦C for 4 hours. 10 wt.% PMC solutions in an acetone-water-TFA

mixture were obtained by first treating acetone (neutral pH) with a small amount of TFA.

With the acetone-TFA mixture under mechanical mixing at room temperature, 20 wt.% PMC

Figure 22. ESEM image of nanoclay platelets demonstrating partial exfoliation. A small

amount of ethyl 2-cyanoacrylate monomer was added to facilitate adhesion of the clay to the

substrate for imaging purposes (10:1 clay:polymer wt. ratio). The inset shows a magnified

image of the area marked by the dotted box. Scale bar is 1 µm.
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TABLE V

COMPOSITION OF ORGANIC SOLVENT-BASED DISPERSIONS USED TO MAKE

PVDF-PECA-CLAY COMPOSITE COATINGS.

ingredient concentration (wt.%)

PVDF 1.7

PECA 1.1

NMP 6.7

DMF 5.3

nanoclay 0-8.3

acetone 85.2-76.9 (balance)
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in water was added dropwise until a 10 wt.% stock solution of PMC in acetone-water-TFA

(44.5:44.5:1 wt. ratio) was obtained. To determine the onset of phase inversion, 10 wt.%

PVDF in NMP was first diluted with acetone and placed under mechanical mixing. With

the PVDF-acetone-NMP solution under mechanical mixing at room temperature, water was

introduced to this solution either as pure water or water-acetone 1:1 wt. mixture until the

PVDF phase inverted (see Figure 23a). Similarly, in separate experiments the 10 wt.% PMC

stock solution was added dropwise until PVDF phase inverted (see Figure 23b). A backlit

optical image acquisition setup was employed to determine when PVDF phase inverted based

on the changes in the turbidity of the multicomponent solutions. To prepare stable PVDF-

PMC blends, PMC dropwise addition must be ceased below the phase inversion threshold (see

Figure 23).

A co-solvent based technique (117; 181) for controlled polymerization of the ethyl 2-cyanoacrylate

monomer to form poly(ethyl 2-cyanoacrylate) was employed to facilitate blending with PVDF

in solution. PVDF powder was dissolved in NMP at 40 ◦C in separate solutions under constant

mechanical stirring to produce both 10 wt.% and 20 wt.% PVDF stock solutions. In prepa-

ration for addition to either the PVDF solution or PVDF-PECA solution, the organoclay was

first dispersed in acetone under sonication for 30 min. For PVDF-clay composites, the solution-

processed PVDF was added directly to the acetone-clay suspension at room temperature and

then shaken mechanically (concentrations listed in Table IV). For PVDF-PECA-clay compos-

ites, PVDF and PECA were blended into the acetone-clay suspension at room temperature at
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TABLE VI

COMPOSITION (IN WT.% OF DISPERSION) AND CORRESPONDING NAMES OF

ACETONE/WATER-BASED DISPERSIONS USED TO MAKE PVDF-PMC-CLAY

COMPOSITE COATINGS.

PVDF:PMC

ingredient 2:1 1:1 2:3

(wt.%) (wt.%) (wt.%)

PVDF 1.8 1.4 1.1

PMC 0.9 1.4 1.7

NMP 16.7 12.5 10.0

water 3.7 5.5 6.6

TFA 0.1 0.1 0.1

nanoclay 0.0-4.4 0.0-4.4 0.0-4.4

acetone 76.8-72.4 79.1-74.7 80.5-76.1
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TABLE VII

COMPOSITION OF ACETONE/WATER-BASED DISPERSION USED TO MAKE

PVDF-PMC-CNW COMPOSITE COATING REPELLENT TO BOTH WATER AND

WATER+IPA (0.17 CNW MASS FRACTION).

ingredient concentration (wt.%)

PVDF 0.9

PMC 0.9

NMP 8.3

water 3.7

formic acid 19.3

CNW 0.7

acetone 66.2

a fixed weight ratio of 3/2 (PVDF/PECA) and then mixed mechanically (concentrations listed

in Table V).

For preparing PVDF-PMC-clay composites, 10 wt.% PVDF in NMP was first diluted with

acetone under mechanical mixing at room temperature. With the PVDF-acetone-NMP solution

still under mechanical mixing, the 10 wt.% PMC stock solution (in acetone-water-TFA) was

added dropwise until the appropriate concentration was achieved; the targeted concentration



75

was below the phase inversion threshold for PVDF (see Figure 23). The resulting dispersion

was removed from mechanical mixing. Organoclay was dispersed in acetone and sonicated

with a probe sonicator for 30 min to ensure a stable dispersion. Finally, the PVDF-PMC-

acetone-water-TFA solution was blended with the acetone-clay suspension at room temperature

and shaken mechanically to produce the final dispersion for spray; see Table VI for specific

concentrations of each ingredient.

The procedure for preparing PVDF-PMC-CNW composites was similar to that of PVDF-

PMC-clay composites, except that one carboxylic acid (TFA) was replaced by another, formic

acid, which was also used to treat the CNWs. Moreover, since formic acid is a much weaker

acid compared to TFA, it can be directly blended with 20 wt.% PMC in water without PMC

precipitating out of solution. To begin, 10 wt.% PVDF in NMP was diluted with acetone

under mechanical mixing at room temperature. Then, in a separate vial under mechanical

mixing, 20 wt.% PMC in water was diluted with formic acid until a 10 wt.% solution of PMC

was attained. Next, the PVDF-acetone-NMP solution was placed under mechanical mixing at

room temperature and the 10 wt.% PMC in formic acid-water solution was combined with it. In

a separate vial, CNWs and formic acid were combined and placed under sonication (sonic bath)

for 5 min in order to acid treat the CNWs. Next, acetone was added to dilute the CNW-formic

acid suspension (to reduce viscosity), which was subsequently placed under sonication (probe

sonicator) for 30 min. Finally, the PVDF-acetone-NMP-PMC-formic acid-water solution was

combined with the CNW-formic acid-acetone suspension to yield the final spray dispersion.
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Table VII lists a typical formulation with specific concentrations of each material in the final

dispersion for producing water and water-alcohol repellent coatings.

Once the dispersions were generated, they were spray cast as coatings on aluminum foil

as well as on cellulosic substrates (e.g., paper) to demonstrate their water repellency despite

being applied on highly-hydrophilic surfaces. Spraying was performed with a double action,

siphon feed, internal mix, air brush with a 0.73 mm spray nozzle (Paasche VL, USA) at varying

distances (20-30 cm). Coated substrates were then placed in an oven at 80◦C for one hour to

dry.

4.2.3 Characterization

Wettability and spatial heterogeneity of the composite coating surfaces were quantified by

measuring apparent contact angles (static, advancing, receding) of 8 µL water and water-IPA

9:1 wt. mixture droplets. A backlit optical image acquisition setup was used to measure ap-

parent static contact angles, and a high-speed digital camera (Redlake MotionPro) was used

to measure apparent dynamic advancing and receding contact angles. ESEM images of the

coating’s surface were obtained with a Philips XL30 ESEM-FEG. All samples were first sputter

coated with an 8 nm layer of gold-palladium to better facilitate imaging. Electrical conductivity

measurements of the CNW-based superhydrophobic coatings were performed with a Mastech

MY-64 multimeter and the two-probe method. Conductive silver paint electrodes were ap-

plied on the composite surfaces to minimize contact resistance during electrical measurements.

CNW-based superhydrophobic coatings were spray cast on insulating paper board substrates

to eliminate any substrate effects during electrical measurements.
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4.3 Results and Discussion

Figure 23a shows that the maximum concentration of water in this isothermal quaternary

system (PVDF, NMP, acetone, water) before phase inversion occurs at approximately 15 wt.%

of total solution for PVDF concentrations ranging from 0.5-4 wt.% of solution. Yeow et al.

(164) studied phase inversion of PVDF from a number of PVDF/solvent/non-solvent systems

commonly used in PVDF membrane fabrication processes. The four different solvents studied

by Yeow et al. (164) were N,N-dimethylacetamide (DMAc), NMP, DMF and triethyl phosphate

(TEP), while water was the only non-solvent. They reported that for PVDF concentrations

from 0.5-4 wt.% of total solution, phase inversion for TEP, for instance, occurred around 5-12

wt.% water in total solution, while for DMAc it varied from 12-22 wt.% water in total solution.

Although the present NMP-acetone solvent mixture is not better than DMAc in this capacity,

the system can accommodate more non-solvent (water) than TEP in the ranges studied. In-

creasing concentrations of PVDF also led to a different mechanism of phase separation. For low

concentrations, the end of titration was marked by a transition from a clear solution to a turbid

solution and then to complete polymer aggregation (refer to the inset images in Figure 23a).

For higher concentrations of PVDF (beyond 4 wt.% of total solution), aggregation of larger

molecules was observed first, instead of turbidity. The difference in phase inversion mecha-

nisms can be explained as follows. At low concentrations of PVDF, the solvent-solute effect

dominates the solution behavior, whereas for higher PVDF concentrations, the macromolecule-

macromolecule effect dominates (164).
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Figure 23. Quaternary and sexternary phase diagrams of the solutions utilized for spray

without any clay fillers. Filled symbols indicate PVDF phase separation from liquid to a solid

state. The insets display images of vials containing solutions with the specified compositions;

scale bar is 10 mm. The magnetic stir bar can be seen at the bottom of each vial. (a) PVDF,

solvent (acetone, NMP), water phase diagram; (b) PVDF, solvent (acetone, NMP, TFA), 20

wt.% PMC in water. For both (a) and (b), NMP was kept at a constant 9:1 wt. ratio with

respect to PVDF. The concentration of TFA in the total solution was < 0.2 wt.% TFA. Gray

areas indicate unstable or phase inverted regimes.
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Figure 23b is a sexternary phase (PVDF, NMP, acetone, water, PMC, and TFA) diagram

that shows the maximum level of PMC in water solution before phase inversion is about 18

wt.% of total solution. It is instructive to compare Figure 23a with Figure 23b. We see that

the titration end points of water and PMC solution in water have similar concentration levels.

For water titration, phase inversion occurred at 15 wt.% of solution, whereas for 20 wt.% PMC

in water titration, phase inversion occurred at 18 wt.% of total solution. Considering that the

PMC dispersion is 80 wt.% water, then the concentration of water in the sexternary system

when phase inversion occurs is 14.4 wt.% of total solution, which is comparable to the 15 wt.%

water phase inversion concentration observed for the quaternary system in Figure 23a. At the

point of phase separation, the concentration of PMC was 3.6 wt % of total solution. Addition of

the aqueous-based PMC solution to a 3 wt.% PVDF solution containing co-solvents NMP and

acetone (primary solvent & low-boiling point) up to 3.6 wt.% PMC final concentration without

phase separation is non-trivial for spray applications, where the total solids concentration is

generally kept at 4−24 wt.% of dispersion in order to reduce problems caused by viscoelasticity

and nozzle clogging (117). Also, reduction in the concentration of the high boiling point solvent

(NMP) by utilizing acetone instead should reduce problems of polymer composite coating non-

uniformities due to substrate wetting/dewetting and ‘coffee-stain’ phenomena (116).

Adding nanoclay, which has both micro and nano scale features, to a dispersion is intended

to affect the surface texture of the resulting spray cast composite coating. It was hypothesized

that these clay platelets, after being introduced into the composite coatings, would self-assemble

into hierarchical micro-to-nanoscale structures, as already demonstrated by Lin et al. (97) for
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Figure 24. ESEM images of PVDF-PMC-clay composite coatings. (a) 2:3 wt. ratio

PVDF:PMC and wp = 0.29 (100 µm scale bar); (b) 1:1 wt. ratio PVDF:PMC and wp = 0.29

(2 µm scale bar).

nanoclay platelets functionalized with hydrophobic macromolecules. Such structures are known

to facilitate a high-degree of water repellency (lotus effect) (127; 128; 129). Figure 24 shows

ESEM micrographs of two spray cast PVDF-PMC-clay composite coatings. Repeating micro

and nanoscale features (due to clay) are apparent in these composite coatings; this affects

surface wetting of the composites. Figure 25 demonstrates the effect of increasing nanoclay

concentration on water contact angle values for PVDF, PVDF-PECA, and PVDF-PMC coat-

ings. For all coatings, the contact angle values increase with increasing clay content. A distinct

difference between the values for PVDF-clay and PVDF-PECA-clay composite coatings com-

pared with the values for PVDF-PMC-clay is clear. The inclusion of PMC dramatically raises

the hydrophobicity of the coatings. It is known that contact angles are affected by two factors,
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i.e., surface energy and surface roughness. Based on the inspection of a number of electron

microscope images, PMC in the composite was not found to generate surface roughness in the

form of polymer cells when spray cast from these multicomponent systems when compared

to a previous study (116). Furthermore, wetting measurements indicated that PVDF-clay and

PVDF-PECA-clay composite coatings, when cast on paper, do not demonstrate excellent water-

repellency, indicating that to achieve superhydrophobicity with PVDF-clay based composites,

a PVDF compatible fluoroacrylic component is required.

Figure 26a shows high water contact angle hysteresis values for high-concentrations of clay

filler in PVDF composite coatings (wp = 0.75), while Figure 26b shows low water contact angle

hysteresis for medium levels of clay concentration in PVDF-PMC-clay composite coatings (wp =

0.375). Comparison of these two graphs indicates that inclusion of PMC causes a dramatic

reduction in contact angle hysteresis even with decreased nanoclay content. Tiwari et al. (117)

showed that for PVDF-based composite coatings obtained by spray casting, a minimum of wp =

0.75 is required in order to obtain superhydrophobicity and self-cleaning behavior. However,

by utilizing PMC and the high aspect ratio clay filler, it is possible to reduce the filler weight

concentration levels significantly for a comparable level of repellency performance. Figure 27

shows that the developed coatings also resist low surface tension aqueous solutions, such as

water-IPA 9:1 wt. mixture, with static contact angles exceeding 150◦ and reasonably low

contact angle hysteresis.

To demonstrate the flexibility of the present method in accommodating various fillers, flu-

oropolymer dispersions with CNWs were also prepared and tested. CNWs were treated with
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Figure 25. Sessile contact angle (θ∗) vs. nanoclay mass fraction (wp) for PVDF-clay,

PVDF-PECA-clay, and PVDF-PMC-clay nanocomposites spray deposited on plain paper.

Varying concentrations of polymers were used and are defined as: PVDF (—⋄—),

PVDF:PECA 3:2 (—⊳—), PVDF:PMC 1:1 (—◦—), PVDF:PMC 2:3 (—2—), and

PVDF-PMC 2:1 (—△—). Increases in contact angle values were not appreciable beyond the

mass fractions investigated here and are therefore not shown.
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Figure 26. Water contact angle hysteresis (∆θ∗) for (a) PVDF-clay and (b) PVDF-PMC-clay

nanocomposite coatings spray cast on plain paper. Each bar represents a measurement at a

single location on a large-area sample. For (a) wp = 0.75 with a corresponding water sessile

contact angle of 143 ± 4 deg. For (b) the PVDF:PMC wt. ratio is 1:1, and wp = 0.375. The

corresponding water sessile contact angle is 164 ± 4 deg.
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Figure 27. Water-IPA (9:1 wt. ratio) droplet hysteresis (∆θ∗) measurements for

PVDF-PMC-clay nanocomposite coating spray cast on aluminum foil. For this particular

coating, the polymer is a mixture of 1:1 wt. ratio PVDF:PMC, and wp = 0.375. The

water-IPA sessile contact angle for this coating is 154 ± 4 deg.
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formic acid before being added into the polymer blend dispersions. Figure 28 displays the

surface morphology of the CNW composites (wp = 0.09), whose hierarchical surface structure

is caused by the random assembly of the protruding CNWs within the polymer matrix. Fig-

ure 29 displays sessile contact angle (CA), electrical conductivity, and contact angle hysteresis

measurements as a function of CNW concentration in the composite coatings. Comparison

with clay shows that super-repellency (CA > 150◦ and low CA hysteresis) was achieved at a

wp = 0.09, whereas for nanoclay composites wp = 0.29 was required. Figure 29 also plots

CA and CA hysteresis values for the water-IPA mixture. For both liquids, phobic behavior is

attained at a lower filler concentration in the case of CNWs, as compared with nanoclay. How-

ever, increasing the concentration of the CNWs beyond a certain level results in partial loss

of repellency to the water-IPA mixture. This can be attributed to a possible transition from

a Cassie-Baxter (70) wetting state to a Wenzel (69) wetting state. Although, the needle-like

protruding structures (see Figure 28) due to the random assembly of CNWs in the hydrophobic

polymer matrix are advantageous for the lotus effect with low surface tension liquids, coverage

of the CNW solvent-philic surfaces with the low-surface energy polymer blend is also essential.

Increasing CNW concentration in the composite probably reduces coverage of the CNWs by

the polymer, thus exposing regions on the surface with relatively high surface energy, which are

thus wetted by the liquid. As shown in Figure 29, water droplet CA and CA hysteresis do not

seem to respond to changes in CNW concentration. In other words, the lotus effect is durable

for water for the CNW concentrations used in the present composites.
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Figure 28. (a) ESEM micrograph of surface morphology of a PVDF-PMC-CNW composite

coating with wp = 0.09 (20 µm scale bar). (b) Higher magnification image showing composite

surface morphology made up of randomly assembled CNWs, some of which form needle-like

features protruding from the hydrophobic polymer matrix (5 µm scale bar).

Finally, as Figure 29 also demonstrates, the fluoropolymer blend/CNW composite coatings

are also electrically conductive. The electrical conductivity of these composites exceeds 10 S

m−1 making these coatings suitable for various applications such as microfluidics, electrically

activated liquid delivery, special electrodes for solid and liquid state batteries, electromagnetic

interference (EMI) filters, etc.
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Figure 29. θ∗, γ, and ∆θ∗ as a function of CNW mass fraction, wp. The polymer is a blend of

PVDF and PMC (1:1 wt. ratio). For θ∗ and ∆θ∗, the unfilled squares correspond to water,

while filled circles correspond to a water-IPA mixture (9:1 wt. ratio) with surface tension of

40.42 mN m−1. Each point marks the average of five measurements.



CHAPTER 5

WETTABILITY ENGINEERED SURFACES: HANDLING LOW

SURFACE TENSION LIQUIDS

This chapter was published in: T. M. Schutzius, M. Elsharkawy, M. K. Tiwari and C. M.

Megaridis, Lab Chip, 2012, 12, 5237 DOI: 10.1039/C2LC40849J - Reproduced by permission

of The Royal Society of Chemistry (46).

5.1 Introduction

Surfaces and coatings with patterned wettability (e.g., hydrophobic, hydrophilic) have

shown potential applications in microfluidics (182), fog capture (43) and pool boiling (38).

With recent advancements, surfaces with adjacent superhydrophobic and superhydrophilic re-

gions are feasible at a reasonable cost; with properly designed patterns, one can produce mi-

crofluidic paths where water is confined and transported by surface tension alone (i.e., surface

tension confined tracks) (183; 184; 185). The surface tension (σlv) of water is relatively high

(≈ 72 mN m−1) as compared with oils (≈ 25 mN m−1) and organic solvents (≈ 20 mN m−1).

This makes the design of STC channels for oils and organic solvents more difficult. Zimmer-

mann et al. (186) demonstrated an excellent route to attaining spatial domains of superoleo-

phobicity and superoleophilicity; however, the apparent CA value for hexadecane (θ∗C16H34
) on

the oleophobic domain was ∼140 ◦ (not quite in the super-repellent regime), with no report

of liquid sliding behavior or STC channel velocities, and no wettability mention for alcohols.

88
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In one application, Chang et al. (187) used oleophobic/oleophilic patterning to produce mi-

crochips by a capillary-driven, self-assembly process. In another publication, Kobaku et al.

(39), fabricated site-selective, self-assembling surfaces for low-surface tension liquids; the pat-

terned superomniphobic-superomniphilic surfaces targeted applications ranging from surface

directed microchannels for liquid phase reactions, to site-selective condensation of heptane va-

pors, and preferential nucleation of methanol under boiling conditions. Such self-assembling

surfaces also can enable low-cost patterning of solution-processed polymers or suspensions of

micro/nanoparticles. It should be noted that the focus of that work was on site-specific self-

assembly, while the emphasis of the present work is on facile pumping of low-surface tension

liquids and low-cost, large-area fabrication. Despite many attractive application prospects in

synthetic biology, chemistry and heat transfer, only limited literature exists today on substrates

with spatially-patterned wettability for low surface tension liquids.

We report a facile method to produce large-area, STC tracks for low-surface tension liq-

uids. These 2-D tracks attain liquid velocities approaching 3 cm s−1 for low-viscosity liquids,

thus bridging a gap in the literature for unassisted, capillary driven, open channel micro-fluidic

transport of oils, solvents and alcohols. The STC tracks are fabricated from spray coating

a fluoroacrylic-carbon nanofiber dispersion to form a superoleophobic surface, which is subse-

quently patterned with a paraffin wax-hexane solution to form wettable tracks. To demonstrate

the facile nature of the present technique, the wax patterning is done by a continuous fountain-

pen printing method—a relatively simple process. However, the technique should be amenable

to other finer-scale liquid patterning processes (e.g., ink-jetting, etc.), which can attain spatial
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Figure 30. Continuous fountain-pen printing setup: 1) Syringe containing wax-hexane

solution (dispensed by an automated syringe pump, not pictured); 2) linearly translating

substrate (attained by a computer controlled linear actuator, not pictured); 3) detail showing

polypropylene nozzle dispensing wax-hexane solution onto the coated (oleophobized) glass

slide, substrate moving right-to-left, nozzle held at a fixed position.

resolutions in the micrometer regime. Spontaneous transport of water (which only partially

wets the wax) in the tracks is not observed; however, anisotropic wetting behavior is seen,(188)

as mm-size water droplets slide under the influence of gravity along the track direction, but

remain pinned when tilted against the non-wettable curbs (189). In this case, tracks act to

guide sliding water droplets with the aid of gravity.
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5.2 Experimental

5.2.1 Materials and Procedure

The dispersion formulation used to form the superoleophobic base coating has been reported

elsewhere (88); a brief description is given here for completeness. First, carbon nanofibers

(CNF), (PR-24-XT-HHT; Pyrograf III) were acid treated with acetic acid (99.9 wt.%, ACS

Certified, Fisher Scientific) and bath sonicated (output power 70 W; frequency 42 kHz; Cole-

Parmer, Model 08895-04) for 10 min. producing a ‘mud-like’ material (2.5 wt.% CNF in acetic

acid), which was subsequently diluted with acetone (0.9 wt.% CNF in acid and acetone) and

probe sonicated (750 W, 13 mm probe dia., 40 % amplitude, 20 kHz frequency, Sonics & Ma-

terials, Inc., Model VCX-750) for 1.5 min. Separately, an aqueous fluoroacrylic copolymer

dispersion (PMC, 20 wt.% in water, Capstone ST-100, DuPont) was diluted with acetic acid

and then acetone to form a 2.9 wt.% PMC stock solution (1:2.5:5 wt. ratio of water:acetic

acid:acetone). This stock solution was then added to the stable CNF-acetone-acetic acid sus-

pension (1:1.5 wt. ratio PMC:CNF), which was then bath sonicated for 10 min until a stable

dispersion was formed. The dispersion was subsequently spray cast with an airbrush (Paasche

VL siphon feed, 0.78 mm spray nozzle) onto aluminum plates or glass slides using compressed

air (2.1 bar). The coatings were initially dried by a heat-gun (ProheatR© Varitemp R© PH-1200,

1300 W max) for several minutes and were then placed in an oven at 70 ◦C for 60 min to

dry completely, thus forming the oleophobic base coating for the subsequent step (wettability

patterning). For that, a 1 wt.% (0.7 vol.%) solution of paraffin wax (melting point 53-57 ◦C ,

Sigma-Aldrich) in hexane (> 98.5%, ACS reagent, Sigma-Aldrich) was formed by adding wax
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to hexane and shaking mechanically for several minutes at room temperature. Patterning was

done by a continuous fountain-pen printing technique (see Figure 30) whereby the wax solution

was dispensed with a syringe pump (Cole-Parmer, 74900 Series) out of an 18 gauge polypropy-

lene needle (1.27 mm outer dia., 0.84 mm inner dia., 12.7 mm length; EFDR©) at 15 µL min−1;

the needle was kept at a fixed distance of 250 µm above the coating, while the substrate was

translated at a fixed speed (3.7 mm s−1; Velmex translation stage). Patterned areas were sub-

sequently dried quickly with the heat-gun. Track widths of ≈1 mm were readily formed under

these process parameters. Since the track width is proportional to the needle diameter, features

well below 1 mm were also printed with a 31 gauge needle (0.24 mm outer dia., 0.1 mm inner

dia.). Figure 30 shows a description of the fountain-pen printing setup.

5.2.2 Characterization

Wettability characterization was done by measuring advancing and receding contact angle

(CA) values for uniform wettability areas by the sessile drop method, whereby 5-10 µL of each

probe liquid was dispensed (advancing measurement) and removed (receding measurement).

Advancing and receding CAs were captured with a high-speed, backlit image acquisition setup

(Redlake MotionPro); a different spot location on the coated substrate was used for each mea-

surement. The morphology of the unpatterned and patterned, spray deposited coating was

characterized by scanning electron microscopy (SEM) analysis (Hitachi S-3000 N). All samples

were coated with a conforming 4 nm layer of Pt/Pd prior to SEM imaging. Liquid transport

along the patterned STC tracks was captured with a high-speed camera (frame rate 50 s−1,

Redlake MotionPro) and was used to measure flow velocity. For each experiment, a droplet of
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the appropriate fluid (3.7 µL acetone; 3.8 µL ethanol; 4.5 µL hexadecane) was placed at one

end of a 1 mm x 25 mm track and the impending flow was visualized at high speed from above.

5.3 Results and Discussion

TABLE VIII

APPARENT ADVANCING CONTACT ANGLE AND RECEDING CONTACT ANGLE

VALUES FOR LIQUIDS OF DIFFERENT SURFACE TENSIONS ON A

SUPEROLEOPHOBIC PMC-CNF COATING (60 WT.% CNF); VALUES OBTAINED

FROM HANDBOOK. 10

liquid σlv (mN m−1) θ∗a (◦) θ∗r (◦)

water 71.99 160± 3 156 ± 3

DMSO 42.92 155± 3 152 ± 4

hexadecane 27.05 157± 2 142 ± 9

ethanol 21.97 144± 3 ≈ 0

isopropanol 20.93 125± 4 ≈ 0

hexane 17.89 49± 7 ≈ 0
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Figure 31. SEM micrographs of a superoleophobic, spray-deposited, fluoroacrylic/CNF

composite coating with wp =0.60 CNF at (a) low-magnification and (25 µm scale bar) (b)

high-magnification (5 µm scale bar).

Over the past few years, many studies have investigated liquid repellent surfaces generated

from spray deposited polymer-particle dispersions; the polymer acts to reduce surface energy

and the role of the filler is to create surface texture (115; 117). In the present coatings, the

overlapping CNF particles create inherently re-entrant textures (see Figure 31), which are

necessary for superoleophobicity (θ∗a > 150 ◦; see Table VIII) (77). Table VIII shows that the

self-cleaning behavior of the coating (i.e., low CA hysteresis) is lost with lower surface tension

liquids, such as alcohols. However, θ∗a retains values indicating that alcohols do not spread

10Values for surface tension obtained from the CRC Handbook of Chemistry and Physics, 2005, 85 ed.
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spontaneously on these coatings. For the case of ethanol, θ∗a is relatively high, implying a

non-trivial differential pressure across the droplet interface (i.e., Laplace pressure). Recently,

high Laplace pressures inside water droplets interacting with superhydrophobic surfaces have

been shown to be useful for self-pumping, superhydrophobic-patterned surface microfluidic

(S2M) platforms, where liquid motion is induced by the merging of a larger droplet with a

smaller droplet, both of which are connected by a microchannel (190). For water, contact

angle hysteresis has been shown to be important in two-dimensional lab-on-paper devices where

water contact angle hysteresis is selectively increased in predefined areas on a superhydrophobic

paper—so called hysteresis enabled lab-on-paper (HELP); such an approach enables one to

perform storage, guided transport, mixing and sampling of test liquids (191). Such clever

techniques can be extended to low-surface tension liquids only if the surfaces contain wettability

patterns capable of confining low-surface tension fluids, which is non-trivial to achieve. Our

facile approach to form such patterns uses an approach that circumvents sophisticated top-down

microfabrication steps. In addition, our technique—wherein we apply wax solution locally to

selectively increase the surface energy on predefined tracks—results in considerable materials

saving. We focus on pumpless transport of low-surface tension liquids in open, surface-tension-

confined tracks by capillary action—a different mechanism than in the S2M and HELP devices,

which are mentioned here only to show the wide variety of potential applications of the present

approach.

On smooth surfaces with high surface energy, droplets may occupy one of two possible

wetting states: 1) total wetting, or 2) partial wetting. The specific wettability state can be
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predicted using the spreading parameter S (see Equation 1.1). The critical surface tension

of the solid, which is denoted by σc, corresponds to S = 0. S > 0 (i.e., σlv < σc) predicts

total wetting (i.e., equilibrium CA θe = 0), while S < 0 corresponds to partial wetting (i.e.,

θe 6= 0). S = 0 marks the transition between the two wetting states. For liquids satisfying

the condition S > 0, spontaneous transport in STC channels is expected a priori ; however, for

liquids with S < 0, spontaneous liquid spreading is not guaranteed. The above discussion applies

for smooth surfaces. For rough surfaces, partial wetting may give rise to a situation referred

to as hemi-wicking (71), where the liquid invades the texture but leaves exposed a portion of

the solid. This configuration is thermodynamically favored when θe satisfies the inequality in

Equation 1.7. Estimates of equilibrium CA on paraffin wax (θe, wax) for several of the probe

liquids utilized in this study can be found in Fox & Zisman (192); in general, σc for the CH3 and

CH2 bonds (i.e., paraffin wax) is in the range of 22-31 mN m−1 (193), which overlaps with the

surface tensions of the organic probe liquids investigated herein (see Table VIII). Considering

the case where Φsl << 1 (i.e., large area fraction of liquid in channels), Equation 1.7 becomes

cos θc ≈
1

R
. (5.1)

When σc and σlv are comparable—as is the case here—then from Young’s relation (58) it

follows that θe should be relatively low; for hexadecane (192) θe, wax = 27 ◦. Setting θe, wax =

θc = 27 ◦ and substituting into Equation 5.1, it follows that R = 1.06, implying that for the case

of S < 0 (partial wetting), only a relatively small amount of surface roughness is required to
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produce hemi-wicking behavior. This level of roughness is well below that achieved by spray cast

coatings which contain high concentrations of filler particles (cf. Figure 31, wp =0.60 CNF).

So if the wax were deposited as a conformal, thin layer onto the highly textured coating, then

it would be possible to produce hemi-wicking behavior. The wax should be solution-processed

with a low-surface tension liquid so as to partially wet (S < 0) the underlying textured surface,

and ultimately, produce patterns on the highly liquid-repellent coating. From Table VIII we

deduce that hexane does not fully wet the CNF coating, so this liquid offers an appropriate

choice for patterning wettable tracks on top of the superhydrophobic terrain; fully wetting

liquids, which spread uncontrollably, would make it extremely difficult to pattern with good

resolution. When applying the wax coating, it is necessary to preserve the underlying surface

texture, otherwise the desired hemi-wicking behavior may not be attained. The deposited wax

thickness is a function of printing speed, wax-hexane solution flow rate, the printing nozzle

diameter and solution concentration. From Figure 31, the surface texture appears to have four

apparent length scales: 1) micro-clusters of CNFs (see a; with length scale ≈10µm), 2) CNF

diameter (see b; ≈100 nm (88)), 3) CNF length (≈10-30µm (88)) and 4) pores in-between

adjacent CNFs (see b; ≈1µm). If one wishes to preserve coating feature sizes larger than

≈1 µm (i.e., the large micro-clusters seen in Figure 31), then one must ensure that the wax

film thickness is approximately the same or below this value. The substrate linear translation

speed (ut) and dispensing volumetric flow rate (Q) are related through Q ∼ uthfilmdn, where

dn is the inner diameter of the nozzle and hfilm is the film thickness of the deposited wax-

hexane solution. The relation between the film thickness of the wax-hexane solution and the
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dry wax coating thickness (hwax) is hwax = chfilm, where c is the volumetric concentration of

wax in hexane. Taking Q=15 µL min−1, hfilm ≈100 µm and dn=0.84 mm, ut becomes 3.0

mm s−1. Our substrate velocity in the track deposition experiments was 3.7 mm s−1, which is

comparable to the calculated value. We applied three successive layers of 0.7 vol.% solution on

each area to produce the desired wetting behavior (i.e., capillary driven flow), which implies

an overall wax-layer thickness of ≈2 µm. Thicker, as well as thinner, wax layers resulted in

channels with unfavorable capillary behavior (i.e., no liquid movement). Figure 32 presents

SEM micrographs of a wax-patterned, composite coating. We see that most of the low-lying

valleys have been filled, but the micro-cluster texture remains in the areas protruding above

the polymer. The space between adjacent micro-clusters forms a channel, as is evident from

Figure 32b. The average micro-cluster interspacing was estimated to be 18±7 µm, as based on

66 distinct measurements.

An important property of microchannels is the fluid advancing velocity. For our STC tracks,

the dynamic transport is affected by both viscous and capillary forces (194). We assess the mov-

ing liquid front’s velocity by modeling the liquid advancement as capillary driven impregnation

of the liquid into the pores of the rough underlying surface. The pores can be imagined as small

channels in their own right. A balance of capillary and viscous forces yields (195)

um ∼
∆pd2

pore

µx
∼
∆σdpore

µx
, (5.2)

where ∆p ∼ ∆σ/dpore represents the Laplace pressure due to the presence of a curved
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Figure 32. SEM micrographs of a wax-coated, fluoroacrylic/CNF (wp =0.60 CNF) composite

coating at (a) low-magnification (50 µm scale bar) and (b) high-magnification (25 µm scale

bar). Arrows in (b) demonstrate example measurements of the interspacing values between

micro-texture features that remain exposed after wax-patterning.
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TABLE IX

MEASURED AND PREDICTED AVERAGE SPEEDS FOR FLUIDS OF DIFFERENT

DYNAMIC VISCOSITY (VISCOSITY VALUES OBTAINED FROM HANDBOOK11) TO

TRAVERSE A LENGTH IN 1 MILLIMETER-WIDE STC TRACKS.

liquid µ (mPa s) ∆x (cm) ∆x
∆t (cm s−1) um from Equation 5.2 (cm s−1)

acetone 0.306 1.03±0.01 3.1±0.5 13.8

ethanol 1.074 1.08±0.06 1.2±0.3 3.68

hexadecane 3.032 1.08±0.06 0.7±0.1 1.61

liquid-vapor interface (in between the protrusions seen in Figure 32b), dpore is the average pore

diameter (selected values depicted by the arrows in Figure 32b), µ the dynamic viscosity of the

fluid and x the position of the advancing liquid front, which varies with time; ∆σ = σsv − σsl

describes the surface energy change as the fluid column advances. For highly wetting cases (i.e.,

θe ≈ 0) where σsv >> σsl (e.g., for hexadecane) (192), from Young’s relation (58) σsv ≈ σlv, and

we deduce ∆σ ≈ σlv. Stated simply, for highly wetting situations ∆σ can be approximated by

the surface tension of the liquid. Table IX presents the measured velocity (∆x∆t ) of the advancing

liquid front for the first 1.0 cm of travel, as well as the values computed from Equation 5.2

11Values for viscosity obtained from the CRC Handbook of Chemistry and Physics, 2005, 85 ed.
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for dpore = 18 µm (the previously measured average pore scale). The order of magnitude

agreement between the predictions and the measurements is quite good, although we have

neglected the energy cost of generating new free surface as the liquid flows along the STC

tracks and through the obstacles posed by the CNF protruding clusters. The data listed in

Table IX shows that Equation 5.2 overestimates the measured velocity more for the case of

acetone and ethanol, as compared with hexadecane. The reason for this disrecpency may be

due to the approximation of ∆σ. In the case of alkanes, it is known that the magnitude of

the previously neglected term, σsl, is less than in the case of oxygen-containing liquids (192).

Considering that θe, wax = 33±2 ◦ for ethanol (196) and 27 ◦ for hexadecane (192), from Young’s

relation the respective values for ∆σ are 18.4 and 24.1 mN m−1. The error of the approximation

∆σ ≈ σlv is then 19% and 12%, respectively for ethanol and hexadecane. Therefore, for liquids

containing oxygen (such as ethanol), one should exercise reserve in applying this approximation.

On the other hand, for highly volatile liquids like acetone, this approximation may be the only

possible approach due to difficulties associated with measuring θe on wax (rapidly changing

liquid volume due to evaporation). In this case, one should expect that ∆σ, and ultimately

um, would be overestimated (as seen in Table IX). Figure 33 draws the measured values of the

liquid wetting front position along an STC track as a function of time for liquids of different

viscosity and comparable surface tension (acetone, ethanol, hexadecane; see Figure 34 for an

image sequence of hexadecane transport on a straight track). As expected, increasing viscosity

(from acetone to ethanol to hexadecane) results in slower liquid velocities on the respective
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Figure 33. Measured data for liquid wetting meniscus position (x) as a function of time (t) for

acetone (—2—; average of 10 trials), ethanol (– – –©– – –; average of 14 trials) and

hexadecane (— - —△— - —; average of 14 trials) flowing in wax-patterned STC tracks.

Washburn theory prediction of x vs. t for acetone (solid line), ethanol (dashed line) and

hexadecane (dot dashed line) for liquid flow in wettable 18 µm pores (from Equation 5.3).

Inset is a top-view image of horizontally-placed patterned tracks with ethanol advancing by

capillary action.



103

Figure 34. STC line tracks printed with wax on a superoleophobic fluoroacrylic/CNF

composite coating. Two identical hexadecane droplets are placed, one outside the wax-coated

area (left), and the other (top middle) on the wax line at (a) t=0s, (b) t=1s and (c) t=3s.

Note how the fluid advances along the straight track via capillary action. Scale bar is 1.0 mm.

track. In order to better describe the wetting behavior (i.e., liquid penetration), we utilize the

familiar Washburn equation (194)

x =

√

σlvdporet

4µ
, (5.3)

which is also plotted in Figure 33 for acetone, ethanol and hexadecane with dpore =18 µm. The

trends are quite consistent, although it appears that Equation 5.3 significantly underestimates

the advancing wetting front for hexadecane, as compared with acetone and ethanol. This is a

complex issue and at its core demonstrates the limitations of the applicability of Washburn’s

equation to the present data sets. First, Washburn’s equation neglects the generation of new free

surface (costly in terms of energy), which should ultimately slow the velocity of the advancing

liquid. For the idealized case of wetting of pillars—where the tops of the pillars are also wet
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(i.e., θe ≈ 0)—the percentage of surface energy consumed by generating a new free surface as

a liquid advances is 1/ (1+ R) (58). Even for a highly rough case with R = 3 (71), the relative

amount of surface energy consumed by free surface generation is 25%. Lower values of R would

raise this estimate. Ultimately most important is the effective pore size or characteristic length

scale. It is tempting to idealize a textured surface as a series of hollow cylinders due to the

ease of which one can model fluid transport in between such cylinders. While we performed

SEM and measured characteristic length scales that we felt were representative of an effective

micro-channel width (idealized as a pore in Equation 5.3), this characteristic length scale had a

standard deviation of almost 60% around its mean value, which highlights the large discrepancy

from the idealized case. Nevertheless, despite its potential short-comings, Equation 5.3 models

the wetting behavior for acetone and ethanol quite well. Patterning the wettability of surfaces

is likely to have a wide palette of applications that vary depending on the surface tension of

the liquid being used. As an example, the method could be employed for facile fabrication of

surfaces with anisotropic wettability (188). The following illustrates how the method could be

implemented to gain directional movement control of small liquid volumes on a pre-patterned

surface. Since we utilized wax in the oleophilic tracks, it is expected that these tracks would be

partially-to-fully superhydrophobic. Figure 35(a) is a schematic demonstrating the anisotropic

wetting of mm-sized water droplets (blue) inside a mm-wide STC track, where α and β define

the tilting angles around two orthogonal axes. Figures Figure 35(b)-(c) show the shape of the

water droplet placed on a line STC track in an untilted (α =0 ◦) and tilted (α =90 ◦) state,

respectively (b-c camera view fixed). In c, note the non-circular solid-liquid contact area of
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Figure 35. (a) Schematic of anisotropic wetting of water droplets placed in line STC tracks. α

and β define tilting angles with respect to axes parallel and normal to the track, respectively;

droplets remain pinned for α > 0 ◦ and slide for adequate values of β > 0 ◦; (b)-(c)

demonstrate the confinement of a water droplet (i.e., no mobility) even for α = 90 ◦; (d)-(f)

demonstrate droplet sliding action for β = 45 ◦ in the time period t = 0 to 14 s. Inset scale

bars are all 1 mm and the droplet volume is 10 µL.
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the water droplet, which remains immobile and pinned against the hydrophobic curbs. Figures

Figure 35(d)-(f) show an image sequence of a water droplet on a track in an untilted and tilted

state; the droplet demonstrates its mobility in Figs. Figure 35(e)-(f). The required minimum

angle β for droplet sliding was 25±4 ◦—an increased value over unpatterned (superhydrophobic)

areas of the coating where droplets slid at tilt angles below 10 ◦. The anisotropic wetting

property can be exploited in these open tracks to guide large water droplets with the aid of

gravity. The sine of the minimum sliding angle of a droplet with an idealized rectangular

solid/liquid contact area can be calculated as (ltrackσlv (cos θ
∗
r − cos θ∗a)) / (ρVg), where ltrack is

the width of the wettable track, ρ the fluid density, V the droplet volume, and g the acceleration

of gravity (75; 76). From the above expression, we see that by reducing ltrack—the patterned

track width—we can reduce the overall sliding angle of the droplet, i.e., increase the mobility

of the droplet on the track.



CHAPTER 6

WETTABILITY ENGINEERED SURFACES: THERMAL STABILITY

AND SCALABILITY

This chapter and its associated appendix (Appendix A) were published in: T. M. Schutz-

ius, I. S. Bayer, G. M. Jursich, A. Das and C. M. Megaridis, Nanoscale, 2012, 4, 5378 DOI:

10.1039/C2NR30979C - Reproduced by permission of The Royal Society of Chemistry (48).

6.1 Introduction

Polyhedral oligomeric silsesquioxanes or, in short polysilsesquioxanes (POSS), are organici-

norganic hybrid materials having unique molecular structures (197). POSS resins are a class of

silicon compounds with the empirical formula RSiO1.5, where R denotes hydrogen or an alkyl,

alkylene, aryl, or arylene group. The POSS name is derived from one and one half (1.5) or

sesquistoichiometry of oxygen bound to silicon. POSS molecular building blocks can be tuned

for desired optical, structural and mechanical properties (198). The most common form of POSS

is a three dimensional Si–O cage framework, commonly known as a POSS nanocage. Among

POSS compounds, solution-processable hydrogen silsesquioxane (HSQ) or methylsilsesquioxane

(MSQ) resins generally find applications as low-dielectric materials for integrated circuit devices

(199; 200; 201; 202; 203; 204) and are also used as an alternative route to produce silica coatings

(205; 206). For high temperature applications, POSS resins may have greater advantages over

their organic polymer counterparts due to their inherently higher bond strength (207; 208).

107
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Silsesquioxanes can be produced with a variety of pendant chemical groups (i.e., alkyl, aryl,

etc.), thus allowing appreciable solubility in organic solvents for solution processing; MSQ is

expected to be hydrophobic due to the presence of methyl groups. Further enhancement of film

hydrophobicity may be attained by introducing hydrophobic inorganic nanoparticles, such as

hydrophobic fumed silica (i.e., silica modified by silanes or siloxanes), into the MSQ film. These

filler particles not only lower the surface energy of the films, but also affect surface texture, two

factors known to significantly influence hydrophobicity (115; 117). With proper combination

of hydrophobic nanoparticles, it seems possible to achieve superhydrophobic coatings based

upon POSS materials, thereby circumventing problems associated with organic polymers, and

in turn, offering improved coating thermal stability and scratch resistance. Finally, due to the

ability of POSS to oxidize (206) and generate hydrophilic functional groups (i.e., silanol) (205),

it may be possible to induce spatially abrupt wettability transitions in such coatings (from su-

perhydrophobic to superhydrophilic) if, for example, hydrophobic Si-CH3 bonds of MSQ were

to be replaced with hydrophilic functional groups in select locations. Similar logic applies for

silane or siloxane modified silica (e.g., HFS) as under oxidizing conditions silicon will readily

abandon linkages with hydrogen or carbon in preference for oxygen, thus inducing hydrophilic-

ity (207). If it is possible to induce a wettability transition to a POSS nanocomposite coating

by a fast thermally assisted process—such as with flame exposure or laser irradiation—then

one may be able to fabricate chemically stable surfaces patterned with superhydrophobic and

superhydrophilic area regions by large-area processing. With laser-beam heating, patterning

the wettability at the micrometer scale may be possible.
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The advantages of alternating hydrophobic-hydrophilic areas have been extolled in a recent

patent (209), where a sol-gel method was used to apply transparent superhydrophobic silica

coatings whose wettability could be locally modified continuously from superhydrophobic to su-

perhydrophilic by masked UV exposure. In the open literature, alternating superhydrophobic-

superhydrophilic area patterns with well-defined repeatable features have been reported only

by a handful of groups. For example, Zhai et al.(43) generated hydrophilic patterns on superhy-

drophobic surfaces by selective deposition of polyelectrolyte/water/2-propanol mixtures; such

surfaces mimic the water harvesting behavior of the Stenocara beetle’s back (42). Garrod et al.

(210) utilized a two-step, plasma chemical approach to generate said surfaces; their applications

include fog harvesting, microfluidics, and biomolecule immobilization. Other reported pattern-

ing approaches include photo degradation of hydrophobic chemistry (211; 212), and photo-

induced modification of hydrophobic/hydrophilic chemistry (213). In addition, highly desirable

surface-tension-confined (STC) micro channels in two (182) and three dimensions (183) can

also be realized through wettability patterning techniques. UV-irradiation has been used (214)

to generate such micropatterns. Most recently, Zahner et al.(185) used UV-initiated photo

grafting to generate virtual microfluidic channels in the form of superhydrophilic micropatterns

on a superhydrophobic porous polymer film; one possible application is two-dimensional pep-

tide separation (184). However, most of these patterning techniques require the use of masks

(e.g., plasma chemical (210), photo degradation techniques (211; 212), photo-induced technique

(213), UV-irradiation (214; 185)) or closed chambers (210). Masks limit the flexibility in chang-

ing the type of pattern on-the-fly, while chambers limit scalability and increase the patterning
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costs. Finally, in some superhydrophilic patterning techniques, the property is not permanent,

as is the case with UV-irradiation of TiO2 containing coatings (214). Such coatings also require

large concentrations of filler particles to attain superhydrophilicity (214), which may reduce

their adhesion and durability as compared with other coating systems. None of the previous

works on superhydrophobic-superhydrophilic area patterning involved silsesquioxanes.

We report herein spray-based fabrication of large-area superhydrophobicMSQ-HFS nanocom-

posite coatings, which are capable of becoming superhydrophilic when thermally treated by

simple flame or laser exposure. Micro-patterned wettability—with alternating areas of su-

perhydrophobicity and superhydrophilicity—is demonstrated for the first time using localized

thermal treatment applied by computer controlled CO2 (infrared) laser irradiation in open air.

Open STC micro-channels are thus formed by large-area, two-step processing (i.e., spray and

laser treatment). Spray deposition and CO2 laser processing (thermal treatment) are two ef-

ficient industrial processes, making them ideally suited for large-area applications. It takes

seconds of laser treatment to form a 0.1 m long open STC micro-channel. Applications are

envisioned in microfluidics and other small liquid volume handling technologies. Due to their

ability to withstand temperatures well above the boiling point of water, one possible applica-

tion of such patterned binary-wettability coatings is in the area of enhanced heat transfer (e.g.,

pool boiling). The present technique is not substrate limited, therefore such patterns can be

applied on thermally-conductive materials (e.g., metals), which are necessary in heat transfer

applications at elevated temperatures. This feature, along with the thermal stability of the

present patterns, opens new horizons in technologies involving high temperature fluids.
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TABLE X

COMPOSITION OF DISPERSIONS USED TO MAKE MSQ-HFS COATINGS.

ingredient concentration (wt.%)

20 wt.% MSQ in alcohol 16.7

hydrophobic fumed silica 0.0-8.3

isopropanol 83.3-75.0

6.2 Experimental

6.2.1 Materials

The materials used were: isopropanol (IPA, Sigma-Aldrich, USA), methylsilsesquioxane

resin (Gelest, Inc.; 19-21 wt.% in a mixture of methanol, n-butanol, and isopropanol), and

hydrophobic fumed silica, AerosilR©; silane or siloxane modified silica).

6.2.2 Procedure

In a 20 mL glass vial, hydrophobic fumed silica and IPA were combined and sonicated

(SonicsR©, 750 W, High Intensity Ultrasonic Processor, 13 mm diameter tip at 30 % amplitude)

to form a suspension. Once a stable HFS-IPA suspension was formed, the MSQ solution in

alcohol was added, and the entire dispersion was sonicated until a stable dispersion formed.

Typical sonication procedures lasted 1-2 min under ambient conditions; longer sonication times

resulted in undesirable boiling loss of the alcohol solvents. Stable dispersions (Table X) were
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then spray cast with an airbrush atomizer (Paasche VLS, siphon feed, 0.73 mm nozzle) onto

stainless steel, aluminum foil, copper, quartz, and glass slide substrates at a spray distance of

10 cm and were subsequently heated with a heat gun (ProheatR© Varitemp R© PH-1200, 1300 W

max) to immediately remove solvents, and an oven at 130◦C for 1 hr to allow the coating to dry.

Alternatively, thermal treatment—for the purposes of inducing a wettability transition—was

done with either a propane flame or a CO2 laser (100 W max, 25 µm spot size, mounted on

a computer-controlled 3-axis stage; output power is controlled by a percentage of maximum

power, i.e., 1.0% power corresponds to ∼1 W). For some samples, laser patterning was used to

form repeating islands of either hydrophobic or hydrophilic nature.

6.2.3 Characterization

Environmental scanning electron microscope (ESEM, Philips XL30 ESEM-FEG) and scan-

ning electron microscope (SEM, Hitachi S-3000N, variable pressure) images were obtained af-

ter samples were sputter-coated with a conformal 5 nm thick layer of Au-Pd or Pt-Pd. X-

ray photoelectron spectroscopy (XPS, Kratos AXIS-165) was performed on heat gun-treated,

flame-treated, and laser-treated MSQ-HFS coatings deposited on stainless steel, to investigate

the effect of thermal treatment on the surface chemistry of the coating. Thermogravimetric

analysis (TGA) was performed to determine degradation temperatures and reveal the related

mechanisms. Sessile, advancing and receding contact angle values were obtained with a back-

lit, optical, high speed image acquisition setup (Redlake MotionPro) utilizing 10 µL water

droplets. Coating heat treatment—for the purposes of analyzing the effect of temperature on

wettability—was done with a standard hot-plate. Each sample was kept at a constant, elevated
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temperature for 1 hr (e.g., 200◦C, 300◦C, etc.) and then was removed and allowed to cool

down to ambient temperature. Each sample was subsequently characterized by sliding angle

measurements with 5.0 µL water droplets on a tilting stage with 1◦ accuracy.

6.3 Results and Discussion

The purpose of introducing hydrophobic, inorganic nanoparticles into the spray dispersion

is to affect the coating surface texture resulting after application and drying—a well-established

approach for achieving superhydrophobicity (115; 117; 114). Figure 36a illustrates the charac-

teristic micro-cluster surface morphology of a MSQ-HFS coating (wp = 0.5) applied by spray,

while the higher magnification image in Figure 36b displays the resulting nanotexture due to

HFS particles embedded in the MSQ matrix. Such hierarchical surface texture is known to

produce superhydrophobicity on both artificial and natural surfaces. Figure 37a presents the

advancing (θ∗a) and receding (θ∗r ) contact angles as functions of HFS concentration in the MSQ

matrix. The two curves display trends similar to those seen in the classic experiments of John-

son and Dettre (113) where advancing and receding contact angles were quantified with respect

to increasing substrate roughness. Contact angle hysteresis (∆θ∗ = θ∗a − θ∗r ) initially increases

with HFS filler content (i.e., surface roughness), followed by an abrupt decrease as the HFS

concentration increases further, indicating a wetting state transition (i.e., Wenzel to Cassie-

Baxter) (69; 70). Beyond a wp = 0.5, the coating becomes superhydrophobic (i.e., θ∗a > 150◦).

The Cassie-Baxter (non-wetting) state should be realized if the true (Young’s) contact angle

(θe) satisfies Equation 1.6. For very rough surfaces with a high concentration of filler particles

or rough surface texture due to the spray process itself, it follows that R >> Φsl, and the cosine
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of the critical angle, θc, is proportional to −R−1 ; thus, for highly rough, hydrophobic surfaces

(θe > 90◦), the value of θc from Equation 1.6 decreases, and Cassie-Baxter becomes the most

probable wetting state, not considering metastable wetting states. As shown in Figure 37a, the

contact angle hysteresis is 8◦ at wp = 0.6, which designates a self-cleaning surface (droplets roll

off the surface under only a slight substrate tilt). Further rise in hydrophobic filler concentra-

tion results in a further decrease of contact angle hysteresis. Figure 37b presents sessile contact

angle values (θ∗) for the previously characterized coatings, before and after flame treatment.

For all cases where HFS filler is incorporated into MSQ, the coatings achieve a zero-valued

or immeasurably small apparent contact angle after flame treatment, thus indicating super-

hydrophilicity. Refer to Figure A1 for a sequence of images demonstrating flame treatment

and the subsequent superhydrophilic property. The dramatic transition from non-wetting to

fully-wetting state should be observed if the cosine of θe satisfies the condition in Equation 1.7

(0◦ < θc < 90◦). If the condition for θe in Equation 1.7 is satisfied, then the liquid penetrates

the surface texture but partial wetting remains due to islands emerging above the absorbed

film (i.e., θe 6= 0◦) (58). Regarding morphological changes as a result of brief flame treatment,

the coating is not observed to undergo drastic changes, i.e., R remains relatively high. In the

limit of Φsl << R, Equation 1.7 becomes

θe < θc with cos θc ≈
1

R
. (6.1)

Therefore, for highly rough, hydrophilic surfaces (θe < 90◦), the value of θc from Equation 1.7

is high, and the superhydrophilic state becomes most probable.
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Figure 36. ESEM images of superhydrophobic MSQ-HFS coating (wp = 0.5) with increasing

magnification from (a) to (b). (a) 50 µm scale bar (b) 2 µm scale bar.
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Figure 37. (a) Apparent advancing (θ∗a; —2—) and receding (θ∗r ; – – –◦– – –) contact angles

vs. filler particle concentration (wp). (b) Sessile (θ∗) contact angle vs. wp for untreated

(—2—) and flame treated (– – –◦– – –) coatings.
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Figure 38. Apparent advancing contact angle θ∗a for spray cast, HFS filler-containing coatings

vs. θa for spin-coated MSQ (plotted in terms of their cosines). Coatings contain different

concentrations of HFS, as indicated in the legend. Unfilled data points indicate flame-treated

coatings. Plotted lines are for the two wetting theories; the dashed line is for Wenzel

(Equation 5 with R = 1.48), while the solid line is for Cassie-Baxter (Equation 4 with

Φsl = 0.04).
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To delineate the effects of HFS filler content (which affects texture) and thermal treatment

(which affects surface energy), Figure 38 presents apparent advancing contact angles for spray

cast MSQ-HFS composite films vs. θa of spin-coated MSQ before and after flame treatment.

The values of θa for spin-coated MSQ before and after flame treatment were measured to be

95◦ and 23◦ , respectively. Two concentrations of HFS (wp = 0.2 and 0.6) are represented

in Figure 38. Also plotted in the same figure are the lines for two theoretical cases, namely

Cassie-Baxter (Equation 1.5 for Φsl = 0.04) and Wenzel (Equation 1.3 with R = 1.48). As

stated previously, for the heat-treated (wettable) MSQ, θa = 23◦. Taking θa as a conservative

approximation of θc, and substituting into Equation 6.1, we see that the lower threshold value of

R for the validity of Equation 6.1 comes as, R∗ = 1/ cos θa ≈ 1.1, which is an easily attainable

roughness ratio. It is possible to quantify the roughness ratio of the coating prior to flame

treatment by utilizing Equation 1.3; the only requirement is that the liquid droplet be in a

Wenzel wetting state. At wp = 0.2, the measured θ∗a value is relatively small (∼ 97◦; see

Figure 37a) and the hysteresis is high (∼ 30◦; Figure 37a), which are characteristic traits of

droplets in a partially wetting Wenzel state, thus allowing use of Equation 1.3 to quantify R (note

that this particular point falls in the hydrophobic regime of Figure 38 and is prior to coating

flame treatment). The dashed line Wenzel fit with R = 1.48 shows that the wp = 0.2 coating

is consistent with a roughness value sufficiently higher than the threshold value of 1.1, thus

allowing the most stable wetting state, after flame treatment, to be superhydrophilic (assuming

negligible morphological changes due to flame treatment).12 Intuitively this corresponds to a

MSQ-HFS film that is sufficiently wettable (i.e., possesses high surface energy) to require only
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a low level of roughness for superhydrophilicity to be energetically favored. Also in Figure 38,

the data point for untreated wp = 0.6 coating resides in the lower left quadrant, suggesting

that the water droplet is in a stable Cassie-Baxter wetting state, and not a metastable one

(metastable states generally reside in the lower right quadrant of Figure 38). Thus, this point

can be fitted with the Cassie-Baxter curve, Φsl = 0.04, suggesting a very low fraction of the

textured solid being in contact with the beaded liquid.

CO2 lasers offer a controlled approach to thermal treatment due to their ability to deliver

high levels of energy to localized surface areas. Since most materials are opaque at 10 µm (laser

wavelength), CO2 lasers offer a robust approach to surface heat treatment. Heating can be

regulated by tuning beam size and energy, as well as beam exposure. Figure 39 quantifies the

effect of laser treatment on wettability of pure MSQ and MSQ-HFS films as a function of laser

exposure. For these tests, laser power was held constant at ∼1 W and the laser translation speed

was varied. For sufficiently high fluence (i.e., φ > 150 J cm−2), the films underwent a wettability

transition to complete wetting, as indicated by the very low values of θ∗ in Figure 39, and as

previously observed for the flame-treated films (cf. Figure 37b). It is instructive to compare the

temperature ranges attained in both thermal treatment processes. In the case of propane flames,

the flame temperature is ∼2200 K. For laser treatment, direct temperature measurement is

difficult due to the low exposure time to the laser beam. For a laser spot diameter dL of ∼25 µm

12While local gas temperatures in propane flames can rise to 2200 K, small propane flames impinging
onto coated bulk surfaces for 1-2 seconds are not capable of raising coating temperatures up to the
melting point of silica (∼1900 K). Consequently, during flame treatment, the coating temperatures stay
well below this critical value, thus eliminating the possibility of significant morphological changes in the
coating texture. See Figure A6 for SEM images of a flame-treated MSQ-HFS coating.
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Figure 39. Sessile contact angle (θ∗) vs. laser fluence (φ) of the coating (bottom axis) and

laser translation speed (ut top axis; laser irradiance was held constant at I = 0.2 MW cm−2).

The filler concentration was wp = 0.5 (—2—) and wp = 0.0 (– – –◦– – –). All further laser

processing was done with ut = 2 cm s−1.
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and a translation speed (ut) of 2.0 cm s−1 (the speed used for all subsequent laser treatments),

the exposure time scales like dL/ut ≈ 1 ms. The corresponding rise in surface temperature

(∆T) can be estimated using an expression applicable for a semi-infinite solid medium heated

on a spot (see Equation A1) (215; 216). After only t = 0.025 ms, ∆T becomes 2230 K which is

sufficient to cause silica boiling. Significant removal of coating material should be expected as

thermal treatment extends far further than the time required to reach temperatures required

for wetting transitions, potentially resulting in channel formation (for a single laser pass) or a

thinner coating (for total surface treatment), the latter being advantageous for heat transfer

applications, where the thermal resistance associated with thicker coating treatments must be

minimized.

It is important to establish the minimum spatial feature size during CO2 laser processing.

The diameter of the focused laser spot is defined as

dL =
4

π
λ
lfocal

dL,0

, (6.2)

where lfocal is the beam focal length, dL,0 the initial beam diameter, and λ the beam wave-

length (217). We employed a high power density lens with a 25 µm spot diameter. Optimization

of the laser-lens-to-substrate distance was done by observing when superhydrophilicity was or

was not achieved (see Figure A2). It is also important to understand the wetting transition

between hydrophobic and hydrophilic areas, and more importantly, the spatial extent of this

transition. A sharp transition will allow the surface to confine liquids, which has important

ramifications on microfluidics and lab-on-a-chip applications.
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Figure 40. A sequence of images showing an advancing water contact angle measurement at

the transition between a superhydrophilic (laser patterned) and the surrounding

superhydrophobic area. Inset in (a) shows the laser patterned, hydrophilic, circular spot on

the superhydrophobic coating (wp = 0.6) prior to water droplet deposition (scale bar is 500

µm). The scale bars in (b)-(d) are 500 µm. Arrows in (b)-(d) mark the outer extent of the

patterned area. Part of the needle in (d) is obscured by the liquid. (e) is a SEM micrograph

depicting the transition area with a vertical dashed line separating the hydrophobic (left)

from the hydrophilic area (right). The scale bar in (e) is 20 µm.
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Figure 40a presents a CO2 laser patterned hydrophilic circular spot in a hydrophobic back-

ground. Figure 40b-d presents a hydrophilic spot being characterized by an advancing water

contact angle measurement; the edges of the hydrophilic spot are marked by dark arrows. As the

water is dispensed from the needle, the droplet readily advances to the edge of the hydrophilic

pattern, and once there, it pins. The droplet remains pinned at that location as it grows above

it, until it achieves a high contact angle value, and begins to advance once again, but this time

with a high contact angle, indicating superhydrophobicity. This experiment demonstrates the

spatially abrupt wettability transition on the patterned surface. SEM analysis also confirms a

sharp transition of the coating from superhydrophobic to superhydrophilic, as shown in Fig-

ure 40e, left-to-right through the dashed-line boundary. Figure 41a-d shows examples of STC

microchannels with and without deposited water; e-f show SEM micrographs of the channels

with increasing magnification. It is obvious that laser-treatment (I ≈ 0.2 MW cm−2, dL =25

µm, ut = 2.0 cm s−1) has removed much of the coating material, thus creating a physical

channel. Figure 41g shows a high-magnification micrograph of the patterned area where laser

treatment caused cellular morphology. While during flame treatment the pre-existing surface

roughness remained relatively unchanged (as confirmed from SEM analysis; see Figure A6), the

laser treatment actually produced its own unique surface texture, facilitating superhydrophilic-

ity. Figure 41f actually shows coating areas that have been completely stripped by the laser

processing; these areas form apparently bare islands with the remaining coated sections perco-

lating, thus allowing superhydrophilicity to persist. Further optimization of spray processing

(i.e., increased coating thickness) should reduce the likelihood of bare-island formation. An
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Figure 41. (a) Photographic and (b) optical microscope images of superhydrophilic patterns

(dark) on a superhydrophobic MSQ-HFS coating; (c) hydrophilic, laser patterned lines (dark),

and (d) surface-tension-confined channel showing wetting of the lines in (c) by water through

capillary action. (e)-(f) SEM images of a STC channel with increasing magnification; (g) SEM

image of a laser patterned area revealing porosity. For 0.18 mm-wide STC channels, the water

propagation velocity was measured to be 2.5 mm s−1. Scale bars: (a) 2 mm; (b) 500 µm;

(c)-(d) 1 mm; (e) 200 µm; (f) 10 µm; (g) 2 µm.

important property of STC channels is the average flow velocity of water in them. In the case

of a 7.2 mm-long 0.18 mm-wide channel formed with the present procedure, the average water

flow velocity was 2.5 mm s−1, which is comparable to speeds attained by others in similar sized

channels (185).
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Laser-treated areas appear visually different than non-treated areas. As shown before (Fig-

ure 41), laser processing removes the top portion of the coating. The resulting surface is a thin,

glassy coating devoid of the micro-features originating from spray application and appears more

optically transparent (see Figure A3). For heat transfer applications, a thin coating or surface

treatment is desirable, as minimal thermal resistance is required. For pool boiling applications,

it has been recently reported that selective patterned areas of hydrophobicity and hydrophilicity

on surfaces, improves heat transfer characteristics (i.e., heat transfer coefficient, critical heat

flux) (38). The demonstrated feature sizes were in the ∼100 µm range with either hydrophobic

or hydrophilic networks. Figure 42a-b show laser patterning of similar ∼100 µm repeatable

feature sizes of either hydrophobic or hydrophilic nature, while c shows what happens when

the patterned surface shown in Figure 42b is subjected to nucleate boiling conditions; the hy-

drophobic islands act as preferred nucleation sites for boiling, in line with previously reported

results (38). An important property of these MSQ-HFS films is their ability to maintain ex-

treme wetting properties during and after heating. Determination of the temperature at which

these surfaces change wettability is important. Figure 43 presents water droplet sliding angle

measurements as a function of temperature treatment of the coating on a hot plate for one hour.

At treatment temperatures below 300◦C, the sliding angles are well below 10◦, indicating self-

cleaning ability for these coatings. For treatment above 300◦C, the coating begins to undergo

a change in its superhydrophobic property. After treatment at 500◦C, the coating ceases to

display droplet sliding behavior with the water droplets remaining pinned, indicating a full-loss

of superhydrophobicity and the Cassie-Baxter wetting state, and marking a temperature limit
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Figure 42. Superhydrophobic MSQ-HFS coating deposited onto copper substrates and

laser-processed to create hydrophilic patterns. (a) Superhydrophophilic spots on

superhydrophobic background; (b) Superhydrophobic spots on superhydrophilic background;

(c) pattern from (b) placed in a water bath and subjected to heating; the hydrophobic islands

act as preferred gas nucleation sites—arrows indicate vapor bubbles that grow gradually and

detach before this cycle repeats itself over and over. Both scale bars are 400 µm.

for the application of this coating. The ability to maintain superhydrophobic behavior even

after thermal treatment at 300 ◦C (i.e., no degradation, no melting, etc.) puts this composite

coating in class with some of the high-performance thermoplastics which have melting points

above 300 ◦C (e.g., poly(ether ether ketone)).

In order to further explore the thermal properties of the MSQ and HFS coating ingredients,

Figure 44 presents two separate TGA plots, one for HFS a and the other for pure MSQ b. In the

case of HFS tested under nitrogen atmosphere conditions, no significant mass loss was detected,
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Figure 43. Water droplet sliding angle (α) vs. treatment temperature (T) of a

superhydrophobic coating (wp = 0.6). Coatings were treated for 1 hr on a hot plate in open

air. At 500 ◦C treatment temperature, the water droplet ceased to slide, indicating full-loss of

the superhydrophobic property of the coating.
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while under oxidative conditions of artificial air (80% N2 , 20% O2), a 2.3 wt.% mass loss was

detected between 530-630◦C. It is suggested that this mass loss is attributed to oxidation of alkyl

groups in the HFS, which results in formation of –OH containing function groups and evolution

of volatile CO, CO2 and H2O. According to the manufacturer, the concentration of carbon in the

HFS, as induced by the wettability modification of silica, is in the range of 0.7-1.3 wt.%. This is

quite close to the TGA mass loss (2.6 wt.%) seen in the oxidizing atmosphere, and thus carbon

presence in the HFS could be responsible for this mass reduction. HFS becomes dispersible

in water after thermal treatment at 900◦C in artificial air (see inset image in Figure 44a,

vial 3) and retains its white color (i.e., no pyrolysis), supporting alkyl group oxidation as the

probable mass loss mechanism. For MSQ in Figure 44b, the TGA shows three significant mass

losses at 159◦C, 377◦C, and 719◦C for oxidizing conditions (artificial air) and at 154◦C, 406◦C,

and 771◦C for inert conditions (nitrogen). Regarding the first mass loss (159C), the coating

remains self-cleaning after thermal treatment at 200◦C (see Figure 43), so this mass loss is

irrelevant in the context of superhydrophobicity. A previous study attributed such mass loss to

condensation of silanol groups and loss of siloxane (218). For the mass loss of MSQ at medium

temperature (300-500◦C), this is the temperature range where loss of superhydrophobicity is

observed. The effect of mass loss on wettability at ∼400◦C is unclear, but the associated loss

of superhydrophobicity there may be due to MSQ melting, which affects surface texture—a

major factor in superhydrophobicity—more than it is due to chemical changes and mass loss

of MSQ. At 500◦C, the coating begins to undergo a color change from its original white to

black, and chemical changes begin to play a prominent role. Heating MSQ in air or O2 above
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600◦C results primarily in the formation of SiO2, which is used for production of silica glasses

(205). In the case of flame or laser treatment in open air, one can expect more extreme thermal

treatment than that delivered by TGA testing; transformation of hydrophobic methyl groups

to hydrophilic –OH groups can thus be expected.

High-resolution XPS analysis of silicon, oxygen, and carbon was done on untreated, flame

treated, and laser treated MSQ-HFS (wp = 0.5) coatings. This analysis supported the TGA

data, in turn, suggesting increased concentration of Si-O bonding and reduced concentration

of Si-R bonding (i.e., methyl) with heating, both consistent with the observed increased silica

concentration and decreased hydrophobicity (Figure A4).
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Figure 44. TGA plot (mass vs. T) for (a) HFS, and (b) MSQ under different gas atmospheres

(nitrogen – – –, air —–). The inset in (a) shows three 15 mL glass vials containing 10 g of

water and 0.07 g HFS. The HFS contained in vial 1 was not subjected to prior TGA

treatment, while the HFS in vials 2 and 3 was. For the HFS in vial 2, TGA was performed

under nitrogen conditions. For vial 3 it was run under artificial air conditions. In (b), the

dotted (...) drop-down line denotes the thermal treatment temperature (1 hr, open air, hot

plate) for a superhydrophobic coating (wp = 0.6) above which total loss of droplet sliding

behavior was observed (see Figure 43). This temperature marked the beginning of the

wettability transition.



CHAPTER 7

WETTABILITY ENGINEERED SURFACES: SHAPING AND

MOBILIZING LIQUID µ-VOLUMES

7.1 Introduction

Water droplet impact on solid surfaces—while being a historic field with contributors dat-

ing back 100 years—has only recently been well analyzed for surfaces with extreme wetting

properties (e.g., superhydrophobic). Such surfaces are generated by coupling proper surface

morphology with proper surface energy (72). In general, the rougher a hydrophobic surface is

(i.e., micro, nano roughness), ceteris paribus, the more likely it is to become superhydrophobic;

the inverse is true of a hydrophilic surface: the rougher they are, the more they tend towards

superhydrophilic surfaces (58). Fluid mechanics research on such surfaces has been made widely

available due to the wide-range of micro/nano-fabrication techniques that are now readily avail-

able for their synthesis (219; 220). So while such surfaces that are entirely superhydrophobic

or superhydrophilic are important, recent work has shown that surfaces with patterns of super-

hydrophobicity or superhydrophilicity are also of great importance for application in surface

microfluidics—due to their ability to confine and transport liquids in a facile manner (185; 46).

They are also important for the non-isothermal problems, specifically pool boiling (221) and

icing (222). These surfaces also now have a myriad of synthesis techniques (223), enabling a

wider range of bench-top experiments. However, while many of their applications are owed

130
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to fluid dynamic applications, relatively little research has been dedicated to their study with

regards to dynamic fluid events such as droplet impact (224). This work aims to bridge that

specific gap and to show possible research and industrial applications.

We present a novel application of wettability patterned surfaces, specifically superhydropho-

bic/hydrophilic surfaces, for the purposes of rapid micro-volume shaping through droplet im-

pact. In previous research on such surfaces, a great deal of the liquid volume was “ejected”

during the droplet impact process (224); our surfaces are capable of forming stable annuli with-

out loss of liquid volume, which is extremely important for lab-on-a-chip style applications. In

our research we show how simple surface chemistry modification dramatically alters the dy-

namic behavior of impinging droplets for the purposes of forming complex annular and cross

shapes (e.g., Swiss flag), which are important for many surface microfluidic applications (211).

One major step in forming annuli-like patterns is the generation of an air cavity or dry region at

the center of the liquid droplet (lens) by a well controlled, repeatable process. Previous research

has shown that by rotating the plate (225) or by impinging an air stream (226), one can produce

air cavities or dry regions in a liquid lens or film. We demonstrate that it is also possible to form

stable air cavities in liquid lenses—for the purposes of complex droplet µ-volume shaping—by

droplet impact on wettability engineered surfaces. We also show the ability to mobilize (propel)

droplets (e.g., sling-shot) and cut them (e.g., superhydrophobic scalpel (227)) through proper

surface design. Models are developed to aid in the design of wettability engineered surfaces and

to understand fluid dynamic behavior for applications in surface microfluidic platforms.
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7.2 Experimental

7.2.1 Materials

The materials utilized in this study, as well as their commercial origins, are as follows:

fluoroacrylic copolymer (PMC; 20 wt.% in water; Capstone ST-100, DuPont), hydrophobic

fumed silica (HFS; Aerosil R 9200, Evonik), acetic acid (99.7 wt.%; Fisher Scientific), acetone

(≥99.9%; Sigma-Aldrich), and silver nano-ink (38-40 wt.% in water; PSPI-100, PChem Asso-

ciates). The substrate utilized in this study was a flexible waterproof microtextured SiC paper

(1500 grit; B-99, Fandeli).

7.2.2 Procedure

A schematic describing the procedure for synthesizing wettability patterned coatings—as

well as their relevant variables—is depicted in Figure 45. The outer and inner annulus radii

are defined as ro and ri, respectively. The line thickness of the outer and inner annuli are

defined as wo and wi, respectively. First, a polymer-nanoparticle dispersion was generated;

its purpose was to create a superhydrophobic coating by wet processing methods on a micro-

textured silicon-carbide substrate. Initially, a nanoparticle suspension was formed by combining

HFS and acetone and mechanically mixing at room temperature. Subsequently, the suspension

underwent 500 J of probe sonication (750 W, 13 mm probe dia., 40 % amplitude, 20 kHz

frequency, Sonics & Materials, Inc., Model# VCX-750). The HFS-acetone suspension was then

treated with acetic acid and combined with PMC (20 wt.% in water). The entire dispersion

was then mechanically mixed at room temperature to form the final dispersion for drop casting.

Refer to Table XI for the specific concentrations of all materials in the dispersion.
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Figure 45. Schematic outlining the procedure for synthesizing the wettability patterned

coatings. (a) Begins with a micro-textured SiC substrate; (b) a PMC-HFS composite coating

is dropcast onto the SiC substrate forming a superhydrophobic surface; (c) hydrophilic inkjet

patterns are successively applied until the desired level of hydrophilicity is achieved. ri and ro

represent the inner and outer radii of the hydrophilic annular patterns, respectively. wi and

wo represent the inner and outer widths of the hydrophilic annular patterns, respectively.
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TABLE XI

CONCENTRATIONS OF ALL INGREDIENTS USED IN THE DISPERSION FOR

GENERATING SUPERHYDROPHOBIC COATINGS BY DROP CASTING METHODS.

ingredients concentration (wt.%)

acetone 87

acetic acid 6.0

water 4.0

HFS 2.0

PMC 1.0

In order to form a superhydrophobic coating, the PMC-HFS dispersion was drop-cast onto

silicon-carbide micro-textured paper (1500 grit) and was allowed to dry for one hour in an oven

at 80◦C to remove residual solvents. Such a dispersion, with its low surface tension readily wets

and wicks along the micro-textured substrate forming a uniform film. What results is a coating

with low-surface energy and a high-degree of hierarchical roughness. Subsequently, an ink jet

printer (Kodak OfficeHero 6.1) was used to apply ink in the areas desired to be hydrophilic.

One layer of the following colors is applied successively to the areas desired to be hydrophilic:

magenta, yellow, cyan and gray (50 % black). Different ink colors were used for each printing

step to ensure that the same area was being treated each time. Areas that had multiple colors
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printed on them appeared black; regions that printed incorrectly (spatially) would appear in

their inherent color and thus expose a misprint. After each ink layer is applied the ink is dried

by gentle blowing with a hot air gun for 30 seconds. What results is a coating on paper with

domains of superhydrophobicity and hydrophilicity, which we term wettability patterned (WP).

7.2.3 Characterization

Wettability characterization—on uniform wettability areas—was done by measuring ad-

vancing (θ∗a) and receding (θ∗r ) water contact angle values by the sessile drop method, whereby

5-10 µL of the probe liquid (water) was inflated (advancing CA) and deflated (receding CA).

Measurements of θ∗a and θ∗r were made with images captured with a high-speed, backlit im-

age acquisition setup (Redlake MotionPro). A different location on the substrate was used for

each individual CA measurement. Dynamic water droplet behavior (e.g., drop impact) on the

substrates was captured with a modified version of the aforesaid image acquisition setup (see

Figure B1). The setup, all on a floating optical table, included a cold light source (Fostec 8375),

high-speed camera (Redlake MotionPro), syringe pump (Cole Palmer 74900 Series), and needle

(32 gauge, stainless steel, EFD). All optical and dispensing components were mounted on linear

stages to allow for precise motion. The distance from the tip of the needle to the surface of

the sample L can be varied in order to control the Weber number with We =
(

ρU2
0D0

)

/σlv,

where ρ and σlv are the density and surface tension of water, respectively; U0 and D0 are

the velocity and diameter of the impinging droplet, respectively. We define U0 through the

following relation (neglecting air resistance) U0 =
√
2gL where g is acceleration due to grav-

ity and L is the distance between the dispensing needle and the substrate (see Figure B1).
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This approximation was validated by measuring the velocity of the droplet at impact for the

Weber numbers investigated in this study: We =60, 80, 100 gave errors of 2%, 3%, and 4%,

respectively. A force balance, supporting this approximation, is also given in Appendix B.2.

D0 is defined as D0 =
(

6
π
V
)1/3

where V is the volume of the droplet. For droplet impact onto

annular wettability patterns, We is kept in the range of 60 to 100. Deionized water with a

drop diameter of D0 = 2.1 mm was used for all experiments. Morphological characterization

of micro-textured SiC in uncoated and coated states was performed with a scanning electron

microscope (SEM; Hitachi S-3000 N). All samples were coated with a conformal 8.0 nm layer

of Pt/Pd to facilitate imaging.

7.3 Results and Discussion

Prior to considering droplet impact on wettability patterned surfaces, it is instructive to con-

sider the intricacies of drop impact on superhydrophobic surfaces. While most superhydrophobic

surfaces have the ability to shed droplets from a sessile condition (i.e., self-cleaning)—where

droplets reside in the so-called Cassie-Baxter (70) wetting state—not all of them can repel

impacting droplets. Droplets that are not repelled by superhydrophobic surfaces are said to

undergo “impalement” or a transition to the so-called Wenzel wetting state (69). Deng et

al. (228) presents design criteria for resisting impalement of impinging droplets with speeds

O(1)-O(10) m s−1; the conclusion is that such superhydrophobic surfaces should have ∼100 nm

(hydrophobic) surface texture features (e.g., pores, etc.), since the pressure required to impale

the surface scales as the Laplace pressure of the maximum deformation of the water-air inter-

face between surface textures. For porous structures, the capillary pressure can be calculated as
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p = −2σlv cos θa/rpore, where θa is the advancing contact angle on a flat surface and rpore is the

radius of the pore; therefore, the smaller the rpore is, the more likely a superhydrophobic surface

is to resist impalement. In the case of this study, hydrophobic silica nanoparticles, coated with

a fluoropolymer, were utilized to generate the required hydrophobic nano-scale surface texture

in order to resist droplet impalement. In order to generate hierarchical micro-to-nano surface

structures—which are well known for their role in enhancing hydrophobicity—the PMC-HFS

composite coating was deposited onto a flexible micro-textured SiC substrate (see Figure B2

for micrographs). The PMC-HFS composite coating, when deposited onto the SiC substrate,

displayed the following wetting characteristics: θ∗a = 166±1◦ and θ∗r = 155±6◦ (see Table XII).

Water droplets had a high degree of mobility, and the coating was able to resist water droplet

impalement even for U0 >3.5 m s−1, making the coating well suited for a droplet impact study.

Once the superhydrophobic composite coating was formed, inkjet printing of standard color

and black inks onto the coating was utilized to modify its surface energy, and not surface texture,

in a spatial manner. Since the coating was inherently non-wettable, it initially did display

repellency towards the liquid inks during processing; however, if multiple printing steps were

performed on the same region then the surface displayed a high-degree of printing uniformity.

The ink patterned regions on the PMC-HFS composite coating displayed the following wetting

characteristics: θ∗a = 93±5◦ and θ∗r ≈ 0◦ (Table XII). While θ∗a is actually high enough to deem

this ink coating hydrophobic, the extremely low value for θ∗r indicates that for receding contact

line conditions—which are of great importance for droplet rebound situations—this coating

will behave as hydrophilic. Not only that, the ink coating regions will act to pin, or arrest, the
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TABLE XII

WATER CONTACT ANGLE VALUES ON MICRO-TEXTURED SILICON-CARBIDE

SURFACES (SANDPAPER) FOR THREE CASES: 1) UNCOATED; 2) PMC-HFS

COMPOSITE COATING; 3) INK COATED ON PMC-HFS COMPOSITE.

uncoated (◦) PMC-HFS (◦) ink coated (◦)

θ∗ 93±17 159±16 83±23

θ∗a 97±3 166±1 93±5

θ∗r ≈ 0 155±6 ≈ 0

motion of the contact line due to its high value of contact angle hysteresis, ∆θ∗ = θ∗a−θ∗r . Such

behavior can be quite useful for constraining droplet motion during extremely dynamic fluid

events as will be shown later.

Since these wettability patterned coatings displayed ideal wetting characteristics—superhydrophobic

regions resisted droplet impalement and hydrophilic regions arrested contact line motion—

studies on complex drop formation were undertaken. Figure 46 presents the advancing and

receding contact line behavior of impinging droplets (We = 80) on the superhydrophobic coat-

ing, hydrophilic ink coating, and the hydrophilic annular patterns of varying radii (ro) but

constant line thickness (wo). Prior to considering complicated annular patterns, it is instruc-

tive to compare the dynamic wetting behavior of water—as a result of drop impact—on the
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Figure 46. Drop impact at We=80 on superhydrophobic-paper (a), entirely wettability

patterned paper (b), hydrophilic ring pattern on hydrophobic background with ro = (c) 0.5

mm, (d) 1 mm, (e) 1.5 mm, (f) 2 mm and (g) 2.5 mm, and wo =0.20 mm. The inset scale bar

is 2.0 mm.
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superhydrophobic (Figure 46a) and hydrophilic (Figure 46b) coatings. The spreading behavior

of the water droplets in their early stages of drop impact (t ≈ 0− 2 ms) are quite comparable

on both surfaces.

Clanet et al. (229) showed that for droplet impact of low-viscosity fluids (e.g., water) on

solid surfaces, the early stage dynamics for non-wettable and partially-wettable surfaces are

quite similar, with the maximal spreading diameter, Dmax, scaling as

Dmax ∼ D0We1/4. (7.1)

The flattening behavior of the droplets in both cases are due to an effective acceleration, γ,

which scales as γ ∼ U2
0/D0 and dominates the gravitational field (229). For the experiments

herein, We = 80 (D0 =2.1 mm); substituting those values into Equation 7.1 we see that

Dmax = 6.2 mm. This value compares quite well with that observed for superhydrophobic and

hydrophilic surfaces (see Figure 46 (a)-(b) max spreading). While the early (advancing) stages

compared well, the drop impact behavior during the later stages (t ≈ 2 − 30 ms; receding) is

markedly different.

In the case of droplet impact on the superhydrophobic surface, some surface energy—as a

result of the increase in free surface area—is converted back to kinetic energy and therefore

facilitates droplet “rebound”. This is made possible by the low-viscosity of water and the high

mobility of the droplet on the surface. In the case of droplet impact on the hydrophilic surface,

such a conversion of surface energy to kinetic energy is not observed, and the droplet does not
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rebound; its final conformation is a puddle. The low-mobility of the contact line during the

receding stage of droplet impact is due to the low apparent receding contact angle, θ∗r ≈ 0◦.

Figure 46 (c)-(g) show drop impact on wettability patterned coatings with a constant wo

(200 µm) and varying ro. As was the case with the homogeneous hydrophilic (ink) coating, the

hydrophilic annular patterns do not affect the advancing contact line behavior during droplet

impact; however, the receding contact line behavior is once again dramatically affected. What

is interesting to note is the dramatic effect that a relatively small amount of well placed ink

can have on energetic droplet impact dynamics. In most cases, the wettability patterns act to

resist droplet rebound, which is rather expected. However, in one special case, when Dmax ∼ 2ro

(Figure 46(g)), something important happens. The receding contact line motion is interrupted

by the hydrophilic pattern and a liquid lens is formed. Subsequently, rupture of the liquid lens

occurs at the center of the droplet. This is a non-trivial result as this allows one to possibly

form complicated shapes which require hollow centers (e.g., annuli). However, this type of

wettability pattern (low wo) was not suitable for further analysis (or applications) since it had

a low-degree of droplet adhesion; therefore, the value of wo was increased.

Prior to considering the experimental details of annular droplet shaping further, it is in-

structive to consider two things theoretically: 1) The stability of a static liquid droplet in

contact with a solid surface subjected to gravity; 2) the stability of a hole in a (static) liquid

droplet in contact with a solid surface. For a large liquid droplet having a radius much larger

than the capillary length, lcap =
√

σlv/(ρg), the gravity dominates. Its stability in contact

with solid surfaces depends on its thickness, hl (58). If hl is less than a critical thickness value
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hl,c = 2lcap sin(θe/2), where θe is the equilibrium contact angle, then the droplet is unstable

(58). For a water droplet on a hydrophilic surface (θe = 10◦), hl,c ≈ 0.5mm. For superhy-

drophobic surfaces, hl,c = 2lcap sin(θ
∗/2); substituting appropriate values (θ∗ = 150◦), we see

that hl,c = 5.2mm, which is much greater than the maximum height of the liquid lens generated

in Figure 46(g) (hl,max ≈ 0.50 mm); therefore, the observed instability of the liquid lens should

be expected. Liquid films can be destabilized in a variety of ways; however, since in this study

destabilization of liquid lenses (films) was always preceded by the formation of a hole, let us

consider the requirements for this configuration and its subsequent growth.

The configuration of the liquid lens during hole formation is presented in Figure 47. The

hole is assumed to be axisymmetric and has a volume of Vh = πr2hhh, where rh and hh are the

radius and height of the hole, respectively. In order to understand if a given hole is stable—

and therefore capable of growing—it is necessary to compute whether a hole is energetically

favorable. With the maximum lens thickness being less than the capillary length, we can neglect

gravitational effects and assume that the lens conforms to the shape of a spherical cap (58).

∆E can then be defined as (224)

∆E = E2 − E1 = σlv

[

2πrhhh − πr2h (1− cos θ∗CB)
]

, (7.2)

where the apparent contact angle θ∗CB can be defined by the Cassie-Baxter equation, for droplets

in a Cassie-Baxter state, as cos θ∗CB = −1+Φsl (θe + 1), where Φsl is the liquid-solid fractional

area (Φsl ≤ 1) (70; 58). Previous analysis (224) neglected the effect that a displaced liquid

volume—as a result of hole formation—had on the shape of the liquid lens. In this analysis,
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Figure 47. Schematic illustrating hole formation in a thin liquid lens formed through droplet

impact on a wettability patterned surface. Vh, hh, Uh, rh, and ro represent the approximate

volume of the hole, the approximate height of the hole, the velocity of the hole expansion, the

radius of the hole, and the outer radius of the wettability patterned annulus, respectively.
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Figure 48. Plot of ∆E vs. rh for a liquid lenses of varying initial droplet diameter (D0) and

constant annular pattern conditions, ro = 2.5 mm. The liquid displaced by generating a

hollow cylinder of volume Vh in the center of the lens was accounted for in this model. The

following values of D0 were used: 2.1 mm (—–), 1.9 mm (– – – –), and 1.7 mm (– - – - –).

we held V constant, and therefore accounted for the change in lens shape as a result of hole

formation (see Appendix B.2.1 for a detailed analysis). The displaced liquid in the lens should

act to increase the maximum height of the lens; therefore, from Equation 7.2 this results in a

higher (positive) value of ∆E and makes hole formation energetically less favorable. Accounting

for the displaced liquid volume increased rh,c by 9%. Figure 48 presents a plot of ∆E vs. rh

and shows the transition point (∆E = 0, rh = rh,c) to where hole formation is energetically

favorable (∆E < 0) for a series of liquid volumes. For D0 = 2.1 mm, rh,c = 0.56 mm, and as

D0 decreases so does the rh,c, which is intuitive. Now that the physical requirements for hole
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Figure 49. Impact on a hydrophilic annulus with ro =2.5 mm and wo =0.50 mm width for

We = 80. The dotted line indicates an axis of symmetry as well as the propulsion direction of

the eventual droplet.

formation in liquid lenses have been treated, droplet impact on a variety of increasing complex

annular patterns can be considered.

Figure 49 presents a water droplet impacting (We = 80) on an annular pattern with an

increased value of wo (ro = 2.5 mm; wo = 0.50 mm). At t = 6.0 ms, the first stable hole is

observed with rh ≈ 0.49±0.06mm, which is of the same magnitude as that shown in the previous

analysis. In the early stages of growth, the hole expansion velocity (Uh) can be estimated by

balancing surface tension force with inertial force. For liquid films disintegrating in open air,

Uh can be defined by the Taylor-Culick formula (230; 231), Uh =
√

2σlv

ρh̄
, where h̄ is the nominal
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thickness of the liquid film. If one assumes that the liquid dynamics on a superhydrophobic

surface (θ∗CB = 150◦) are similar to those in open air (θ∗CB = 180◦) (224), and that h̄ ≈ hh,

Uh ≈ 0.5 m s−1. For the annular pattern considered here (ro = 2.5 mm), the time scale comes

as th ≈ ro/Uh ≈ 5 ms. The actual ring expansion process in Figure 49 takes ≈ 10 ms to

complete, which is of a comparable magnitude. The hole expansion process eventually results

in a ejection of a portion of the droplet from the annular pattern. What is interesting to note is

the direction that the droplet was ejected in. In hole expansion processes that are asymmetric

(i.e., off center), the droplet ejection direction is along a straight line connected by the center

of the hole and the center of the annulus, as was previously demonstrated by Kim et al. (224).

This is due to the hole expansion process being symmetric about this line. Hole expansion

behavior, as well as droplet propulsion, will be investigated in further detail in a later section.

One of the main issues with shaping liquids via droplet impact on wettability patterns was

that in many cases liquid was ejected. By designing patterns that can account for the final

conformation of the droplet, it may be possible to prevent discharge. If we assume that in the

final configuration the annulus is continuous and satisfies the condition θ∗ = 90◦, the volume

of the liquid annulus can be approximated as half the volume of a torus (Vtor,1/2; see Appendix

B.2.2 for a detailed analysis). For the following conditions, Vtor,1/2 = 4.7µL (the volume for

all droplets used in this study) and ro = 2.5 mm, from Equation B9 ri can be computed as

1.528 mm. In practice, ri was decreased to ensure that the final annulus was symmetric (i.e.,

θ∗ < 90◦). Figure 50 presents a drop impact sequence that forms a liquid annulus without mass

loss; ri for this functioning wettability pattern was 1.35 mm, which represents a 12% decrease
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Figure 50. Droplet impact (We = 80) on concentric hydrophilic annular patterns with the

following properties: ro =2.5 mm, wo =0.50 mm, ri = 1.35 mm, and wi = 0.20 mm.

compared with the ri value obtained from the idealized torus, a reasonable deviation in-line

with the previous analysis. For the wettability pattern in Figure 50, note that the pattern

is not continuous; rather, there are two concentric annuli with an outer and inner radii of

ro and ri, respectively, and a distinct superhydrophobic region separating them. Concentric

annuli were chosen since the droplet wetting behavior (contact angle) is only affected by the

regions located near the contact line; “filling” in the annuli to form one “thick” annulus is

both unnecessary and may lead to misunderstanding (232; 233). The thickness of the inner

annulus (wi) was limited by the patterning resolution (O(100 µm)); any thickness less than

that would not produce a continuous well-behaving pattern. The outer annulus thickness (wo)
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was determined experimentally, and then validated theoretically; for a given value of We, wo

was incrementally increased until the pattern was capable of stabilizing a liquid lens during

vigorous droplet impact. In practice, wo was set to ≈ 500 µm in order to suppress liquid lens

detachment (i.e., increase adhesion). It was previously shown that liquid lens detachment from

wettability patterns can arise due to hole formation near the wettability transition as a result of

air-bubble entrainment due to the fast moving contact line crossing from a Cassie-Baxter (70)

to a Wenzel (69) wetting state (224). By increasing wo, the spatial locations of the entrained

air bubbles at the wettability transition are moved towards the center of the annulus; since the

thickness of the liquid annulus also increases with proximity to its center, it is hypothesized that

hole formation in liquid lenses at the wettability transition becomes energetically less favorable.

In fact, for air-bubbles that are capable of forming penetrating holes of radius ∼ 90µm at the

wettability transition (D0 = 2.1 mm, ro = 2.5 mm)—an approximate sized hole reported in a

previous analysis (224)—once wo becomes greater than 150 µm, it is no longer energetically

favorable for those holes to form and therefore destabilize the liquid lens. See Appendix B.2.3

for a detailed analysis of this.

For relatively high values of We (≈ 80), it was observed that stable penetrating holes

appeared very early in the process. If we consider t = 0 ms to be the moment just before drop

impact, then the first stable penetrating hole in the liquid lens would appear at t ≈ 5 ms (cf.

Figures Figure 49 and Figure 50). The process of hole formation here is difficult to interpret

due to the high-level of dynamics. However, if the value of We was reduced slightly to ≈ 60,

and ro reduced to 2.34 mm, then a penetrating hole did not appear until much later, t ≈ 15
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Figure 51. Droplet impact (We = 60) on a hydrophilic annulus with ro =2.34 mm and

wo =1.3 mm width. Both top (TV) and side (SV) views are shown and is noted on the left of

the image. Scale bars: top view is 2.0 mm; side view is 1.0 mm. The time (in ms) for top and

side views are synchronized unless otherwise stated in the side view images.
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Figure 52. Plots of displacement (h) vs. spatial coordinates (x and y) for a vibrating circular

membrane with m = 0 and n = 2; this is the so-called (0,2) mode. The parameters used were

c = 1.45 m s−1, ro = 2.34 mm, and hmax = 3.0 mm. The time t is (a) 0 ms and (b) 4.4 ms.

Inset images are from Figure 51 at (a) t = 7.00 ms and (b) t = 15.33 ms.

ms (see Figure 51), allowing a portion of the kinetic energy from the droplet impact process to

be dissipated and the penetrating hole formation process to be much more elucidating. Such

penetrating holes (air cavities)—which form a well-defined torus—have been observed before

during droplet impact on superhydrophobic surfaces and are commonly referred to as “dry-out”

events; viscous effects are small and topology is controlled by a competition between surface

tension and inertia forces (234; 235). In these cases, the air cavities collapse and lead to the

ejection of a very thin jet (234; 235). In the present case, no jet ejection is observed since the

hole expands rather than contracts.
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If we focus on the dynamics in Figure 51 beginning at t = 7.0 ms and ending at 15.33

ms—for an overall time change of ∆t = 8.33 ms—we can gain some insight into the timing of

a penetrating hole as well as its characteristic length scale. At t = 7.0 ms, the droplet has

already undergone an advancing and receding stage and is beginning to advance again. The

shape of the droplet at this point is nipple-like. The subsequent oscillation of the droplet is

reminiscent of the behavior of a circular elastic membrane (clamped at its boundary) where

its deflection from the horizontal is represented as h and evolves in time according to the two-

dimensional wave equation (axisymmetric; see Appendix B.2.4); the simplest analytic solution

that most closely represents the aforesaid wave-dynamics is the normal mode of oscillation with

parameters m = 0 and n = 2 (see Figure 52), where m = 0 comes from the Bessel function

Jm = J0 and n = 2 comes from the root number of the aforesaid Bessel function zmn = z02.

The length-scale of the first visible penetrating hole was measured to be rh ≈0.4 mm, and it is

instructive to compare this length scale with that of the wavelength of the vibrating circular

membrane, λ. The characteristic natural frequency of the vibrating circular membrane (m = 0,

n = 2) is f = c(z02/ro) where c is the wave speed; therefore, the wavelength is λ = z02/ro = 2.36

mm (z02 = 5.52). From this we see that the diameter of the penetrating hole (2rh) is of the

order of half of the wavelength λ, which accounts for this length scale. The time it takes to form

a penetrating hole—from time t = 7.0 ms—is dictated by the wave speed (c) and the distance

that the wave has to travel. This time can be recovered by also considering the circular vibrating

membrane example. From Figure 52, we see that the time to go from a nipple configuration

(compare with Figure 51 t = 7.00 ms, side-view) to a dimple configuration (i.e., just prior to a
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Figure 53. ∆rh = ro − ro,i (ro,i is the initial hole radius) vs. ∆t; the hole formed after droplet

impact (We = 60) on a hydrophilic annuli with the following properties: ro =2.34 mm and wo

varies between 0.8-1.3 mm. 6 trials total. Equation 7.3 is plotted (– – –) for D0 = 2.1 mm and

rh,0 = 0.373 mm, which was the average value initial hole radius for the experimentally

measured cases.

penetrating hole; compare with Figure 51 t = 15.33 ms) takes ∆t = 4.4 ms; the real situation

takes ∆t = 8.33 ms; however, the timescales are still quite comparable. The discrepancy is likely

due to the assumption of c = U0. Another means to estimating that timescale would be to take

the ratio of outer lens radius to impact velocity, ro/U0 ≈ 2 ms. Once again the discrepancy is

due to estimating the wave velocity as the impact velocity. Now that the penetrating hole time

and length scales have been considered, it is necessary to consider the hole expansion speed for

the previous conditions.
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Figure 53 presents a plot of the differential of hole radii (∆rh)—which is defined with respect

to its initial radius (rh,0)—∆rh = rh − rh,0 vs. time (t). As was shown by Kim et al. (224), the

hole expansion velocity can be derived by balancing surface tension (Fσ = 2πrhσlv (1− cos θ∗CB))

and inertial forces (Fρ = 2πρrhh̄U
2
h). However, if instead of utilizing a nominal film thickness in

the inertial force approximation, one employs the actual hole height, hh, which varies depending

on the hole size, one can define ∆rh as

∆rh(t) =

√

2σlv

ρhh(t)
t, (7.3)

where for θ∗CB = 160◦ the following approximation was made cos θ∗CB = cos 160◦ ≈ −1. Once

again, we held V constant, and therefore accounted for the change in lens shape (i.e., hh) as

a result of hole formation (see Appendix B.2.1 for a detailed analysis). Figure 53 also plots

Equation 7.3 for the same parameters used in the experimental case (D0 = 2.1 mm, ro = 2.34

mm) and the value of rh,0 used was the average of the experimental cases, 0.373 mm. It

is apparent that Equation 7.3 overestimates ∆rh and therefore Uh; however, the trends are

similar and the magnitudes are close. Previous analysis suggests that Uh should be constant;

however, our analysis suggests that by accounting for the change in lens shape as a result of hole

expansion, that the velocity should decrease in time as a result of increased hh. This is however

not perceptible in the experimental data due to limitations (resolution) with our high-speed

image acquisition setup.

Using the same drop impact technique shown in the formation of the ring (Figure 51), it

is possible to create droplet patterns which are not radially symmetric. To demonstrate this,
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Figure 54. Droplet impact (We=100) on a wettability patterned square with sides of 4.5 mm

and a 2.7 mm by 0.866 mm hydrophobic cross. Scale bar shown is 2.0 mm.

Figure 54 presents droplet impact experiments on a cross wettability pattern. The hydrophilic

square has an outer dimension of 4.5 mm and the centered inner hydrophobic cross has di-

mensions 2.7 mm x 0.866 mm. A penetrating hole forms in the liquid film—at the wettability

transition—which grows to take up the shape of the hydrophobic cross, as previously shown for

annular patterns. The cross pattern has shown to be very repeatable and consistent, even when

the droplet impacts slightly off center, a hole would still form with no satellites. One possible

application of this process is rapid soft (water) templating for the purposes of forming films of

complex geometries.
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( )a

( )b

( )d

( )c

( )e

Figure 55. The process used to create a silver cross outline from a wettability pattern: (a)

Hydrophilic cross outline pattern on the superhydrophobic surface. The hydrophilic square

has sides of 4.5 mm and the centered inner hydrophobic cross is of dimensions 2.7 mm by

0.866 mm; (b) drop impact onto the hydrophobic cross (We = 100) leaves a water template of

the desired pattern; (c) silver nanoparticle ink is dispersed throughout the water template; (d)

silver film after low-temperature sintering; (e) microscopic view of (d) shows the silver formed

on the hydrophilic patterned section and did not extend onto the hydrophobic area.
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Figure 56. Droplet impact on a superhydrophobic line with a width of 0.5 mm at We=60.

Scale bar is 2.0 mm.

To demonstrate this technique, a low-temperature sintering silver nanoparticle ink was

added to the water template to create a thin conductive silver cross. The process used is

shown in Figure 55. Silver nanoparticle ink was added to the water template by a pipette

shown in Figure 55c. The sample was put in a dry air convention oven at 120◦C for 180 s to

allow for the ink to form silver; the manufacturer states that if conditions are optimized then

this type of silver can sinter in seconds. Taking a close look at one of the corners of the silver

cross (Figure 55e), it can be seen that the silver was formed on the hydrophilic pattern and did

not extend onto the hydrophobic surface after silver was formed.
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While the previous work emphasized complex shaping—in a well controlled manner—of

liquid droplets with droplet impact on wettability patterned surfaces, the fact that advancing

contact line behavior is inertia dominated and receding contact line behavior is wettability

dominated can be used to also split liquid micro-volumes. Figure 56 shows a sequence of

snapshots of a water droplet impacting on a superhydrophobic line of width 0.5 mm at a

We = 60. Left and right from the hydrophobic line the surface is hydrophilic. After the impact

the drop reaches its maximum spreading radius. The shape of the contact line is slightly

irregular due to the differences in wettability of the surface. From the maximum spreading

radius the contact line on the hydrophobic part of the surface recedes quickly while the rest of

the contact line being pinned on the hydrophilic parts of the surface only slightly recedes. As a

result a liquid bridge between two main parts of the drop forms and finally the bridge collapses

leading to a separation of the drop—in under 18 ms—into two drops of equal size; therefore, this

wettability pattern acts as a kind of “scalpel” (227). Experiments at low values ofWe (We < 30)

show that with the investigated surfaces splitting is not possible (see Figure B8), suggesting the

large role that inertia plays in the process. As the width of the superhydrophobic line becomes

larger, the droplet requires a larger value of Dmax in order to reach the hydrophilic regions (i.e.,

higher We), leading to an increased risk of partial rebound and “sling shot” action, resulting in

a loss of the liquid volume (Figure B9). This is not desirable behavior for surface microfluidic

devices. While most of this discussion is focused in splitting a droplet in two, such wettability

engineered surfaces are capable of a much higher rate of droplet sampling. Figure B10 presents a

wettability patterned coating capable of rapidly sampling a large number (24 droplets) of small
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volumes in ∼ 0.01 s. Such behavior may prove useful for rapid sampling surface microfluidic

systems.

In order to understand how efficient the aforesaid process is at splitting a droplet, it is

instructive to compare the kinetic energy of the impacting droplet with the energy required to

split one droplet into two. We achieve this by defining an efficiency parameter η = ∆Eσ/Ek.

The energy required to split one droplet into two is defined as Eσ = 8πσlv(D0/2)
2((0.5)

2
3 −0.5),

and the kinetic energy of the impacting droplet is defined as Ek = 1
2ρ(

4
3π(D0/2)

3)U2
0. Therefore,

η can be written as

η =
∆Eσ

Ek

=

24

(

(

1
2

)
2
3 − 1

2

)

We
=

3.12

We
. (7.4)

For the conditions in Figure 56, We = 60, from Equation 7.4 we see that η = 0.052 or 5.2%.

While this is a relatively inefficient process, when one considers that each splitting process—

achieved through droplet impact on a wettability pattern—only consumes 5.1 x 10−6 J, there

does not seem to be much to gain by making the process even more efficient.

Vectoring of a droplet undergoing impact on a wettability patterned surface is also demon-

strated; previous approaches have generated surface texture gradients to achieve similar results

(236). Figure 57 shows vectoring of a droplet with a line wettability pattern. Vectoring of a

droplet occurs due to a difference in the receding contact line speeds, and results in momentum

being transferred into the lateral direction. If we consider a simple force balance of inertia and

hysteresis, we can resolve the angle of launch and therefore the degree to which momentum is
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hydrophilic

Figure 57. Droplet impact (We = 14) on a half-annulus wettability pattern (indicated by a

dashed white line) with ro = 1.95 mm and wo = 0.2 mm. The droplet is propelled towards a

circular wettability pattern (indicated by white filled circular region) with radius 2.0 mm.

The distance between the edge of the half annulus and the closest edge of the circular

wettability pattern is 4.0 mm. Inset scale bar is 2.0 mm.
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transferred to the lateral direction. From here we can gain insight into how fast droplets can

be propelled horizontally with drop impact on wettability patterns. The force due to inertia

can be defined as Fρ = ρVγ = 1
6
ρπD2

0U
2
0 while the force due to surface tension can be defined

as Fσ = πroσlv. In this case, πro represents the effective peripheral length of the (impacting)

droplet in contact with the wettability pattern. Their ratio can be defined as

Fρ

Fσ
=

1
6ρπD

2
0U

2
0

πroσlv

= We

(

D0

6ro

)

. (7.5)

If Dmax ∼ 2ro, then from Equation 7.1 we see that D0 ∼ 2ro/We
1
4 . Substituting this into

Equation 7.5 we see that

Fρ

Fσ
=

1

3
We

3
4 . (7.6)

Substituting We = 14 into Equation 7.6 gives
Fρ
Fσ

= 2.4. Noting that Fσ and Fρ act parallel

and perpendicular to the substrate, respectively, the angle of droplet launch (β; defined with

respect to the horizontal substrate) can be found by taking the inverse tangent of the ratio of

their magnitudes

β = tan−1

(

|Fρ|

|Fσ|

)

= tan−1

(

1

3
We

3
4

)

. (7.7)

SubstitutingWe = 14 into Equation 7.7 gives β = 67◦. With β known, it should now be possible

to rectify a horizontal velocity component, Ux, by projecting the initial impact velocity (U0)
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in that direction and accounting for energy losses during the collision event by implementing a

coefficient of restitution (ǫ). This can be estimated as

Ux ≈ ǫU0

tanβ
=

ǫU0

1
3We

3
4

. (7.8)

Taking U0 = 0.70 m s−1, β = 67◦, and ǫ = 0.86 (237), we see that Ux ≈ 0.25 m s−1. The exper-

imentally measured value was Ux = 0.16± 0.02 m s−1, which is about 65% of the theoretically

predicted value. The discrepancy may be owed to several facts: 1) The value of ǫ used here

was for droplet impact on a totally superhydrophobic surface (unpatterned); 2) some portion

of the droplet volume remains on the wettability patterned after the droplet is launched (see

Figure 57). Both of these facts should force deviations between experimental and theoretical

values. While there are deviations, the calculation is of the correct magnitude, and may help in

the design of future pumpless surface microfluidic platforms interested in high-transport rates.

One interesting thing to note from Equation 7.8 is that Ux scales like U
− 1

2

0 , meaning that the

higher U0 is, the lower that Ux is. This means—rather non-intuitively—that increasing the im-

pact velocity does not maximize Ux. It suggests that U0 should be kept relatively small—while

still keeping We & 10—in order to maximize Ux. In fact, large values of U0 generally resulted

in satellite droplets being ejected vertically during droplet vectoring. If we compare Ux with

the meniscus velocities of other fast transport surface microfluidic systems (0.4 m s−1 (238),

0.031 m s−1 (46), 0.005 m s−1 (185)), we see that it is either quite comparable or even better.

This surface microfluidics platform also demonstrated relatively high fluid transport rates of

Q = π (D0/2)
2Ux = 540 µL s−1.



CHAPTER 8

CONCLUSIONS AND RESEARCH OUTLOOK

This thesis has considered a variety of research topics which all involve either design, syn-

thesis, or characterization of wettability engineered surfaces; all of the wettability engineered

surfaces consisted of either unpatterned or patterned nanostructured composite coatings. The

conclusions from each of the previous research topics is discussed below.

8.1 Thesis conclusion

8.1.1 Environmentally Benign Superhydrophobic Coatings

We report for the first time an all-aqueous, fluorine-free dispersion that when spray de-

posited and dried, forms a superhydrophobic coating. A combination of water-based polyolefin

(hydrophobic) solution with a stable exfoliated graphite nanoplatelet (hydrophobic) water sus-

pension form the sprayable dispersion. Both components are stabilized in water through pH

modification and charge stabilization. At the optimum xGnP mass fraction of 0.64, the coatings

feature contact angles exceeding 150◦ and contact angle hysteresis below 10◦ . In addition, the

coatings are electrically conducting with conductivity exceeding 1 S m−1. The present study

offers new insights on synthesizing fluorine-free coatings that are not only environmentally

friendly, but also well suited for manufacturing platforms where all-aqueous formulations are

preferred.

162
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8.1.2 Stretchable Superhydrophobic Composite Coatings

Stretchable, superhydrophobic, composite coatings were synthesized by solution-based pro-

cessing of nitrile rubber and two separate particle fillers, poly(tetrafluoroethylene) (submicron-

scale) and carbon black (nanoscale); filler mass content was minimized. The ability of these coat-

ings to conform to high strains of the underlying flexible substrate was demonstrated promising

application for non-woven substrates. Superhydrophobicity of the coatings was demonstrated

for uniaxial stretching up to 30% strain on silicone rubber, 70% strain on polyester fabric,

and for cyclic stretching on these two substrates. Water droplet sliding angles—for optimum

filler concentrations—were low enough to deem these coatings self-cleaning even under extreme

strain. SEM characterization of coatings under strain revealed that fibrils form as a result of

crazing, and play a role in delaying the true fracture of the composite at high strains. The

present results are important as they offer a facile method to synthesize large-area, flexible,

conforming, superhydrophobic coatings with commercially available ingredients.

8.1.3 Fluoropolymer Blends: Multifunctional Liquid Repellent Nanocomposites

Novel fluoropolymer dispersions comprising PVDF and a fluoroacrylic copolymer were pre-

pared in a multi-component solvent system. Stable polymer blend solutions were obtained by

initially dissolving PVDF in a co-solvent (NMP, acetone) and then by dropwise addition of

water-dispersed fluoroacrylic copolymer under pH control using trifluoroacetic acid or formic

acid. Nanostructured organoclay or carbon nanowhiskers can be easily dispersed in these stable

polymer solutions for single-step fabrication of superhydrophobic nanocomposites by spray cast-

ing. Wettability characterization with water as well as a lower surface tension water-alcohol (9:1
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wt. ratio) mixture was performed and revealed very good liquid repellency of these composite

coatings. In addition, liquid repellent nanocomposite coatings containing carbon nanowhiskers

were electrically conductive, as an added functionality. The concentration of fillers required in

these composite coatings for water and water-IPA repellency was compared with a previously

reported PVDF-based coating system and showed a dramatic reduction in filler concentration

for a certain level of performance, thus promising significant material savings in large-scale

applications. Such large-area scalable functional durable superhydrophobic composites can

have various potential industrial applications, such as exterior protective coatings, marine and

aerospace coatings and electroactive liquid repellent coatings for anti-icing applications to name

a few.

8.1.4 Wettability Engineering: Handling Low Surface Tension Liquids

In summary, we demonstrated the ability to fabricate a surface microfluidic device featur-

ing surface tension confined tracks for pumpless transport of low-surface tension liquids using

large-area, scalable techniques—namely spray and continuous fountain pen printing. Low-

surface tension liquids, such as acetone, ethanol and hexadecane, attained advancing meniscus

velocities up to 3.1 cm s−1 on said tracks. The meniscus advancement along the tracks was

characterized by combining high speed imaging and a scaling analysis of capillary-viscous force

balance for liquid impregnation into the surface texture—similar to Washburn’s theory. In a

separate application, the tracks were used to allow selective and directionally controlled trans-

port of water droplets in a preferred sliding direction with the aid of gravity. In general, such

patterns can find application in low-cost, scalable technologies for lab-on-a-chip and other sur-
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face microfluidic devices designed to selectively confine and deliver liquids with a wide-range

of surface tensions without the need for pumps. Several other existing surface microfluidic

platforms envisioned to benefit from this approach were also presented; currently they are

used for water, but with the present approach—and possible modification of the patterning

polymer—implementation to low-surface tension liquids may be possible.

8.1.5 Wettability Engineering: Thermal Stability and Scalability

Thermally-stable (at temperatures below 400◦C) polysilsesquioxane-silica superhydrophobic

nanocomposite coatings have been demonstrated by spray casting nanoparticle dispersions in

alcohol. The coatings, after drying, are intrinsically superhydrophobic, but are capable of

becoming superhydrophilic by either flame or CO2 laser treatment in open air. The latter

allows imprinting of superhydrophilic patterns onto the coatings with feature size around ∼100

µm. The interface between heat-treated and untreated regions was sharp, as determined by

advancing CA and SEM analysis. Chemical analysis suggests that the wettability transition

is due to oxidation of hydrophobic methyl groups. Wettability transitions were interpreted

within the Wenzel and Cassie-Baxter wetting theories. Simple water pool boiling experiments

showed the promise of such patterned surfaces for enhanced heat transfer applications. Water

velocities of ∼2 mm s−1 in true micro channels offers promise for fabricating surface tension

confined micro-channels (STC). Advantages of the present approach include inherent thermal

stability over organic-based coatings, as well as scalability to large-area applications.
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8.1.6 Wettability Engineering: Shaping and Mobilizing Liquid µ-Volumes

Wettability engineered surfaces capable of shaping, splitting, and vectoring impacting liq-

uid droplets—without loss of liquid—was demonstrated for lab-on-a-chip style applications.

Droplets were shaped into hollow-type patterns such as annuli which are of use for surface

microfluidic applications. Such droplet µ-volume shaping was employed as a soft (water) tem-

plate and was used to form complex conductive silver patterns; potential applications include

next-generation terahertz devices. Suitable drop impact and thin film rupture models were

developed developed to aid in rational design of wettability engineered surfaces. Droplet im-

pact on wettability engineered surfaces was also shown to be efficient as droplet splitting (i.e.,

superhydrophobic scalpel). Finally, droplet vectoring was also demonstrated. Both the angle

and magnitude of droplet vectoring behavior was shown to be consistent with a suitable fluid

mechanical model.

8.2 Expected research contribution

The research contributions from each of the previous research topics is discussed below.

8.2.1 Environmentally Benign Superhydrophobic Coatings

• The first ever water-based, non-fluorinated polymer-nanoparticle dispersion for superhy-

drophobic coatings by spray was designed and synthesized. This should have a significant

impact on industrial and commercial implementation as no harsh solvents or fluorinated

compounds are used in synthesizing nor are they contained in the final coating. All ingre-

dients were obtained from commercial sources ensuring the scalability of the dispersion.
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• This coating system emphasized multi-functionality so that applications other than liq-

uid repellency would be impacted ensuring wider implementation. In fact, electrically

conductive exfoliated graphite nanoplatelets (xGnP)—which can be compared with the

wonder material graphene (highly electrically conductive)—were the primary focus of this

study.

• Specifically, this coating system is expected to assist in fluid management strategies for

disposable non-woven substrates.

8.2.2 Stretchable Superhydrophobic Composite Coatings

• The first ever stretchable, superhydrophobic polymer nanocomposite coating was designed

and synthesized; applications are envisioned for non-woven and woven substrates.

• The coating demonstrated the operating limits of superhydrophobic polymer composite

coatings for application on flexible rubber and polyester woven substrates and a failure

mode was identified.

• Its main purpose was to highlight the need for robust mechanical characterization of su-

perhydrophobic coating treatments as many lack durability relative to existing commercial

coatings or paints.

• A wettability study was performed on a classic polymer nanocomposite: nitrile rubber

and carbon black.
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8.2.3 Fluoropolymer Blends: Multifunctional Liquid Repellent Nanocomposites

• The first ever superhydrophobic poly(vinylidene fluoride)-nanoclay composite—a classic

nanocomposite system known for its excellent mechanical properties—was designed, syn-

thesized, and characterized.

• By selecting a proper nanoparticle and copolymer—for the purposes of reducing surface

energy and also enhancing substrate adhesion—this composite coating system demon-

strated a 66 wt.% reduction in filler particle concentration (in the dry composite) re-

quired for producing water and water-alcohol repellency as compared with a previous

superhydrophobic poly(vinylidene fluoride) composite coating system.

• In order to blend the aforesaid high-performance copolymer—a fluoroacrylic copolymer—

with solution processed poly(vinylidene fluoride), a detailed analysis of the miscibility was

undertaken. It was shown that solution processed poly(vinylidene fluoride) was capable

of accepting a non-trivial amount of non-solvent (i.e., water; ∼10 wt.%) to its solution

without phase inverting, which is an important characteristic for blending poly(vinylidene

fluoride) with polymers that were solution processed with non-solvents (i.e., water).

• A wettability study was performed on a classic polymer nanocomposite: poly(vinylidene

fluoride) and nanoclay.

8.2.4 Wettability Engineering: Handling Low Surface Tension Liquids

• One of the first ever superoleophobic-superoleophilic patterning systems was designed,

synthesized, and characterized for pumpless transport of low-surface tension liquids.
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• A simple visco-capillary model was developed and implemented which should aid in the

rational design of future pumpless surface microfluidic systems.

• Such a simple coating and patterning system should find applications in low-cost, scalable

technologies for lab-on-a-chip style applications and combinatorial chemistry. Advantages

of this technique are its ability to selectively confine and transport liquids with a wide-

range of surface tensions in a pumpless manner.

8.2.5 Wettability Engineering: Thermal Stability and Scalability

• The first ever spray coating and CO2 laser patterning technique (scalable) capable of

producing binary micropatterns of superhydrophobicity and superhydrophilicity was syn-

thesized and characterized.

• This technique should have impact on rapid prototyping of wettability engineered coatings—

for applications in surface microfluidics and multi-phase heat transfer—due to its flexible

processing techniques which are capable of being modified on-the-fly.

• This coating system is expected to find broad application in heat transfer applications

due its inherent thermal stability (400◦C).

8.2.6 Wettability Engineering: Shaping and Mobilizing Liquid µ-Volumes

• The second ever report on complex micro-volume shaping through water droplet impact

on wettability engineered surfaces was presented.
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• Several fluid and thermodynamics models were developed which are expected to aid in ra-

tional design of future surface microfluidic platforms employing droplet impact techniques

for the purposes of shaping, splitting, and vectoring.

• Droplet vectoring was achieved by spatially altering surface energy; previous reports em-

phasized surface texture gradients.

• Liquid velocities ∼ 0.70 m s−1 were achieved, which are among the highest ever reported

for water on a surface microfluidic device. Liquid flow rates ∼ 540 µL s−1 were also

achieved which are believed to be among the highest reported for a surface microfluidic

device.

8.3 Recommendations for future research

8.3.1 Environmentally Benign Superhydrophobic Coatings

A great deal of research remains to be done on water-based, non-fluorinated superhydropho-

bic coating systems. This report represents the first of its kind. Specifically, work remains to

be done on making such films more optically transparent for it to realize much wider industrial

and commercial implementation.

8.3.2 Stretchable Superhydrophobic Composite Coatings

Attaining superhydrophobic coating systems capable of withstanding robust mechanical

abrasion or strain remains one of the most elusive goals in this particular research area.
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8.3.3 Fluoropolymer Blends: Multifunctional Liquid Repellent Nanocomposites

Utilizing poly(vinylidene fluoride) in composite coatings has major advantages—especially

if the goal is multi-functionality—as it has excellent piezoelectric properties. By forming

nanocomposites of poly(vinylidene fluoride) with nanoclay—and potentially other nano-fillers—

one can obtain the necessary crystalline phase for generating its piezoelectric property. Super-

hydrophobic composite coatings with piezoelectric properties are expected to be of interest to

both fundamental research as well as potential fluid management technologies.

8.3.4 Wettability Engineering: Handling Low Surface Tension Liquids

Wettability engineered surfaces for handling of low-surface tension liquids in a pumpless

manner is only in its infancy. It is believed that such research can be of great use to combinato-

rial chemistry or other surface microfluidic systems that are looking to extend into low-surface

tension liquids.

8.3.5 Wettability Engineering: Thermal Stability and Scalability

While a great deal of characterization in terms of basic capabilities was performed, much

remains to be done on this coating system for multi-phase heat transfer, which is its envisioned

application. Specifically, much remains to be done on pool boiling characterization as well as

condensation. The latter should be of interest to fluid management technologies such as water

collection and fog harvesting.

8.3.6 Wettability Engineering: Shaping and Mobilizing Liquid µ-Volumes

Since this was only the second report on droplet impact on wettability engineered surfaces

for complex droplet shaping, droplet splitting, and droplet vectoring, there is much that remains
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to be done on this topic. Testing the presented theories and models should be of a particular

interest as well as proving the system as a capable surface microfluidic system (e.g., mixing,

etc.). The use of the complex droplet shaping for a soft (water) template should also be of

interest.
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Appendix A

SUPPORTING INFORMATION: WETTABILITY PATTERNING

The photographs shown in Figure A1 show the heat-induced change in wettability from

superhydrophobic to superhydrophilic. Figure A1a shows three droplets beaded on a super-

hydrophobic MSQ-HFS coating applied on an aluminum plate. Figure A1b shows the flame

treatment using a propane torch; open-air exposure lasted only a few seconds. The flame was

operated in the premixed mode, thus assuring the absence of carbonaceous soot (as also af-

firmed by the blue color of the flame). After flame treatment, the MSQ-HFS coating became

superhydrophilic, as shown in Figure A1c, d and e.

In the case of a semi-infinite solid medium heated on a spot, the corresponding rise in surface

temperature (∆T) can be estimated using the following expression

∆T (t) =
(1− R) I

K

[

δ√
π
−

1

α

(

1− e(αδ/2)
2

erfc(αδ/2)
)

]

, (A1)

where R is the surface reflection coefficient, I the irradiance (uniform source), K the thermal

conductivity, δ the diffusion length (δ = 2
√
κt; with κ being the thermal diffusivity and t the

time), and α the absorption coefficient (215; 216). With R = 0.05, K = 0.01 W cm−1 K−1,

κ = 6.0 · 10−3 cm2 s−1, α = 103 cm−1 for glass (216), and I ≈ 0.2 MW cm−2, Equation A1

predicts that ∆T ∼2000 K after only t = 0.022 ms, a temperature that is comparable with the

propane flame temperature.
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Figure A4a-c, Peak 1 and Peak 2 correspond to Si-R and Si-O bonding, respectively. After

thermal treatment, an increase in Peak 2 is observed with a corresponding decrease in Peak 1,

which can be interpreted as an increase in Si-O bonding with a decrease in hydrophobic groups,

i.e., increased hydrophilicity. d-f, Peak 1 corresponds to Si-O bonding, and its concentration

increases from d to e and f, suggesting increased hydrophilicity of the coating. g-i, Peak 1

corresponds to adventitious carbon and/or simple C-H / C-C bonds. Its reduction from g to h

and i is indicative of suspected cleavage of methyl groups, and increased hydrophilicity.

Figure A6(a)-(b) presents a sequence of SEM micrographs with increasing magnification

from a to b of a spray deposited MSQ-HFS coating (wp = 0.5) after flame treatment. This

coating displays the property of superhydrophilicity. Note how the morphology of this coating

has relatively little morphological difference as compared with the untreated version of this

coating (see Figure 36).
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Figure A1. (a) Photograph of beaded water droplets on a MSQ-HFS film applied on an

aliminum plate. (b) Flame treatment of the coating shown in (a) using a propane torch for a

few seconds from a distance of 5-10 cm. (c) Photograph of the flame-treated coating just

before depositing a water droplet (> 10 µL). (d) Completely wetting droplet spreading on the

flame-treated coating. (e) Completely wetting droplet at its final fully-spread state.
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Figure A2. Superhydrophobic MSQ-HFS coatings patterned with a single pass of a CO2 laser

beam at a fixed power (1.0 W) and speed (2.0 cm s−1) with a constant focal length and

variable distance between the lens and the substrate. The inset scale bars are 100 µm. The

distance between the laser (lens) and the substrate is decreasing from (a) to (k). The

optimum range is between (e)-(h) with the minimum line width in (g) being 109±6 µm. Inset

scale bars in the images are all 100 µm.
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Figure A3. Superhydrophobic MSQ-HFS film deposited onto two quartz substrates (2.54 cm

dia.) before (right) and after (left) laser processing, which induces hydrophilicity and

increases transparency. A water droplet has been deposited on each surface, but is visible as a

bead only on the superhydrophobic disk (right). The droplet on the superhydrophilic disk

(left) has fully spread, thus becoming indistinguishable.
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Figure A4. XPS data of untreated (superhydrophobic) and heat-treated (superhydrophilic)

MSQ-HFS coatings. (a)-(c) Si 2p region; (d)-(f) O 1s region; (g)-(i) C 1s region. Figures in

the left column represent untreated state, while figures in the middle and right columns are

the corresponding thermally treated states. Thermal treatment was performed by either a

flame ((b), (e) and (h)) or CO2 laser ((c), (f) and (i)). For a given region, each peak is

designated by a number.
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Figure A5. A sequence of images demonstrating the super-wetting behavior of water on laser

patterned areas of the MSQ-HFS coating for (a)-(b) room temperature conditions (T = 25 ◦C

), and (c)-(d) T = 138 ◦C . The time difference from (a) to (b) is 1.0 s, and (c) to (d) is 0.4 s.

Images were captured with a high speed camera mounted overhead at a frame rate of 250 s−1.

The size of the laser patterned areas is 6.4 cm2; water droplet volumes are < 10 µL.
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Figure A6. (a)-(b) SEM micrographs of spray deposited MSQ-HFS coatings (wp = 0.5) with

increasing magnification left-to-right after flame treatment (i.e., superhydrophilic coating).

Scale bars: (a) 50 µm; (b) 10 µm.
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SUPPORTING INFORMATION: DROPLET IMPACT

B.1 Fabrication

Figure B2 presents a sequence of images demonstrating the synthesis procedure for obtaining

wettability patterned coatings (a-d) as well as the corresponding scanning electron micrographs

of the coatings after each processing step at low- (e-h) and high-magnification (i-l).

To illustrate why printing four times on the same spot is useful Figure B2 (g) and (k) show

the wettability patterned coating with only one layer of ink (magenta color). It is apparent

that only parts of the nanostructure are covered with ink. The final wettability patterned

coating, with four layers of ink, is shown in Figure B2 (h) and (l). Most of the nanostructure

is covered with the ink, while maintaining a high-degree of surface micro-texture, giving rise to

the extremely low value of θ∗r .

B.2 Force balance

In order to understand the validity of approximating the impact velocity of the droplet as

U0 =
√

2gL, (B1)

it is necessary to compare the force due to drag (Fd) with that due to gravity (Fg). In the

case of a water droplet traveling through air, the Reynolds number (Re) can be calculated as

Re = D0U0/ν where ν is the kinematic viscosity of air. Substituting appropriate values (U0 ≈1
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m s−1; D0 = 0.002 m; ν = 1.6 · 10−5 m2 s−1) (239), the Reynolds number can be calculated as

Re = 125, which is a relatively low value.

Assuming that the water droplet travelling through air behaves like a smooth sphere, the

drag force Fd can be calculated from the drag equation as (239)

Fd =
1

2
ρaU

2
0CdragA, (B2)

where ρa is the density of air, Cdrag is the drag coefficient (dimensionless; depends on Re), and

A is the cross sectional area of the sphere (A = π(D0/2)
2). For Re ≈ 100, Cdrag can be found

from standard drag coefficient plots as ≈ 1 (239). Substituting the appropriate values into

Equation B2 (ρa = 1.2 kg m−3 (239); U0 ≈1 m s−1; A = 3.1 · 10−6 m−2) gives 1.8µN. The force

experienced by the droplet due to gravity can be calculated as Fg = mdg where md is the mass

of the droplet and g is the acceleration due to gravity. Substituting appropriate values (g =9.81

m s−1; md = 4.2 · 10−6 kg) gives Fg = 41µN. So the ratio of Fg/Fd is > 20 indicating that the

drag force is minimal with respect to the gravitational force, so the assumption in Equation B1

holds. We also found that the computed and measured values of U0 never differed by more

than 4%.

B.2.1 Hole Formation

Considerations on the effect cylindrical (axisymmetric) hole formation has on the shape of

a liquid lens are given here. In order to form a cylindrical hole of volume Vh = πr2hhh in a lens,

it is necessary to displace liquid of equal volume. The volume of the lens can be defined as a

spherical cap
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Vl =
πhl

6

(

3r20 + h2
l

)

. (B3)

The volume for a lens with a hole can be approximated as

Vl,h =
πhl

6

(

3r20 + h2
l

)

− πhhr
2
h. (B4)

In the case of Equation B3 and Equation B4, it was not possible—for the parameters relevant

to this study—to find hl as a function of V and r0 directly. Therefore, in order to calculate the

effect of a hole on the shape of a lens—and the resulting energy state—the following procedure

was executed: 1) Vl, r0, σlv and θ∗CB were held constant; 2) a value of rh was selected; 3) The

height of the lens was approximated as the height of the hole, hl ≈ hh; 4) the Newton-Raphson

method was used to solve Equation B4 for hh; 4) ∆E was computed according to Equation 7.2.

The process was repeated by selecting a new value of rh.

For the Newton-Raphson method, the following equations were employed

h
(n+1)
h = h

(n)
h −

f
(

h
(n)
h

)

f′
(

h
(n)
h

) , (B5)

where

f
(

h
(n)
h

)

=
πh

(n)
h

6

(

3r20 +
(

h
(n)
h

)2
)

− πh
(n)
h r2h − Vl,h, (B6)

and
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f′
(

h
(n)
h

)

=
π

2

(

r20 +
(

h
(n)
h

)2
− 2r2h

)

, (B7)

where the subscript n represents the index. No more than 10 iterations (n ≤ 10) were required

for hh to sufficiently converge. Figure B3 shows how hh compares with rh for the cases where

the shape of the lens is and is not accounted for during hole formation. For rh < 0.2 mm,

neglecting the shape of the lens appears to be a good approximation; however, for rh = 0.52

mm, it appears that the hole has a measurable impact on hh (increased 8.3%) and therefore

the shape of the lens. Figure B4 shows how ∆E is affected by accounting for the change in

lens shape as a result of hole formation. The critical radius for hole formation rh,c (i.e., rh at

∆E = 0) increased by 10% when accounting for the change in lens shape, as expected. Figure B5

presents a plot of the ratio of the initial drop volume V0 to Vh vs. rh. At rh = rh,c = 0.52 mm,

VhV
−1
0 = 0.093, which represents a non-trivial volume ratio, and acts to show the importance

of accounting for the total volume of the lens during hole formation.

B.2.2 Stable Liquid Annulus

The volume of a liquid annulus which exhibits θ∗ = 90◦ can be estimated as half the volume

of a torus. The volume of a torus can be defined as

Vtor = 2π2Rtorr
2
tor, (B8)
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where Rtor and rtor represent the major and minor radii of the torus. The torus minor and

major radii were related to the wettability pattern as ri = R − r and ro = R + r. The half

volume of a torus then, cast with the variables relevant to this study came as

Vtor,1/2 = π2 (ro − rtor) r
2
tor. (B9)

For the purposes of this study, the variable ro was generally fixed, so the sought after variable

was rtor (or ri). By solving Equation B9 for zero, and employing a root solver (MATLAB),

one can find rtor. Since there were three roots, the one with physical significance was selected.

In the case of Vtor = 4.7µL (i.e., initial drop volume; D0 ≈ 2.1 mm) and ro = 2.500 mm, the

torus tube radius came as rtor = 0.486 mm; therefore, ri = 1.528 mm. In an alternative pattern

that satisfies the above conditions, consider if ri was set to zero, then wo would be 0.972 mm.

In practice, ri was generally decreased to ensure that the final annulus was symmetric, so the

value of ri found from this analysis represented an upper-bound.

B.2.3 Penetrating Hole Formed at the Wettability Transition

For a more detailed analysis of hole formation in liquid lenses at wettability transitions,

please refer to the work by Kim et al (224). A brief discussion is given here for clarity. Fig-

ure B6 is a schematic depicting a non-axisymmetric penetrating hole formed in a liquid lens at a

wettability transition. Previous analysis showed that for contact lines advancing on a superhy-

drophobic surface, if their velocities exceed a critical value (∼0.01-0.1 m s−1 for water)—which

they did in this study—they can become roughened and can entrain air bubbles until they meet

the hydrophilic annulus (224). At the transition—where the liquid lens undergoes a wettability
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transition from a Cassie-Baxter to Wenzel wetting state—it tends to entrain larger air bubbles,

where airflow (underneath the droplet in a Cassie-Baxter state) following the liquid flow sud-

denly becomes trapped (224). In the analysis by Kim et al., the first observable penetrating

holes—which formed due to the presence of large underlying air pockets—had a radii ∼90µm.

We hypothesize that by increasing the value of wo, eventually one can make it energetically

unfavorable for such holes to form/grow. To see this, Equation 7.2 can be employed to calculate

whether or not a penetrating hole is energetically favorable or not; however, since in this case

rh is fixed, and the volume of the hole is small compared with the liquid lens (i.e., does not

affect the radius of curvature, rcurv; Vh/V0 = 0.0005), hh can be defined as

hh =

√

r2curv − (ro −wo − rh)
2 − rcurv + hmax, (B10)

where hmax is the maximum height of the liquid lens (224). With this, Equation 7.2 can be

redefined as a function of wo

∆E = E2 − E1 = σlv

[

2πrh

(
√

r2curv − (ro −wo − rh)
2 − rcurv + hmax

)

− πr2h (1− cos θ∗CB)

]

.

(B11)

Figure B7 presents a plot of ∆E vs. wo for the following conditions: rh = 0.09 mm, D0 ≈ 2.1

mm, and ro = 2.5 mm. The point of importance is when ∆E > 0; at this point (wo = 0.15

mm) hole formation for the aforesaid conditions becomes energetically unfavorable. While

wo = 0.15 mm is obviously much less than the value employed in this study, wo = 0.50 mm,
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the previous analysis gives justification as to why the minimum width of a peripheral annular

wettability pattern for µL sized droplets undergoing droplet impact (We = O(10 − 100)) is of

a sub-millimetric scale, and not say atomic, as might be expected. This may also prove useful

in future design of wettability patterns for droplet impact.

B.2.4 Wave equation: Time to Penetrating Hole Formation; Length Scale

In order to better understand the oscillatory behavior of a water droplet in the later stages

of droplet impact on an annular wettability pattern, it is instructive to consider a general case

of vibrations on a circular membrane. The wave equation for the axisymmetric case can be

written as

∂2h

∂t2
=

c2

r

∂

∂r

(

r
∂h

∂r

)

, (B12)

where h represents the displacement of the membrane from zero, r is the radial coordinate,

and c is the speed of the vibration waves. Employing the boundary condition, h(ro, t) = 0, the

solution, known as a normal mode of oscillation, can be written as (240)

h(r,φ, t) = Jm

(

zmn
r

ro

)






sin (mφ)

cos (mφ)











sin (czmn/ro)

cos (czmn/ro)






, (B13)

where Jm is a Bessel function of order m and zmn is the nth zero of Jm and φ is the polar

azimuth. The case of interest is m = 0 and n = 2, which reduces Equation B13 to
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h(r,φ, t) = J0

(

z02
r

ro

)

cos (cz02/ro) , (B14)

where z02 is 5.52008. Figure 52 presents the solution to Equation B14 for two distinct times,

t =0.0 and 4.4 ms, for the following parameters: c = 1.45 m s−1 (We = 60) and ro = 2.34 mm.

The wave velocity was approximated as the droplet impact velocity U0 (234). The solution h

was also rescaled with hmax = 3.0 mm. There are two important features to note from this

exercise. First, the oscillation behavior between the real case and that in Figure 52—while not

being physically equivalent—show distinct similarities; therefore, we infer that it is a capillary

wave with a relatively long wavelength—of the order of ro—fast wave speed (∼ 1 m s−1), and

large amplitude (hmax ∼ 3 mm; please verify) that drives the formation of an air cavity. Why

that particular frequency is relatively long-lived (i.e., not damped) is the subject for another

study; however, we refer the reader to this paper for an in-depth view of the subject (241).

Second, the first visible penetrating hole has rh ≈0.4 mm, and it is instructive to compare this

length scale with that of the wavelength of the vibrating circular membrane. The characteristic

natural frequency of the vibrating circular membrane (m = 0, n = 2) is f = c(z02/ro); therefore,

the wavelength is λ = z02/ro = 2.36 mm. From this we see that the diameter of the air cavity

(2rh) is of the order of half of the wavelength λ. If we compare the moment when an air

cavity forms, depicted in Figure 51, with the wave equation solution when the centerline value

is minimum, we see similarities. Obviously the solution does not capture physically what is

happening in the drop (i.e., negative values of h); however, it does act as a decent guide to

understanding how a capillary wave can drive the formation of an air cavity.
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Figure B1. Schematic of the experimental setup. 1) drop generation; 2) high speed camera; 3)

cold light source; 4) floating table; 5) sample; 6) platform. L represents the distance from tip

of needle to surface of sample.
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Figure B2. (a-d) Schematic demonstrating the wettability patterned coating synthesis

process; SEM micrographs of the wettability patterned coating before and after each

processing step at (e-h) low- and (i-l) high-magnifications. Scale bar in (e-h) equals 50 µm;

Scale bar in (i-l) equals 10 µm.
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Figure B3. Plot of hole height (hh) vs. hole radius (rh) for two cases: 1) Accounting for the

change in lens shape due to volume displacement as a result of hole formation (——); 2) no

change in lens shape (– – – –). The following parameters were used: D0 = 2.1 mm, r0 = 2.5

mm.
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Figure B4. Plot of ∆E vs. rh for two cases: 1) Accounting for the change in lens shape due to

volume displacement as a result of hole formation (——); 2) no change in lens shape (– – –

–). The following parameters were used: D0 = 2.1 mm, r0 = 2.5 mm.
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Figure B5. Plot of VhV
−1
0 vs. rh accounting for the change in lens shape due to volume

displacement as a result of hole formation (——). The following parameters were used:

D0 = 2.1 mm, r0 = 2.5 mm. VhV
−1
0 is 9.3% at rh = 0.52 mm which is the critical hole radius.
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Figure B6. Schematic depicting a non-axisymmetric penetrating hole in a liquid lens on a

single annulus wettability pattern with outer radius ro and width wo. The hole has a height

hh and a radius rh, and its centerline is positioned at r = ro −wo − rh.
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Figure B7. Plot of ∆E (calculated from Equation B11) vs. wo for the following conditions:

D0 = 2.1 mm, ro = 2.5mm, rh = 0.05mm; no inner annulus is considered in this analysis.
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Figure B8. Drop impact (We = 30) on a superhydrophobic line of width 0.5 mm.
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Figure B9. Drop impact (We = 60) on a superhydrophobic line of width 3.0 mm.

Figure B10. Droplet impact (We = 100) on a wettability patterned surface designed to

rapidly sample numerous small volumes of liquid.
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