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Abstract

Two poly[3-(triisopropyloxysilyl)propyl methacrylate]-block-poly[2-(perfluorooctyl)ethyl
methacrylate] (PIPSMA-b-PFOEMA or P1-1/P1-2) samples and one poly(perfluoropropylene oxide)-
block-poly-[3-triisopropyloxysilyl)propyl methacrylate] (PFPO-b-PIPSMA, or P2) sample were
synthesized, characterized, and used to coat glass plates. The coatings were formed by evaporating a
dilute copolymer solution containing an HCI catalyst to facilitate the sol-gel chemistry of the PIPSMA
blocks. To minimize polymer consumption, we targeted diblock copolymer unimolecular (brush) layers
that consisted of a sol-gelled PIPSMA sub-layer that was anchored onto the glass plates, and a fluorinated
surface layer that provided the desired water and oil repellency. A systematic study was performed
examining the effect of varying the catalyst amount, the polymer amount, and the block copolymer
composition on the structure, morphology, and water- and oil- repellency of the coatings. The
amphiphobicity of the coatings improved initially with the amount of grafted polymer, but plateaued once
a saturated brush layer was formed. Furthermore, the static contact angles (SCAS) increased as the
relative length between the PFOEMA and PIPSMA blocks increased. All of the coatings were optically
clear and repelled ink from a permanent Sharpie® marker. The markings that were left behind were the
faintest on the P2 coatings as the ink would instantaneously shrink into patches. In addition, the P2
coatings exhibited far better wear-resistance than the P1-1/P1-2 coatings. The anti-smudge properties of
the coatings should facilitate their use on touch screens of hand-held electronic devices such as iPads®

and iPhones®.
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Chapter 1

Introduction

1.1 Research Objectives and Organization of the Thesis

Diblock copolymers GX,-b-FL,, that consist of a grafting/crosslinking block of n GX units
covalently attached to a fluorinated block of m FL units can form a brush (or unimolecular) layer covering
a solid substrate. In this layer, the GX block becomes grafted and crosslinked onto the substrate, while
the overlaying low-surface-tension FL block provides the desired repellency against water- and oil- borne
contaminants. The specific GXy-b-FL,, samples that were used in this study were poly-[3-
(triisopropyloxysilyl)propyl methacrylate]-block-poly[2-(perfluorooctyl)ethyl methacrylate] (PIPSMA ;-
b-PFOEMA,,, also denoted as P1-1), PIPSMA:;-b-PFOEMA;, (P1-2), and poly(perfluoropropylene
oxide)-block-poly-[3-(triisopropyloxysilyl)propyl methacrylate] (PFPOq4-b-PIPSMA;, or P2), where the
subscripts denote the numbers of repeat units for the different blocks (Figure 1-1). Specifically, these
diblock copolymers were grafted onto glass surfaces via the sol-gel chemistry of the PIPSMA block. The
sol-gel process involved both a hydrolysis and a condensation reaction, which occurred simultaneously.
This process is illustrated in Figure 1-2. In the presence of an acid catalyst, hydrolysis caused the
triisopropyl groups to become cleaved from the PIPSMA block, thus producing silanol groups (Si-OH).
During the condensation reaction, the Si-OH groups reacted with other Si-OH groups present on the
surface of the glass, or with other Si-OH groups of the hydrolyzed polymer to form a network of siloxane
bonds (Si-O-Si).

The P1-1 and P1-2 copolymers of the PIPSMA-b-PFOEMA family were compared to examine
the effect of varying the block length ratio on the surface properties of the resultant coatings. In addition,
the PIPSMA-b-PFOEMA and PFPO-b-PIPSMA families were compared to investigate how the flexibility
of the fluorinated block affected the properties of the coatings. For example, while PFOEMA forms a

1



smectic-A liquid crystalline phase at room temperature’ and has a smectic-A-to-disorder transition
temperature of 76 °C,>* PFPO is a liquid at room temperature and has a glass transition temperature (Ty)
of -71°C>°

The water- and oil- repellent coatings described in this work can be applied onto glass substrates
to produce films that are smooth, ultrathin, optically clear, and that demonstrate anti-smudge properties.
These are coatings that repel water and oil borne contaminants alike. They can thus be applied onto
various glass-based substrates. For example, these coatings are promising candidates for applications on

the touchscreens of electronic devices such as iPads® and iPhones®.

] ) (a)
CH, CH,
‘ " P
C C ‘
)\ J 18/13 [ )\ szu
o O(CH,)SIOCH(CH,)CH,]; O O(CH,),(CF,),CF;

PIPSMA g s-b-PFOEMA 55

CF, o 0 )

PFPO, -h-PIPSMA, 0 O ——(CH,)3Si|OCH(CH;3)CH;]3

Figure 1-1 Chemical structures of P1-1/P1-2 (a) and P2 (b).

This chapter provides general background information describing water- and oil- repellent
surfaces, and the key factors that influence their performance. Furthermore, important information
regarding dynamic non-wetting surfaces and the various ways to prepare these materials will be
described. The preparation of polymer brushes and the sol-gel reaction process will also be described in
this chapter. Chapter 2 will briefly outline the characterization details regarding the diblock copolymers
P1-1/P1-2 and P2, and subsequently their use in the preparation of amphiphobic brush coatings covering
glass surfaces. Various characterization techniques used during this project included diffuse reflectance

infrared Fourier-transform spectroscopy (DRIFT-IR), atomic force microscopy (AFM), X-ray
2



photoelectron spectroscopy (XPS), ultraviolet- visible spectroscopy (UV-Vis) and will also be included in
Chapter 2 together with the protocols for various contact angle measurements. Chapter 3 will focus on the
results and discussion, including details on the effect of varying the catalyst amount, polymer amount, and
block copolymer composition on the structure, morphology, and repellency of the resultant coatings. The

summary and conclusions, as well as the proposed future work will be presented in Chapter 4.

n .
/Et +3 H,0 Hydrolysis (HCI) ”O +3 > oH

o
5 o)
.0 §
Jsi
/LO 0 Y S‘,OH
PR
— HO™ "oH
";ﬁ %ﬁ ’EA& ’E%
o
. 0 +H,O
0 0 Condensation 0 2
§ + § O §
OH OH
Si S 5 o -oH
HO™™ HO™S o Si
OH OH HO’S‘I OH
OH

Figure 1-2 Schematic diagram of the sol-gel process occurring in this system.

1.2 Introduction to Water- and Oil- Repellent Surfaces and Their Applications

1.2.1 General Definition of Hydrophobic Surfaces and Their Applications

When a water droplet displays a static contact angle (SCA) > 90° on a surface, that substrate is
typically defined as a hydrophobic surface. On the other hand, when a water droplet displays a SCA < 90°
on a surface, the substrate is typically defined as a hydrophilic surface.® The SCA is defined as the angle
formed by a liquid at the three phase boundary where the solid (S), liquid (L), and gas (G) phases all

intersect. The interfacial energies of the solid/liquid, liquid/gas, and solid/gas interfaces are denoted as



¥SL, ¥LG, and ySG, respectively.”® Figure 1-3 illustrates the SCA of a water droplet sitting on a flat

surface.

YSL  Solid Substrate

Figure 1-3 SCA of a water droplet on a flat surface.

Although a self-cleaning surface should ideally exhibit a high SCA, this property alone does not
completely determine the self-cleaning capabilities of a surface.® In many circumstances, the surface
wettability and self-cleaning capabilities are tested by measuring the SCA in combination with other
dynamic CA measurements (modification of the droplet).'® These measurements include the contact angle
hysteresis (CAH) and the sliding angle (SA). The CAH is generally defined as the difference between the
advancing CA (f.a,) and the receding CA (f.c), or it can also be defined as (COSOye - C0SGsgy).* When a
small amount of liquid is added to an existing droplet on a surface, the SCA will increase, but the
interfacial area at the liquid/solid interface may remain constant. The maximum SCA achieved without
changing the interfacial area corresponds to #,4,. On the other hand, when a small amount of liquid is
removed from an existing droplet, the SCA will decrease, but the interfacial area at the liquid/solid
interface may remain constant. The minimum SCA achieved without changing the interfacial area
corresponds to Oy, (Figure 1-4a)."*'? Another way of measuring 6.q, and 6. is demonstrated in Figure 1-
4b. On a tilted substrate, the maximum and minimum SCAs achieved just before the droplet slides, are
Oagv and O, respectively.’™ If the CAH is sufficiently low, a liquid droplet may slide, even on a flat
substrate. However, in most cases, the liquid will not slide on a flat surface unless it is tilted at a certain

angle relative to the horizontal plane. The SA (&) is generally recorded as the angle at which the sliding



occurs®® (Figure 1-4c). Self-cleaning and dynamic non-wetting surfaces typically have high SCA values

and low CAH and SA values.®

Adding Liquid

Removing Liquid

(@)

Figure 1-4 A schematic representation of the dynamic CA measurements to determine the wettability and
self-cleaning properties of a surface. The 6,4, and 6 values can be measured by adding and removing
liquid to and from an existing droplet (a), or by placing a droplet on a flat substrate that can be tilted (b).
The 6 (c) is the angle at which the droplet slides down the substrate.

Hydrophobic materials are promising candidates for non-wetting surfaces with various
applications in our everyday life. For example, they have been used for drag reduction, anti-fogging, anti-
bacterial, anti-fouling, anti-icing, and corrosion resistance applications.'®**** Although high water

repellency is highly desirable, the hydrophobic and self-cleaning properties of these surfaces can be
5



compromised when alcohol or other oil-based liquids are introduced to them.'® A prime example of this
phenomenon was encountered in 2010 when the Gulf of Mexico experienced the worst oil spill disaster in
US history."” This tragic event killed many birds despite the fact that their feathers were hydrophobic. If
any of these organisms and habitats could have repelled oil, this event would potentially not have had
such dire consequences, as the oil would not have had a chance to wet their wings in the first place. To
this day, the Gulf of Mexico is still not clean. Thus, it is important to gain insight about surfaces that have

repellency against liquids other than water alone.

1.2.2 General Definition of Oleophobic Surfaces and Their Applications

A surface that repels an oil droplet with a SCA > 90° is considered to be oleophobic, whereas a
surface that repels an oil droplet with a SCA < 90" is considered to be oleophilic.® There have been many
reviews describing hydrophobic surfaces in the past,"®* but very few have focused on oleophobic
surfaces.’®?? However, their range of applications are more diverse than those of hydrophobic
materials.'® Some of the more important examples include water/oil separations, anti-crawling materials,
marine anti-fouling materials, fluid power systems, protection of oil pipelines against clogging, resistance

against wax deposition in fuel oil tanks, and anti-bioadhesion.?*’

Although hydrophobic and oleophobic surfaces are highly desirable, the concept of a dual
repellent surface that could repel both water and oily liquids simultaneously would be even better. Such a
coating could be applied onto the screens of a small electronic device such as an iPad® or an iPhone®,
for example. It would be ideal for protecting a device against oily fingerprints and spills. The work

presented in this thesis has the potential for applications such as this.



1.2.3 General Definition of Amphiphobic Surfaces and Their Applications

Surfaces that simultaneously exhibit water and oil with SCAs > 90° are known to be
amphiphobic.®? The preparation and use of these surfaces are highly desirable as they combine efficiency
and convenience for consumers everywhere. Self-cleaning, anti-fouling, corrosion resistant, and anti-
bacterial properties are just a few examples of their capabilities.**3*% Although it can be difficult to
prepare such coatings due to the low surface tension of some oils,® there is a great demand for these
materials. Consequently, the preparation of these surfaces has been the focus of cutting-edge research

throughout the world.

1.3 Key Parameters for Preparing Water- and Oil- Repellent Surfaces

Much research in this field has been devoted toward the imitation of structures observed in
nature. Scientists are highly interested in reproducing surfaces similar to that of the distinguished lotus
flower (Nelumbo nucifera) due to its spectacular self-cleaning capabilities.®” The leaves of this plant are
able to bead up rain droplets and the beaded droplets can roll away with dirt and bacteria. Thus, these
leaves are self-cleaning. Other natural examples of this kind include the legs of a water strider, the leaves
of a rice plant, rose petals, fish scales, shark skin, and butterfly wings.*”*** In order to mimic the surfaces
seen in nature, a number of key factors must be investigated. The surface free energy, and the surface
geometrical structure are the two most important parameters that affect the wettability of a surface.”® A
material with a low surface free energy is primarily needed to render surfaces water- and oil- repellent.
Meanwhile, a surface should possess a combination of a low surface free energy, enhanced surface
roughness, and re-entrant surface structures in order for that material to exhibit higher liquid repellency as
well as good dynamic properties. These latter surfaces can exhibit CAs > 150° with a CAH typically < 10°
and are commonly referred to as superamphiphobic surfaces.’® While superamphiphobic materials may

exhibit better self-cleaning properties than amphiphobic surfaces, superamphiphobic materials can be



costly to prepare. Consequently, superamphiphobic materials may be more suitable for specialized
applications, while amphiphobic materials may have greater potential for routine or cost-sensitive
applications. It is important to note that the work described in this thesis strictly refers to smooth
amphiphobic surfaces with low surface energies. However, a brief introduction to surface roughness and
re-entrant surface structures is also included to obtain a better understanding of the concepts of self-

cleaning surfaces.

1.3.1 Surface Energy

The chemical composition of a material defines its surface energy, which strongly influences the
wetting properties of that material.** The primary measure of a liquid droplet on a flat, smooth, and
chemically homogenous surface is the SCA, 6, given by Young’s relationship shown in Equation 1-1.%
Here, y refers to the interfacial tension, and the subscripts S, L, and G refer to the solid, liquid and gas

phases, respectively.

cosf = V—SG);GVSL (1-1)

According to the Young equation, a material that has a lower yg;value or a lower surface free
energy tend to result in higher liquid repellency.” As mentioned earlier, it is often difficult and costly to
prepare a superamphiphobic surface. This is because in order for oils with low surface tensions to be
repelled, the surface energy of the material (ys¢) must be lower than 7.5 mN/m.**® To date, the -CF;
groups of fluorine-containing compounds are the only functional groups that will yield such a low surface
energy.”’ Zisman et al. reported that the surface free energy of a material decreased in the order of -CH, >
-CHs > -CF, > -CF,H > -CF5.”® The effect of fluorine lowering the surface energy originates from the fact

that fluorine has a small radius, and the greatest electronegativity among all of the atoms. Consequently, it
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forms with carbon a stable covalent bond that is not easily polarizable, and the London dispersion forces
and Debye forces among different fluorinated hydrocarbons tend to be low.* The -CF; groups of a
fluorinated alkane monolayer may pack hexagonally on a surface and have provided the lowest reported
surface free energy of any solid with a value of 6.7 mN/m.***** On a smooth surface such as this, it is
possible to obtain maximum water (72.9 mN/m) and diiodomethane (50.8 mN/m) SCAs of 120° and 100°,
respectively.’>? Lowering the surface free energy of a smooth coating is sufficient to render amphiphobic
properties, but in order to create surfaces with much higher liquid repellency, surface roughness and re-

entrant surface structures need to be introduced.™

1.3.2 Surface Roughness and Re-entrant Surface Structures

In addition to a low surface free energy, the introduction of roughness can enhance the overall
liquid repellency of a surface. Adding roughness to a surface increases the actual surface area of the
material in relation to the flat projected area of the same material. A larger surface area as well as a lower
surface free energy diminishes the likelihood of the droplet spreading, and therefore increases the
apparent CA of the liquid droplet. In this case, the apparent CA (8") is the angle observed on a textured or
rough surface. Consequently, introducing roughness to a surface can increase the CA between a liquid
and a flat surface if the intrinsic CA is > 90°. The intrinsic contact angle (6,) is defined as the SCA

observed when a droplet is on a flat surface of the same material.

When a liquid droplet is placed on a textured or rough surface, there are two different scenarios
that could take place in an effort to reduce its overall free energy. The first scenario (Figure 1-5a) is
observed when the droplet fully penetrates the grooves and cavities of the roughened surface, which
ultimately forms a “fully-wetted” interface. When the droplet assumes this configuration, it is known to

be in the Wenzel State.* In this state, the apparent CA can be calculated using Equation 1-2.



cos@" = rcosb,. (1-2)

As shown here, r is the roughness factor, which is defined as the ratio of the actual surface area of
the rough surface divided by its flat projected area of the same material. Since the r factor will always be
greater than 1, roughness can enhance both the wetting and non-wetting properties of a surface.

Meanwhile, 8" > 6, will occur when 6, > 90°, and 6" < 6, will be observed when 6, < 90°.*

(@) (b)

Solid Substrate Solid Substrate

Figure 1-5 Schematic depiction of a liquid droplet in the Wenzel State (a) and Cassie State (b).

On the other hand, the second scenario (Figure 1-5b) is encountered when the liquid droplet does
not fully penetrate the cavities, but instead sits on top of air that is trapped inside them. A solid/liquid/air
composite interface is then formed. When the droplet assumes this configuration, it is said to be in the

Cassie State. This relationship is expressed by Equation 1-3.*

cos@’=rfg cos0,—(1— fs1) (1-3)

In this case, fs;, and 1 — f; refer to the area fraction of the liquid droplet in contact with the
surface, and the area fraction of the liquid droplet in contact with the trapped air, respectively. An
increase in fs; S0 that it approaches 1 indicates that there is a decrease in the amount of air trapped below
the droplet. As this trend occurs, the droplet will begin to penetrate into the cavities, transitioning into the
Wenzel State. As mentioned earlier in this chapter, a high SCA alone is not sufficient to determine the
wettability of a surface. It is important to have a low SA and CAH. A droplet is more likely to roll off a
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surface if it is in the Cassie State versus when it is in the Wenzel State. This is purely due to the fact that
there is less adhesion of the droplet to the substrate in the Cassie State, and weaker van der Waals
interactions.”*** Typically, droplets sitting on superamphiphobic surfaces are in the Cassie State, but it is
still possible for a droplet to become unstable in this situation if the CA < 90°. In recent years, re-entrant
surface structures have been recognized to be important in ensuring that droplets remain in the Cassie

State® on superamphiphobic surfaces.

The main difference between amphiphobic and superamphiphobic surfaces is that amphiphobic
surfaces generally do not possess much roughness, and they typically do not possess re-entrant surface
structures. These kinds of surfaces are hidden under overhangs with examples including mushroom-like
posts, or inversed trapezoidal pillars as reported by Tuteja et al.?***® An example of such a structure is
illustrated in Figure 1-6. Re-entrant surface structures encourage the liquid to remain above the composite
interface because as the liquid droplet naturally presses down against the surface (Figure 1-6a), fs; will
decrease, and @ will increase. In the absence of re-entrant surface structures (Figure 1-6b), fg, will
increase as the liquid presses down on the surface, and hence 8" will decrease. With the use of re-entrant
structures (Figure 1-6a), it is more likely that the liquid droplet will remain in the Cassie State rather than
undergo a transition to the Wenzel State because the downward movement of the liquid/solid/air interface

decreases f5; and increases 6 calculated from Equation 1-3.

Air

Air

Figure 1-6 Cross sectional figure of surfaces with re-entrant surface curvature structures (a), and without
re-entrant surface curvature structures (b).
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In this work, smooth amphiphobic surfaces were prepared using diblock copolymers that
consisted of both a GX and a FL block. These copolymers were applied onto glass plates. The GX block
served as the anchoring block, while the exposed FL block provided the coating with a low surface
energy. Due to this low surface energy, these coatings exhibited dynamic non-wetting properties to allow

water and oils to slide off their surfaces.

1.4 Dynamic Non-Wetting Surfaces

It has been reported that the droplet mobility on a surface or coating is independent of the SCA,
but highly dependent on the CAH and the dynamic properties of the surface.® Coatings that repel water-
and oil- borne contaminants alike are referred to as anti-smudge coatings. Anti-smudge coatings are
currently prepared through three approaches. As mentioned earlier, the first approach deals with the
production of superamphiphobic surfaces. The coating is composed of surface-fluorinated nano- and/or
micro-architectures.’”** While fluorination decreases the surface tension, the architectures render the
high surface area (roughness) and re-entrant sites required to repel a testing liquid.*®" In the second
approach, the coating is made of a porous matrix such as a fluorinated sponge that is filled with a low
surface-tension fluorinated oil such as Krytox.®®® While the oil is held in position due to its affinity for
the porous matrix, the incompatibility between the oil and a test liquid minimizes the penetration of the
latter into the former. These systems are referred to as slippery liquid infused porous surfaces or SLIPS.”
The third approach bears resemblance to the second approach, where it also uses a fluorinated oil.
However, the fluorinated oil such as a perfluoropolyether (PFPE) is covalently grafted upon a substrate in
this case instead of being infused inside.>*" In the case of a flat substrate, the coating/testing liquid
interface is flat just as that found in the second approach.

Coatings prepared through the first approach can typically have SCAs that exceed 150° for liquids
ranging from water to hexadecane with room-temperature surface tension values of 72.9 and 27.5 mN/m,

respectively.®® Liquid droplets readily roll off of these superamphiphobic coatings because the contact
12



area and thus the van der Waals adhesion forces between a beading test liquid drop and the coating are
small. On the other hand, test liquids such as water or hexadecane placed on the flat coatings prepared
through the second and third approaches display CAs that never exceed ~120°. A test liquid slips readily
off these surfaces because the coating is physically and chemically homogeneous. Because it is physically
homogeneous, the surface of the coating is almost molecularly smooth with no “permanent” solid
obtrusions that exist to pin down the contact lines formed between the test liquid droplets and the coating.
Rather, molecules both in the coating and in the test liquid around the contact line are in constant motion,
causing the interaction between the droplet and the surface to be dynamic. The motions of the oil
molecules also ensure the chemical homogeneity of the coating. As long as the coating layer is
sufficiently thick to fully cover the substrate or the grafting functionalities that may pin the test droplet,
the test liquid at every contact point experiences the same time-average composition for the oil. It is well
known that the CAH diminishes on a homogeneous surface.”*” Furthermore, a test liquid may slide off
such a surface if it is slightly tilted. Thus, the second and third approaches offer coatings with dynamic
non-wetting behaviour against water and hydrocarbon droplets and will be the focus of this work.

The third approach produces unimolecular thin coatings that should be optically clear unlike
those provided by the first and second approach. A clear anti-smudge coating on a flat substrate such as
glass has many potential applications. For example, such a coating on window glass of skyscrapers
reduces the frequency of window washing and saves costs. Such a coating on the touch screen of an
iPad® or iPhone® rejects fingerprints and maintains the aesthetic appeal of the device.

Traditionally, perfluoropolyethers (PFPEs) have been grafted onto glass plates via the sol-gel
chemistry of one terminal trimethoxysilane or triethoxysilane group or a trialkoxysilane group -Si(OR)s.°
An alkoxy group refers to a hydrocarbon that possesses a single bond to an oxygen atom. Thus, alkoxy

7" and open®' literature as well as of product

groups are denoted simply as —OR. Our reading of patent
descriptions and specifications suggests that iPads® are currently coated by this chemistry using PFPE-

Si(OR)z. Thus, each PFPE chain is tethered to the glass substrate by only three Si-O-Si bonds at the most.
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Not surprisingly, the coatings on iPads® are not durable. The mechanical stability of a grafted PFPE layer
has been found to be greater for (RO);Si-PFPE-Si(OR); when each PFPE chain is grafted by two

sandwiching -Si(OR3); groups over that observed for a singly grafted PFPE-Si(OR); chain.”

In principle, the mechanical stability of a grafted fluorinated layer can also be improved by using
diblock copolymers FL,-b-GX, that consist of a fluorinated block of n FL wunits and a
grafting/crosslinking block of m GX units. In comparison with the one trialkoxyl silane group found in
PFPE-Si(OR);, a GX block incorporating many anchoring units should graft more readily to the substrate.
Furthermore, an anchored layer made of a GX block is more stable than a layer derived from -Si(OR);
These anchored layers can produce polymer brushes that have many advantages over materials produced
through other surface modification methods because of their mechanical and chemical robustness. In
addition, they have a high degree of synthetic flexibility towards the introduction of many functional

groups.”*®

Thus, reported in this thesis is the preparation of FL,-b-GX,, brush layers that were applied as
coatings onto glass plates. These fluorinated coatings provided the glass plates with self-cleaning
properties. In addition, a systematic study was conducted to determine the factors affecting the

preparation and properties of the coatings.

1.5 Introduction to Polymer Brushes

The desire to prepare functional polymer brushes has recently been of great interest due to their
practical applications that are beneficial for our everyday life. Applications of these polymer brushes
range from stabilizing pigment particles in paint, to cell adhesion, drug release, chemical sensing, stimuli
responsive surfaces, and water- and oil- repellent coatings.®®®*%% Due to their wide range of

applications, these materials thus have great potential to improve our quality of life.
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A polymer brush consists of long-chain polymer molecules that are fastened at one end to an
interface or substrate.®" The fastened ends of the polymer chains are sufficiently dense, that they
experience crowding such that the polymer chains are forced to stretch away from the substrate or
interface in an effort to avoid any overlap with each other.* Static repulsions and osmotic forces between
the chains keep them from overlapping, which explains why polymer brushes are so useful in paint
formulations.*® This particular situation, where the fastened polymer chains are stretched away normal to
the substrate, is quite different from the distinctive behaviour of a flexible polymer chain in solution
where the chains adopt a random-walk configuration.®* Much work in this field has shown that the
deformation of densely fastened chains affects many aspects of their behavior and results in different
novel properties of polymer brushes.” Some examples of other polymeric systems consisting of polymer
brushes include polymer micelles, block copolymers at fluid-fluid interfaces, end-grafted polymers on
solid surfaces and adsorbed diblock copolymers on solid surfaces.” All of these examples exhibit

polymer chain deformations that can be seen in Figure 1-7.
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Figure 1-7 Examples of polymer systems containing polymer brushes.”

The tethering of polymer chains onto a surface or interface can be performed in a reversible or
irreversible manner. On a solid surface, the chains can be physically adsorbed with “sticky” segments

96-97

through physisorption, or they can be chemically or covalently grafted. Physisorption onto a solid
surface is typically accomplished with diblock copolymers where one block has a strong interaction with
the substrate, while the other block has a rather weak interaction.”® Fytas et al.” investigated the
properties of a polystyrene-block-poly(ethylene oxide) (PS-b-PEO) diblock copolymer that was adsorbed
onto a glass substrate to form a PEO anchor and a PS buoy. They used toluene as a good solvent for both
blocks. It was found that the polar PEO blocks exhibited a stronger attraction to the surface than the

nonpolar PS blocks, resulting in a brush formation by the stretched PS blocks. However, relying on this

method can result in surfaces that are quite unstable especially when high shear forces are involved. In
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addition, these kinds of surfaces can exhibit thermal and solvolytic instability due to the weak interaction
between the substrate and the diblock copolymer making it a reversible process.®*'%

»101-102

Covalent attachment of polymer brushes can be obtained through ‘grafting-to and

*103-194 approaches. Such binding occurs when polymer chains are grafted onto substrates

‘grafting-from
via chemical bond formation between reactive groups on the surface and the reactive endgroups of the
chain.” Covalent attachment is more desirable than physisorption because it is an irreversible process.
The ‘grafting-to’ approach refers to preformed end-functionalized polymers that react with an appropriate

substrate to form a fastened polymer brush. Bergbreiter et al.'®

attached terminally functionalized
poly(tert-butyl acrylate) chains onto oxidized polyethylene films through this method. Similarly, Ebata et
al.,'® grafted polysilane chains onto quartz surfaces and characterized these systems via UV-Vis
spectroscopy. The covalent bond that forms between the substrate and the polymer chain imparts the
polymer brush with chemical robustness which allows such coatings to be stable in harsh environments,
such as exposure to dramatic temperature changes and to radiation.'®” This approach is quite simple, but it
has some disadvantages. For example, it is limited to the preparation of polymer brushes with low

grafting densities, as well as to thin films (films with thicknesses > 100 nm are inaccessible) due to the

steric crowding of the reactive sites by already adsorbed polymers on the surface.”

To avoid these issues encountered with the ‘grafting-to’ method, researchers have turned to the
‘grafting-from” approach instead. This methodology, often referred to as surface-initiated polymerization
(SIP), involves the treatment of a surface to produce immobilized initiators. These initiators subsequently
participate in an in situ surface initiated polymerization reaction. Many kinds of polymerization methods
have been employed, but atom transfer radical polymerization (ATRP) is the most commonly utilized
approach.”” For example, Boven et al'® treated glass and silicon substrates with 3-
aminopropyltriethoxysilane or (y-APS), to produce amino functional groups on the surface. The azo
initiators were then immobilized onto the surface through the formation of amide bonds between the y-

APS modified surface and an acid chloride functionalized azo initiator. Subsequent surface-initiated
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radical polymerization reactions yielded PMMA chains that were fastened onto glass and silicon
substrates. The ‘grafting-from’ approach has attracted significant interest due to its ability to provide
polymer brushes with tunable grafting density, thickness and polydispersities from a large variety of
monomers.’® However, many steps are involved in these processes, which can become quite
cumbersome. Therefore, for the purpose of this work, a ‘grafting-to’ approach has been employed as it is
a simple technique. In addition, this approach was capable of providing the thin films (~12 nm) that were

targeted for this investigation.

While there have been only a few reports describing grafted or crosslinked diblock copolymer
brushes that were bound to solid substrates, diblock copolymer brushes that are physically deposited from
selectively poor solvents for the anchoring block have been widely investigated."*** Specifically,
diblock copolymer brushes can be formed in block selective solvents that are good for one block but not
the other (Figure 1-8) have drawn significant attention.”>'*** If the Gibbs free energy change associated
with the chain rearrangement from the solution phase to the brush layer phase is negative, then the
insoluble block will spread out and behave as a melt on the substrate, while the soluble block will stretch
out in a similar manner as the bristles of a brush."** A negative Gibbs free energy is encouraged by a
favorable interaction between the substrate and the insoluble block. This basic concept can help explain
other diverse polymer systems such as polymeric surfactants, stabilized colloidal particles, and the

various structures formed by block copolymers.®*
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Figure 1-8 A graphic representation of a diblock copolymer forming a polymer brush in a block selective
solvent. The insoluble block acts as a melt, while the soluble block reaches out into space in a similar
manner as the bristles of a brush.

In this work, a ‘grafting-to’ approach was performed to covalently graft and crosslink P1-1, P1-2,
and P2 diblock copolymers onto glass substrates. The reactive end-groups of the trialkoxysilane, or
PIPSMA anchoring block underwent hydrolysis and polycondensation reactions to form Si-OH groups
and Si-O-Si bonds with the preformed Si-OH groups on the glass substrate. The copolymers were
deposited as thin brush layers by using a block selective solvent that preferred the overlying fluorinated
block rather than the anchoring PIPSMA block. An excess amount of fluorinated solvent was present to
ensure that the solution was selective for the overlying PFOEMA and PFPO blocks in each family of
diblock copolymers. In this case, these blocks stretched out into solution to maximize their interaction

with the fluorinated solvent molecules, thus creating a thin brush layer.

1.6 The Sol-gel Process

1.6.1 General Introduction

The sol-gel process involves the transformation of monomers into a colloidal solution (or sol),
which acts as a precursor to an integrated network (or gel) of either discrete particles, or network
polymers.">**® The sol gradually progresses towards the formation of a gel-like network consisting of

both a liquid phase and a solid phase. Typical precursors for this process are metal alkoxides and metal
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chlorides that undergo simultaneous hydrolysis (water consuming) and polycondensation (water forming)
reactions to form polymeric species comprised of metal-oxygen-metal, or M-O-M bonds.! Tetraethyl
orthosilicate (TEQS) is a widely used precursor due to its ability to undergo hydrolysis readily when

117

exposed to water.~" The many alkoxy groups attached to the silicon atom make it, and many others like

it, popular choices as crosslinkers and coupling agents to produce glassy and ceramic materials.*****
Many researchers have also investigated the rates of these reactions, especially with the help of an acid or

a base catalyst."**

The sol-gel process is a highly desirable technique, as it is relatively inexpensive, and produces
surfaces with adequate homogeneity and respectable optical properties. It is also capable of coating large
surface areas. The sol-gel process is especially efficient in producing thin, transparent, multi-component

oxide layers of many compositions on a number of substrates, including glass.'**

1.6.2 Sol-gel Hydrolysis and Condensation Reactions

As mentioned above, the sol-gel process involves the simultaneous hydrolysis and condensation
of metal alkoxide precursors to form polymeric systems consisting of M-O-M bonds. Using silicon as an
example, there are generally three main reactions to describe the sol-gel process as shown in Figure 1-9.
Hydrolysis refers to the cleavage of chemical bonds by the addition of water, while condensation refers to
the formation of bonds by the removal of water or an alcohol.*? In reaction (1), hydrolysis occurs as a
result of the nucleophilic attack of the oxygen contained in the water molecule, on the silicon atom.*’
Water is required to cleave the alkoxy groups off of the alkoxysilane, and produce Si-OH groups in their
place. In addition to water, hydrolysis is also enabled in the presence of homogenizing agents such as
alcohols, dioxane, THF, and acetone. However, this process is most rapid when catalysts are active in the

system.*’
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According to reactions (2) and (3), polymerization to form Si-O-Si bonds occurs by either an
alcohol producing (2), or a water producing (3) condensation reaction.’® In these reactions, the newly
produced Si-OH groups can react with other alkoxysilanes or with other Si-OH groups, respectively.
Although it is possible for the condensation of Si-OH groups to proceed thermally without the aid of

catalysts, their use is often necessary."

Hydrolysis
==Sj-OR + H,0 =~—= ==Si-OH +ROH (1)
Alcohol Condensation
=—Si-OR+HO-Si= <~—= ==Si-0-Si+ROH (2)
Water Condensation
==Si-OH +HO - Si= —= ==Si-0-Si=+H,0 (3)

Figure 1-9 General reactions (1-3) describing the sol-gel process.**®

1.6.3 Catalytic Effects on the Rate of the Sol-gel Process

It is possible for hydrolysis and condensation reactions to proceed without any aid from other
chemical additives. However, there have been numerous reports indicating that the inclusion of catalysts
will typically increase the rates of these reactions."”***® Mineral acids such as HCI and ammonia are
generally used as additives for sol-gel processes.'’” The rate constants of the reactions in the sol-gel
process are highly dependent upon the pH of the solution." As the acid concentration in the system
increases (causing the pH to decrease below 7), the rate constant also increases. In addition, as the base
concentration in the system increases (causing the pH to increase above 7), the rate constant also

increases. Pohl and Osterholtz***

reported this trend when they obtained rate constants for y-
glycidoxypropyltrialkoxysilane in an aqueous solution as the pH in the system was varied between 5 and

9. Hence, reactions involving alkoxysilanes can be either acid or base catalyzed. Under acidic conditions,
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trends in the literature suggest that branched “polymeric” networks are most preferably formed, whereas
more discrete particle-like morphologies are formed under basic conditions.! Therefore, for the sake of

this work, an acid catalyst was chosen to form a GX siloxane network in an acidic system.

Under acidic conditions, the hydrolysis reaction proceeds much more rapidly than the
condensation reactions. During hydrolysis, the oxygen on the alkoxo group is protonated from the acid to
create an alcohol, which provides a better leaving group. The oxygen from the water molecule then
attacks the silicon atom to produce protonated Si-O*H, groups. During the condensation reaction, neutral

Si-OH groups attack the protonated Si-O*H, groups to form Si-O-Si linkages and water as a byproduct.

Herein this thesis, the diblock copolymers P1-1, P1-2, and P2 were covalently grafted and
crosslinked onto glass surfaces to produce amphiphobic polymer brush layers. This brush layer was
formed due to the block selective solvent that preferred the overlying fluorinated block, and through the
sol-gel chemistry of the PIPSMA block. In the presence of an HCI catalyst, the PIPSMA block in each set
of diblock copolymers underwent simultaneous hydrolysis and condensation reactions. This process is
illustrated earlier in this chapter in Figure 1-2. During this procedure, the triisopropyl groups of the
PIPSMA block were cleaved, to form Si-OH groups in their place. During the condensation reaction, the
Si-OH groups reacted with other preformed Si-OH groups present on the surface of the glass, or with
other Si-OH groups of the hydrolyzed polymer to form a network of Si-O-Si bonds. This process
produced covalently grafted diblock copolymer chains covering glass surfaces that were optically clear

and demonstrated amphiphobic and dynamic non-wetting properties.

1.7 Conclusions

This chapter has provided the background information that underlies the key concepts that are
presented in this work. In particular, relevant information regarding water- and oil- repellent surfaces and

the factors that affect their performance were discussed. In addition, the different fabrication methods to
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produce such surfaces were described. Details about dynamic non-wetting surfaces and the factors that
affect their performance were also provided. Additionally, the preparation and properties of polymer
brushes, as well as an introduction to the sol-gel process taking place in this system was described in this

chapter.

Chapter 2 will provide brief characterization details regarding the diblock copolymers P1-1/P1-2
and P2, as well as their use to prepare water- and oil- repellent surfaces on glass substrates. Furthermore,
other characterization methods used during the course of this research including DRIFT-IR, AFM, XPS,
UV-Vis, and various contact angle measurements (SCA, CAH, and SA) will also be discussed. Chapter 3
will pay emphasis on the results and discussion of the thesis that covers the factors that affect the
performance of such amphiphobic surfaces. These factors that were varied included the catalyst amount,
polymer amount, and block copolymer composition. Finally, Chapter 4 will provide a summary of this

research and will propose potential future work of this project.
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Chapter 2

Experimental Details

2.1 Introduction

This thesis describes a facile approach for the development of amphiphobic surfaces that are
smooth, thin and optically clear on glass plates. The diblock copolymers P1-1, P1-2, and P2 were
synthesized via atom transfer radical polymerization (ATRP), before they were individually dissolved in a
good solvent to yield polymer solutions that were subsequently deposited onto glass substrates. With the
addition of an acid catalyst diluted in a solvent that was selective for the anchoring block, a polymer
brush was formed through the covalent grafting and crosslinking of the PIPSMA block onto the surface
via sol-gel chemistry. During this process, simultaneous hydrolysis and condensation reactions occurred.
The triisopropyl groups located on the PIPSMA block were cleaved, and formed silanol groups (Si-OH)
that facilitate covalent attachment onto the substrate. As the condensations proceeded further, siloxane
bonds (Si-O-Si) were formed between the produced Si-OH groups and other Si-OH groups present on the
surface of the glass, or with other Si-OH groups of the hydrolyzed polymer. The solvent was slowly
evaporated in a sealed container so that the Si-OH groups produced would have sufficient time to become
grafted onto the glass plate, and the grafted copolymer chains would have enough time to organize into a
brush layer. Upon evaporation, the fluorinated block extended outwardly like the bristles of a brush which

rendered smooth, thin, and optically clear amphiphobic coatings that covered the glass plate.

This chapter describes the preparation of smooth amphiphobic coatings for glass plates using the
diblock copolymers P1-1, P1-2 and P2. For the sake of comparison, the preparation of an additional
coated plate using a PFOEMA homopolymer is also defined. The preparation of PIPSMA homopolymer
samples in order to evaluate the rate of the sol-gel process is also described. In addition, CA
measurements (SCA, CAH, and SA) that were performed to determine the static and dynamic de-wetting

capabilities of those water- and oil- repellent films are discussed. Furthermore, the preparation of samples
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for DRIFT-IR, AFM, XPS, UV-Vis, as well as for durability and anti-smudge characterization through

these techniques are also described in this chapter.

2.2 Materials

The P1-1 and P1-2 diblock copolymers were synthesized via ATRP. This polymerization
technique was also used to prepare the PIPSMA block of P2. The PFPO block of P2 was derived from
Krytox157 FLS, which was purchased from DuPont. PIPSMA and PFOEMA homopolymers with 20 and
17 repeat units respectively, were both synthesized via ATRP and their respective number-average
molecular weights were 6600 and 9000 g/mol. The synthesis and characterization of these polymers were
conducted by Dr. Muhammad Rabnawaz of the Liu Group (Appendix). a,a,0-Trifluorotoluene (TFT,
99+%, Acros), tetrahydrofuran (THF, 99.9%, Fisher Scientific), sulfuric acid (H,SO,4 18 M, Fisher), and
hydrogen peroxide (H,O,, 30%, Fisher) were used as received. Hydrochloric acid (HCI, 13 M, Fisher)

was diluted with THF prior to use.

2.3 Preparation of the Glass Coatings

Fisherbrand glass plates with a dimension of 1.0 x 1.3 cm? were cleaned using a Piranha solution
(4/1 viv concentrated H,SO,/30% H,0,). Caution: Piranha solution is a very strong oxidant. These glass
plates were subsequently rinsed in water, methanol, and then dried under nitrogen gas before use. To coat
a glass plate, it was initially placed in a weighing bottle (see Figure 2-1). TFT (62 uL), 1.0-3.0 uL of a
diblock copolymer solution (at 1.0 mg/mL of P1-1, P1-2, or P2 in TFT), and 27 pL of an HCI solution
dissolved in THF were sequentially dispensed onto the plate. The HCI solution was prepared by diluting
an aqueous HClI solution (13 M) with THF to concentrations of 3.0 x 10 M, 3.0 x 102 M, 3.0 x 10° M,

and 3.0 x 10 M depending on the desired solution acidity. The volume of the polymer coating solution
29



and the HCI concentration in THF were varied to examine the effect of changing the amounts of polymer,
and the catalyst on the properties of the resultant coatings. The weighing bottle was then covered with its
lid and ~ 19 h was allowed to elapse before the solvent evaporated. The exact amount of the polymer was

adjusted according to the final glass plate area.

B\ Fluorinated Block

o - IR

T o= [TT]

Figure 2-1 Schematic illustration of the coating procedure.

Pipette tip

Glass plate

Detailed calculations for determining the thickness of the polymer films and theoretical polymer
amounts are shown in the Appendix. For the P1-1/P1-2 coated plates, less than the theoretical amount of
copolymer was used because through CA measurements it appeared that a saturated brush layer had
already formed. Consequently, it was not necessary to add additional polymer. In the case of the P2-
coated plates, an excess amount of copolymer was used to ensure that the plate was fully covered as
shown in Table 2-1.

In one case, a thin PFOEMA coating was needed for XPS analysis. This coating was prepared by
dispensing 62 pL of TFT onto a glass plate first and then adding 1.95 pL of a PFOEMA solution at 1.0

mg/mL in TFT. The solvent was then allowed to evaporate slowly from the weighing bottle.

Table 2-1 Amounts of diblock copolymer used to coat each type of glass plate.

Type of Coated Glass Plate Theoretical Amount of Amount of Copolymer Used to
Copolymer to Cover a Glass Coat the Glass Plate (pg/cm?)
Plate (ug/cm?)
P1-1 2.0 15
P1-2 2.2 1.9
P2 1.2 15
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2.4 Preparation of PIPSMA Homopolymer Sol-gel Samples

Two 1.0 mL THF solutions containing 10.0 mg/mL of PIPSMA were prepared. To one of these
solutions, 0.050 mL of an HCI solution in THF at 6.2 x 10" M was added, and to the other, 0.010 mL of
an HCI solution at 1.0 x 10° M was added. 50 pL aliquots of these solution mixtures were collected
before the catalyst was added, or at different times after the mixtures were prepared. These aliquots were
directly added to 0.12 g of KBr that was previously ground in to a powder using a mortar and pestle. The
components were mixed together with a plastic spatula, and the THF was left to evaporate out of the

sample for 30 min to yield a dry powder for DRIFT-IR analysis.

2.5 CA Measurements

SCA, CAH, and SA measurements were performed at room temperature (21-23 °C) over the
course of several days using deionized water, diiodomethane (>99%, Aldrich), and hexadecane (>99%,
Aldrich). These were measured using a Dataphysics® OCA 15Pro optical contact angle measuring system
equipped with a TBU 90E electronic tilting base. A Hamilton 500 pL syringe was used to dispense each

of the probe liquids.

2.5.1 SCA Measurements

SCAs were measured by placing 5 puL droplets of the different probe liquids onto three different
areas of the glass plate. These measurements were performed with the Dataphysics® system set to the

“sessile drop” mode. The reported SCA represented an average of three different measurements.
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2.5.2 CAH Measurements

In this work, the CAH was calculated as the difference between the cosine of the 0, and G.q
CAs.' The 6.4, and 6,,c CAs were defined as the largest and smallest angles possible without increasing or
decreasing the droplet’s solid/liquid interfacial area respectively.® In this work, two different methods
were performed to define the CAH of each prepared surface as described by the Dataphysics® software.
These methods included the automatic advancing and receding contact angle (ARCA) method, and the
tilting drop (TD) method.* With the use of both of these approaches, a very similar 6,4, was obtained for
all of the liquids tested. However, a different 6., was obtained for the oil liquids even at lower
withdrawing speeds of 0.1 pL/s. 6. values measured from the ARCA method should be less accurate
because the needle attached to a droplet undergoing size changes should have somewhat perturbed the
shape of the droplet.° Hence, the ARCA method was used only for water, and the TD method, that
involved the use of free-standing liquid droplets, was used for the measurement of the 6. of the oil

droplets.

In the ARCA approach, each measurement was conducted by initially dispensing a 5 pL droplet
of water onto the surface using the “sessile drop needle-in” mode on the measuring system. The SCA was
initially obtained to ensure that both the left and right angles of the droplet were as similar as possible for
accurate results. The Dataphysics® software began tracking the SCA over time, and displayed a graph of
the CA vs. the run number to show the stability of the droplet before the ARCA experiment was
initialized. In this case, the run number referred to a particular instant when a measurement was taken by
the instrument. During the ARCA cycle, an extra 5 L of the probe liquid was added to the droplet to find
Baqv, Tollowed by the subtraction of 5 uL to determine 6. This was performed at a rate of 0.5 uL/s with a
delay time of 2 s between each liquid addition and withdrawal step. As the size of the liquid droplets
changed, both the CA and droplet base diameter (mm) were recorded to define .4, and O, This was
performed by plotting a graph of the droplet base diameter vs. the run number. Instead of recording 6,4y
and O, at one particular instant before the droplet interfacial area changed, a range of values were
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selected to calculate the mean 6.4, and 6, values to account for experimental error. The 6., values were
selected starting from immediately before the droplet base diameter increased, to when the base diameter
plateaued. Similarly, the 8, values were selected starting from just before the base diameter decreased, to
when the base diameter reached a plateau. The selected ranges of base diameter values corresponded to
the appropriate ranges of the SCA values measured during the process. The mean values of the two
corresponding SCA ranges were recorded as f.q, and G, respectively. An example of a set of data

obtained using this approach can be seen in Figure 2-2.
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Figure 2-2 A plot showing the change in a water droplet’s base diameter and CA as 5 pL of water is both
added to and removed from the droplet sitting on a P1-2 coated glass plate at an HCI concentration of
0.90 x 10™ M. The mean 6,q, and 6y, angles were determined by taking the average of the base diameter
set of values (shown in blue) seen between the two sets of black lines, and matching them with the
appropriate CA set of values (shown in red).

In the TD approach, 5 pL oil droplets were deposited onto the glass surface in the “sessile drop”
mode. The initial SCA and droplet base diameter data was obtained for the droplet. The TBU 90E tilting
base unit was initiated, and began tilting the glass plate at a rate of 0.37°/s as shown in Figure 2-3. This
tilting process was interrupted every 0.2° to re-measure both the SCA (right and left side) and the base
diameter of the droplet. The mean 6,4, (right) and 6. (left) angles were recorded when the constant

droplet base diameter “slipped” to produce a change in the solid/liquid interfacial area. The “slip” motion
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referred to the instant when the deformed droplet moved to release the built up liquid force on the solid

substrate.

Figure 2-3 Optical images of the OCA 15Pro contact angle instrument equipped with a TBU 90E tilting
base before (a) and after (b) the measurements were recorded.

2.5.3 SA Measurements

In this work, the SA was measured as the angle at which a droplet placed on a substrate would
completely roll off a surface. These measurements were conducted by dispensing the probe liquid onto
the surface of the substrate, and tilting the substrate at greater angles using an electronic TBU 90E tilting
base unit (a component of the Dataphysics® OCA 15Pro system) as shown above at a rate of 0.37°/s. This
tilting angle was increased until the liquid droplet completely rolled off the surface. These measurements

were conducted using 20.0 pL droplets at three different positions on each sample.
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2.6 Characterization Methods

2.6.1 Diffuse-Reflectance Infrared Fourier-Transform Spectroscopy (DRIFT-IR)

The DRIFT-IR spectra of the sol-gel PIPSMA homopolymer samples were recorded at 0 min, 30
min, and 21 h, and at 0 min and 2 h, for the 6.2 x 102 M and 1.0 x 10° M samples, respectively. These

measurements were recorded using a Varian 640-IR and a Varian Scimitar 1000 FT-IR spectrometer.

2.6.2 Atomic Force Microscopy (AFM)

AFM height and phase images of the coated films were obtained using a Veeco Multimode
instrument equipped with a Nanoscope Illa controller that was operated in the Tapping Mode.
Rectangular-shaped silicon probes (AppNano, ACT) with a 300 kHz resonance frequency and a spring
constant of 40 N/m were used. All plates that were imaged were freshly prepared immediately after

evaporation.

2.6.3 X-ray Photoelectron Spectroscopy (XPS)

XPS measurements of P1-1, P1-2, and P2 were performed using a Thermo Instruments Microlab
310F surface analysis system that was equipped with an Mg Ka X-ray source (1253.6 eV). An anode
potential of 15 kV and an emission current of 20 mA was used. Spectra were acquired in the fixed
analyzer transmission mode with a pass energy of 20 eV and a surface/detector takeoff angle of 20°. All

spectra were calibrated to the C1s line located at 285.0 eV.
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2.6.4 Ultraviolet-Visible Spectroscopy (UV-Vis)

The UV-Vis transmittance spectra of clean uncoated glass plates and glass plates coated with P1-
1, P1-2 and P2 were recorded using a Perkin EImer Lambda XLS+ spectrometer. The plates were simply

placed in front of the beam and the measurement was recorded.

2.6.5 Durability and Anti-Smudge Measurements

In order to determine whether the PIPSMA block was indeed covalently grafted onto the surface,
the plates were submerged into 2 mL of TFT. This solution was stirred overnight at 200 rpm to remove
any polymer that had become physically deposited onto the surface. After this process, the water CA was

then re-measured.

The anti-smudge properties and mechanical durability of the coated glass plates were tested using
a permanent black marker (Sharpie®) and a homemade mechanical device. The marker was used to write
on the coated glass plates, and the plates were subsequently rubbed with a light-duty tissue wiper (VWR).
This process of writing on and subsequently rubbing the plates was repeated ten times. The SCAs were
then re-measured. The homemade mechanical device (Figure 2-4) used in determining the film stability
was equipped with a cotton covered probe that was located at the bottom of a rotating shaft, which rotated
at 40 rpm with 500 g of applied force on each coated surface. The adjustable jack was raised or lowered
to press or release the cotton probe on and off the stage, respectively. Hidden springs located on the inside
walls of the device allowed the stage to be moved up and down, enabling the force to be adjusted
appropriately. Initial water SCA measurements were taken before the process began. Durability
measurements were recorded at 1 min, 5 min, and 1 h after the process began, and the water SCA was

subsequently re-measured.
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Figure 2-4 Photograph of the homemade mechanical device used to evaluate the durability of the
coatings.
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Chapter 3

Results and Discussion

3.1 Introduction

As mentioned in Chapter 1, a surface that can repel both water and oil at a CA > 90° is considered
to be amphiphobic.! Surfaces on which water and oil droplets possess CAs that may be less than 90° but
readily slide off are dynamically non-wetting amphiphobic surfaces. Amphiphobic surfaces have
excellent self-cleaning, anti-fouling, corrosion resistant, and anti-bacterial properties.”® Because of their
dual repellency, amphiphobic coatings are more difficult to prepare than standard hydrophobic coatings.’
However, these coatings are desirable for protecting metal surfaces against corrosion,™ shielding the

11-12

walls of buildings from  graffiti, protecting electronic hand-held devices against spills or

fingerprints™™*°

as well as for various other applications. On a smooth surface with no added roughness, it
has been shown that the chemical composition of the material is of high importance.* A low surface free
energy is a critical feature of self- cleaning surfaces, and this property will improve the amphiphobicity of

IlG

a materia For this reason, perfluoroalkylsilanes or other fluorosilane-containing compounds are

commonly used to produce amphiphobic coatings™’ because their CF; groups may pack hexagonally and

closely to yield surfaces with a surface free energy as low as 6.7 mN/m,*®*%

which is currently the lowest
reported value.”? Other advantages provided by fluoropolymers include their good chemical/thermal
stability and low friction coefficients.'® Silanes can also readily undergo covalent attachment to mineral
substrates such as mica, glass and metal-oxide surfaces due to their many hydroxyl groups,?* which can
form Si-O-Si bonds to produce a coating network.

Although having smooth amphiphobic surfaces that can achieve high water and oil SCAs are
highly desireable, these properties alone are simply not sufficient for many applications.” More interest
revolves around the dynamic de-wetting capabilities of such coatings (such as the sliding behavior), and

how to render these materials “anti-smudge” and “fingerprint-resistant”. A recent example of an anti-
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smudge coating prepared by Muthiah et al**?%

required a complex dual-layered coating based on
fluorobinders and silica nanoparticles. The usage of nanoparticles can enhance the amphiphobic
properties of a coating, but it comes at a cost to a coating’s roughness, transparency, and mechanical
durability.* More practical approaches to produce smooth and transparent amphiphobic coatings on glass
have been developed by the Hozumi group.”*® They used perfluoroalkylsilanes or trimethoxysilyl-
terminated perfluorinated polyethers that can react with the Si-OH groups on glass substrates.
Furthermore, they improved the wettability properties of their coatings by incorporating

tetramethoxysilane molecules. Toselli et al.”®

also used a commercial triethoxysilane terminated
perfluoropolyether with a T, of -120° to prepare organic-inorganic hybrid surfaces with dual repellency.
However, a perfluoroalkylsilane layer grafted by one terminal trialkoxysilane group may be less stable
than a diblock copolymer-based layer due to a lower number of siloxane bonds used for attachment to a

glass surface. In addition, a diblock copolymer-based coating would be thicker, and thus have greater

resistance against detachment and penetration by etchants.?’

In this thesis, | present a facile approach for the preparation of smooth, thin-film amphiphobic
coatings with anti-smudge and dynamic non-wetting properties based on the fluorinated diblock
copolymers PIPSMA-b-PFOEMA (P1-1/P1-2) and PFPO-b-PIPSMA (P2). A schematic diagram
depicting the coating process can be seen in Figure 3-1 using P1-1/P1-2 as an example. This strategy
involved preparing two types of polymer brushes by dissolving each diblock copolymer in a solution of
TFT, which was a good solvent for both blocks. The polymer solution was then dispensed onto a glass
plate. Upon addition of a dilute acid catalyst in THF, the triisopropyl groups in each case were cleaved via
sol-gel reaction processes and the binding block became less soluble in the solvent.?*% This block would
tend to deposit on the plate. Through simultaneous hydrolysis and condensation reactions, Si-OH groups
formed that were capable of grafting onto the glass substrate as well as with other PIPSMA blocks. As the
condensation reactions proceeded further, Si-O-Si bonds formed to create an anchored crosslinked layer

covering the substrate. Since THF has a lower boiling point (65 °C) than TET (102 °C),® the THF would
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evaporate faster from the system leaving an excess of TFT, which was selective for the overlying
fluorinated blocks. Upon slow evaporation, the fluorinated blocks would extend outwardly into the

solution, which would render the coating with amphiphobic properties.

2 Al
<A

Glass Glass

PIPSMA-b-PFOEMA
e —)

Figure 3-1 Schematic diagram depicting the procedure used to prepare the polymer brush amphiphobic
coatings using P1-1/P1-2 as an example. The inset shows 2.0 x 2.0 um? height and phase AFM images
(on the left and right respectively) of a coated glass plate.

3.2 Diblock Copolymers

All diblock copolymers used and referred to in this work, were both synthesized and
characterized by Dr. Muhammad Rabnawaz of the Liu Group. The properties of the diblock copolymers

are summarized in Table 3-1 below.

Table 3-1 Characteristics of the diblock copolymers used.

Sample M, (g/mol)? M,/M,? n’ m"
P1-1 17600 1.14 18 22
P1-2 19400 1.12 13 30

P2 4500 1.10 14 7

2 Determined via SEC characterization. ° Determined by *H NMR spectroscopy.
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3.3 Coating of the Glass

In order to coat a glass plate of an area of ~1.3 cm?, the plate was initially held level inside a
weighing bottle. Sequentially, 62-uL of TFT and 1 — 3 uL of a diblock copolymer solution (1.0 mg/mL in
TFT) were dispensed onto the plate. HCI was also added to trigger the sol-gel chemistry of the PIPSMA
block of P1-1, P1-2, or P2. Subsequently, the lid was placed onto the weighing bottle to slow down
solvent evaporation. This was done to ensure that the formed Si-OH groups had sufficient time to graft

onto the glass plate, and that the grafted copolymer chains had enough time to organize into a brush layer.

3.4 Effect of Varying the HCI Concentration on the Coating Properties

To investigate the effect of varying the HCI concentration on the sol-gel chemistry of the
PIPSMA block of the copolymers, a PIPSMA homopolymer was initially examined as a model system.
PIPSMA was treated in THF at different HCI concentrations, and samples were collected at different
times and dried for compositional analysis via diffuse reflectance Fourier-transform infrared (DRIFT-IR)
spectroscopy. At an HCI concentration of 6.2 x 10" M, the DRIFT-IR analysis indicated that a strong
peak at 3351 cm™ corresponding to Si-OH groups® was observed within 30 min. The appearance of this
signal suggested that significant triisopropyloxysilane hydrolysis had occurred during this time period
(Figure 3-2a). At 21 h, a strong absorption peak at 1069 cm™ corresponding to Si-O-Si stretching
appeared, suggesting the occurrence of the expected gelation or Si-OH condensation. However, neither
Si-OH nor Si-O-Si absorption bands were noticeable in the dried reacted mixture 2 h after HCI was added
to a concentration of 1.0 x 10° M (Figure 3-2b). Thus, a sufficiently high HCI concentration was critical
for triggering the sol-gel chemistry®? of the PIPSMA homopolymer, and presumably also for the PIPSMA

blocks of the block copolymers.
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Figure 3-2 DRIFT-IR spectra of the PIPSMA homopolymer as it underwent sol-gel reactions at an HCI
concentration of 6.2 x 10* M (a) and 1.0 x 10° M (b).

The effect of varying the HCI concentration on the formation of the diblock copolymer coatings
was investigated by probing the morphology, surface composition, and amphiphobicity of the resultant
coatings. Figure 3-3 compares representative AFM topography and phase images of an uncoated glass
plate, and P1-2 coatings prepared at a fixed polymer amount of 1.95 ug/cm? but at different HCI
concentrations in the final coating solution mixture consisting of TFT, P1-2 in TFT, and HCI in THF.

The phase images of the coatings prepared at HCI concentrations of 0.90 x 10™ M and 0.90 x 107
M were homogeneous, suggesting the existence of only one component on the glass surface. In addition,
their topography images were smooth with root-mean-square roughness Ry values of 0.42 and 0.38 nm,
respectively, which was comparable to the R value of 0.28 nm observed for uncoated glass.22 However,
the surfaces became bumpier when the HCI concentration was decreased to 0.90 x 10° or 0.90 x 10 M,
creating surfaces with R, values of 0.48 and 0.59 nm, respectively. This was probably due to the slower
rate of the sol-gel chemistry exhibited by the PIPSMA block. The increase in surface bumps was
accompanied by the appearance of contrast in the phase images, which suggests the presence of more than

one species on the coating surface in these cases.
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Figure 3-3 AFM height (a) cross-sectional (b) and phase (c) images of an uncoated clean glass plate and
AFM height (d, g, j, and m), cross-sectional (e, h, k and n) and phase (f, i, I, and 0) images of P1-2
coatings prepared at an amount of 1.95 pg/cm?but at different HCI concentrations: [HCI] = 0.90 x 10™ (d,
e, and f), 0.90 x 10 (g, h, and i), 0.90 x 1072 (j, k, and I), and 0.90 x 10 M (m, n, and 0). The height and
phase angle delay ranges are 20 nm and 75°, respectivzely, and the dimensions of the images are 2.0 x 2.0
um-,
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The XPS data obtained for the P1-1 and P1-2 coatings prepared at HCI concentrations of 0.90 x
10™ and 0.90 x 10™* M and at copolymer amounts of 1.5 and 1.95 pg/cm? respectivly, are shown in Figure
3-4a. The survey XPS spectra clearly demonstrated that both of the coatings prepared at an HCI
concentration of 0.90 x 10* M had a stronger intensity Siy, peak than those prepared at an HCI
concentration of 0.90 x 10 M. This difference suggested that the PIPSMA block had a higher probability
to appear at the surface in the former cases. Furthermore, the area ratio between the Fi; and Cys peaks
increased when [HCI] increased from 0.90 x 10 to 0.90 x 10™ M, indicating the higher surface PFOEMA

amount in the coatings prepared in the latter case.

350000 (b)
300000 17000 C*F, C*-C/C*H
C*H:-CF: l
250000 " C*F, C*F2-CH2
2 2 13000 |V \’ .
£ 200000 g A
2 S B
C 150000 9000 C*=0
100000
5000
50000 2
0 T T T ' 1000 T T T T T T
1000 800 600 400 200 0 295 293 291 289 287 285 283 281
Binding Energy (eV) Binding Energy (eV)

Figure 3-4 XPS survey spectra (a) of P1-1 and P1-2 coatings prepared at 1.50 and 1.95 pg/cm?,
respectively: P1-1 at [HCI] = 0.90 x 10" M (1), P1-1 at [HCI] = 0.90 x 10™* M (2), P1-2 at [HCI] = 0.90 x
10" M (3), and P1-2 at [HCI] = 0.90 x 10 M (4). High-resolution C;; spectra (b) of P1-2 coatings
prepared at [HCI] of 0.90 x 10" M (1) and 0.90 x 10 M (2).

High-resolution C,, spectra have also been obtained for the P1-2 coatings at HCI concentrations
0f 0.90 x 10" and 0.90 x 10™ M (Figure 3-4b). Other elemental high resolution spectra can be seen in the
Appendix. At HCI concentrations of 0.90x10™ M, the areas of the CF, (291.5 eV) and CF; (293.6 eV)
signals probed by XPS evidently increased relative to those of the carbonyl carbon (287.8 eV) or the

carbon atoms that were bound with hydrogen (284.6 eV).?***3* The integration of the different peaks
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were determined and corrected by calibrating each peak in reference to the Cy line located at 285.0 eV.
Comparing the corrected areas yielded the atomic compositions of the two P1-2 coatings (Table 3-2).
Increasing the HCI concentration from 0.90 x 10™ to 0.90 x 10" M caused the F atomic composition to
increase from 18.9% to 54.0%. Meanwhile, the C, O, and Si atomic compositions decreased from 59.5%,

15.7%, and 5.9% to 32.1%, 11.3%, and 2.6%, respectively.

Table 3-2 Surface atomic compositions probed by XPS for various coatings. The error in each case was *
0.01%.

Sample [HCI] Polymer Atomic Concentration (%)
(M) Amount C F O Si
(ug/cm?)

P1-1 0.90 x 10 1.50 51.4 36.9 9.1 2.5
P1-1 0.90 x 10™ 1.50 61.4 21.2 134 4.0
P1-2 0.90 x 10 1.95 32.1 54.0 11.3 2.6
P1-2 0.90 x 10 1.95 59.5 18.9 15.7 5.9
P2 0.90 x 10 1.50 34.2 45.0 15.7 5.1
PFOEMA - 1.50 45.0 48.4 6.6 -

If PFOEMA was exposed at the surface of the coating and XPS only probed this layer, the
following atomic compositions would have been detected: C = 42.4%, F = 51.5%, and O = 6.1%. These
values were calculated based on the FOEMA molecular formula of Ci4F;7;0,, where H atoms were
excluded because they were not detected by XPS (high resolution spectra and AFM images are shown in
the Appendix). While the calculated values were reasonably consistent with the observed values of C =
45.0%, F = 48.4%, and O = 6.6% for a PFOEMA film covering a glass plate (Table 3-2), they were
different from those determined for a P1-2 coating prepared at an HCI concentration of 0.90 x 10™ M.
The high fluorine abundance of 54.0% for this coating suggested that the surface was mainly composed of
the PFOEMA block. The F content was even higher than 51.5% calculated for PFOEMA, probably
because the perfluorooctyl ethyl groups stretched outwardly from the coating into the air. Previous studies
have concluded that the perfluorooctyl ethyl groups formed a liquid crystalline layer extending from

PFOEMA surfaces.®
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If sol-gel reactions had reached completion, each sol-gelled IPSMA unit would have had an
effective formula of C;H;SiOss. In this case, if the sol-gelled layer was probed via XPS as well, it would
be anticipated that the diblock copolymer layer would have an atomic composition of F = 44.5%, C =
44.6%, O = 9.4%, and Si = 1.4%. Thus, the determined O and Si contents of 11.3% and 2.6%,
respecitvely, in the coating prepared at an HCI concentration of 0.90 x 10" M were higher than the
theoretical values anticipated for a pure PIPSMA layer. Three factors could have caused these differences.
First, the underlying glass may have also been probed by XPS. Second, the coating did not have a perfect
structure consisting of an exposed PFOEMA surface layer and a sol-gelled PIPSMA sub-layer. Instead,
some of the sol-gelled PIPSMA units may have appeared on the coating surface. Third, a combination of
both the first and second factors may have played a role. In the first scenario, the probing of the glass by
XPS could be due to either the insufficient thickness of the brush layer, or the imperfect coverage of the
substrate by the brush layer.

Unlike the coating prepared at an HCI concentration of 0.90 x 10™ M, the coating prepared at an
HCI concentration of 0.90 x 10 M had a substantially lower F content of 18.9%. This would be possible
only if a large fraction of the PIPSMA chains existed on the coating surface, or if the glass substrate was
not fully covered by the polymer. According to the FT-IR analysis, the PIPSMA homopolymer did not
undergo sol-gel reactions at this HCI concentration. Thus, the PIPSMA block of P1-2 did not graft onto
the glass plate, and could have been present in the surface layer. The AFM images of the coatings
prepared at an HCI concentration of 0.90 x 10™ M seemed to suggest that the glass was not fully covered,
and also that some of the copolymer existed on the glass plates as nanoclusters.

We measured the static, advancing (6,4,), and receding (6.) CAs of water, dilodomethane, and
hexadecane droplets on P1-2 coatings prepared at 1.95 pg/cm® and with different HCI concentrations.
The SAs were also measured to determine the tilting angle above which a 20 pL droplet slid off a coated
and tilted glass plate. The data obtained from these measurements are plotted in Figure 3-5. Also plotted
are the (cosf,. — C0SHyq,) Values for coatings prepared at different HCI concentrations. The (C0SOye. —
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cosb.q,) Values were plotted as they dictate the readiness for a droplet to slide.”? As the HCI concentration

was decreased, the CAs, the CAH (Gaqv — Grec), the SAs, and the (cosb,. — C0sHyq,) Values all increased.

These trends suggested that the repellency of the coatings had diminished. Therefore, the static and

dynamic wetting data suggested that the resultant coating surfaces possessed a decreasing fluorine content

as the HCI concentration was decreased.
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Figure 3-5 Effect of varying the HCI concentration on the static and dynamic wetting properties of P1-2
coatings prepared at a polymer amount of 1.95 pg/cm?®: SCA variation (a) for water (1), diiodomethane
(2), and hexadecane (3). faq and 6. angle variation (b) for water (1 and 1°) and hexadecane (3 and 3°).
(cosbre. - COSHyqy) Variation (c) for water (1), diiodomethane (2), and hexadecane (3). SA variation (d) for
20-uL droplets of water (1), dilodomethane (2), and hexadecane (3). Negative SAs indicated that the
water droplets did not slide off the glass plates.

We also obtained from XPS atomic compositions of P1-1 coatings prepared at 1.50 pg/cm? but at

HCI concentrations of 0.90 x 10 and 0.90 x 10™* M, respectively. The variation in the atomic
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composition with the HCI concentration (Table 3-2) mirrored those observed for the P1-2 coatings. Thus,

all of the coatings discussed below were prepared at an HCI concentration of 0.90 x 10™ M.

3.5 Effect of Varying the Polymer Amount

It was imagined that insufficient use of P1-2 would yield “patches” or “islands” of the coating
that only partially covered the glass. Increasing the amount of P1-2 would first produce a loosely-packed
P1-2 layer and would eventually yield a crowded brush layer. In a crowded brush layer, the sol-gelled
PIPSMA block would become grafted and crosslinked onto the glass, and the PFOEMA block would
stretch outwardly into the solvent phase. Of course, the PFOEMA chains would eventually collapse after
solvent evaporation. Increasing the P1-2 amount beyond the limit required for a saturated brush would
also produce some nanoclusters on the surface of the brush. These clusters should consist of a sol-gelled
PIPSMA core that is surrounded by a PFOEMA corona. Since they were physically deposited onto the
brush layer and not covalently attached, they could be easily removed and would not contribute to the
long-term amphiphobicity of the surface. Therefore, the goal was to provide sufficient copolymer to
ensure that a saturated monolayer had formed, while avoiding the use of excess amounts of the copolymer
and the formation of nanoclusters. Careful control of the amount of copolymer employed could thus
enhance the efficiency of the coating process and avoid waste of the expensive fluorinated block
copolymer.

To estimate the amount of P1-2 required to form a saturated brush layer, we assumed a fully
stretched length of 11.8 nm for a chain consisting of 13 PIPSMA units and 30 PFOEMA units."***%’
Using the average density of 1.85 g/cm?® for the PFOEMA and sol-gelled PIPSMA blocks (Appendix),®
we estimated that 2.81 ug of P1-2 was required to prepare a sol-gelled P1-2 film that was 11.8 nm thick

and covered an area of 1.3 cm?. In reality, the polymer forming a brush layer would not be as dense as a
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polymer encountered in the solid state.* Thus, we used P1-2 amounts typically less than this value to
achieve a brush coating.

Figure 3-6 compares AFM topography and phase images of P1-2 coatings prepared at the
polymer amounts of 0.76, 1.15, 1.62, and 2.31 pg/cm? respectively. Examining these images and those
shown in Figure 3-2 prepared at 1.95 pg/cm? suggests the following trend. At a low polymer amount of
0.76 pgl/cm?, the coating was rough as revealed by the tomography image shown in Figure 3-6a. The
phase image shown in Figure 3-6b suggested that the coating was chemically heterogeneous. As greater
amounts of polymer were used, the surface composition heterogeniety (as revealed by the phase images)
decreased. The surface roughness initially decreased with the amount of polymer. As the polymer
amount reached 2.31 pg/cm? the surface became rough again despite the homogeneous surface
composition as revealed by the phase image. This observation indicated that the excess polymer chains
would simply form multiple layers while the coating properties remained unchanged. Hence, less polymer

was needed to form a thin brush layer than expected.
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Figure 3-6 AFM topography (a, d, g, and j), cross-sectional (b, e, h, and k) and phase (c, f, i, and )
images of P1-2 coatings prepared at an HCI concentration of 0.90 x 10™ M but at different polymer
amounts. The used polymer amounts were 0.76 (a, b, and c), 1.15 (d, e, and f), 1.62 (g, h, and i), and 2.31
ug/em? (j, k, and I). The height and phase angle delay ranges are 20 nm and 75°, respectively, and the
dimensions of the image are 2.0 x 2.0 pm?.

The trends observed with the AFM images supported our proposed effect of varying the polymer
amount on the structure of the resultant coating. The surface was rough at low P1-2 amounts because
only a patchy sub-monolayer was formed. Since only certain regions of the glass plate were covered by
P1-2, two types of surface compositions (glass vs. polymer) were probed via AFM in the phase mode.

Above a certain polymer amount in the coating formulation, the glass was fully covered by P1-2. Thus,
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the surface roughness and phase contrast decreased. Increasing the P1-2 amount beyond what was needed
for a saturated monolayer produced not only a brush layer, but also yielded some nanoclusters. Thus, the
surface roughness increased again. Since both the nanoclusters and the brush layer had a PFOEMA
surface, the surface composition as probed via AFM in the phase mode remained homogeneous.

The surface compositional homogeneity above a certain P1-2 amount was supported by the static
and dynamic wetting properties determined for the coated glass samples (Figure 3-7). The static, 8,4y, and
6rec angles of the three testing liquids (water, diiodomethane, and hexadecane) all increased initially with
the P1-2 amount. Above 1.60 pg/cm? these angles plateaued. In addition, the CAH and the (C0S6yec —
c0sf.q) Values initially decreased and then plateaued above 1.60 ug/cm? This plateauing trend was

resonated by the SA data for water as well.
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Figure 3-7 Effect of varying the polymer amount on the static and dynamic wetting properties of P1-2
coatings prepared at an HCI concentration of 0.90 x 10™ M: SCA variation (a) for water (1),
diiodomethane (2), and hexadecane (3). #.4, and 6. angle variation (b) for water (1 and 1°),

diiodomethane (2 and 2”), and hexadecane (3 and 3). (C0S6,e. - COSOxqy) Variation (c) for water (1),
diiodomethane (2), and hexadecane (3). SA variation (d) for 20-uL droplets of water (1), dilodomethane
(2), and hexadecane (3). The negative SA in (d) suggests that the water droplets did not slide off the glass

plates.

In summary, a saturated brush layer seemed to form from P1-2 at 1.65 ug/cm?. To ensure the

formation of a saturated brush layer, a P1-2 amount of 1.95 pg/cm? was used to obtain the results reported

in the rest of this thesis.

3.6 Effect of Varying the Fluorinated Agents

P1-1 and P2 were also used to fluorinate the glass plates. To ensure a saturated brush layer had

formed in each case, the polymer amount of 1.50 ng/cm?® was used for P1-1 and P2, respectively. This
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amount was less than 1.95 pg/cm® used for P1-2. This value differed because P1-2 chains were the
longest among the copolymers, and thus P1-2 had the highest molecular weight among the three reagents.
Therefore, it was anticipated that P1-2 should form a saturated brush coating. We confirmed that 1.50
ng/cm? was sufficient for a saturated P1-1 brush by comparing water SCAs on coatings prepared at 1.50

and 2.00 pg/cm?, respectively. The water CA values were similar at 115 + 1° on the two types of coatings.

Glass plates coated by P1-1, P1-2, and P2 were all optically clear. Between 500-550 nm, the
transmittances of the coated glass plates were all higher than 89.6%, which was measured for an uncoated
glass plate.”®* For glass plates coated by P1-1, P1-2, and P2, the transmittances were 90.2%, 91.3% and
91.6%, respectively (Figure 3-8a). The optical clarity was further confirmed by the fact that writing
placed underneath the coated glass plates was clearly visible (Figure 3-8b). The transmittance increased
for the coated glass plates because the fluorinated polymers had refractive indices between those of glass
(1.51) and air (1.00)."* This graduated decrease in the refractive index from the glass to air helped

suppress light loss due to interfacial reflectance.???
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Figure 3-8 UV-Vis transmittance spectra (a) of a clean uncoated glass plate and of glass plates that were
coated with P1-1, P1-2, and P2. The inset shows a magnification of the spectra in the wavelength range of
500-550 nm. Also shown is a photograph (b) of an uncoated glass plate and glass plates that were coated
with different copolymers under optimized conditions.
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AFM analysis was performed on the glass plates coated by P1-1 and P2 as seen in Figure 3-9,
which displays both height and phase images. Both coatings were rather smooth with low R, values.
This indicated that the HCI concentration of 0.90 x 10" M was also appropriate for other diblock

copolymer systems with varying molecular weights.

R,p=0.55+0.07 nm

R..= 0.45+0.05 nm

Figure 3-9 AFM 2.0 x 2.0 um? topography (a and d), cross-sectional (b and e), and phase (c and f)
images of glass plates coated with P1-1 (a, b, and ¢) and P2 (d, e, and f) at an HCI concentration of 0.90 x
10" M. The height and phase delay ranges for the images are 20 nm and 75°, respectively.

The P1-1 and P2 coatings were also analyzed by XPS (high resolution spectra are shown in
Appendix). According to Table 3-2, the P1-1 coating had C and F atomic compositions of 51.4% and F =
36.9%, respectively. Consequently, this coating had a higher C content but a lower F content than that of
the P1-2 coating, in which the respective values were 32.1% and 54.0%. We suspect that this difference
was caused by the reduced ability of the thin PFOEMA layer in a P1-1 brush to block the XPS electrons

from reaching the underlying sol-gelled PIPSMA block and the glass.
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XPS analysis of the P2 coating indicated that it had C, F, O, and Si atomic compositions of
34.2%, 45.0%, 15.7%, and 5.1%, respectively. The fluorinated PFPO domain of P2 (Scheme 1) has the
formula Cy4Fg9014 (excluding H) and thus the theoretical compositions of C = 29.9%, F = 60.5%, and O =
9.5%. Evidently, the measured F content was much lower than that calculated for PFPO, suggesting that
XPS was able to probe species existing beneath the PFPO layer. If PIPSMA had undergone complete sol-
gel reactions and was fully probed by XPS, the effective formula for grafted P2 excluding H should be
CooFg9SigOs;Br. If this was the case, the atomic composition should be C = 40.4%, F = 39.9%, Si = 2.7%,
and O = 16.6%. The fact that the determined F content of 45.0% was closer to the F content of 39.9%,
suggests that the PFPO layer was thin, and the sol-gelled PIPSMA layer was indeed probed by XPS.

Conclusions reached from the XPS data were supported by the wettabilities of these coatings.
Figure 3-10 compares the static, 8,4y, and 6,,c CAs as well as the (C0s8,e. - C0SH.q4,) and SA data for water,
diiodomethane, and hexadecane on glass plates coated by different polymers. The P1-2 coatings clearly
possessed the highest CAs, and the lowest SAs. On the other hand, the P2 coatings had the lowest SCAs
and the highest CAH for water droplets. Despite their low SCAs, the P2 coatings had low (C0S6. -

c0sf.4v) and SA values when tested against both diiodomethane and hexadecane.
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Figure 3-10 Comparison of the static and dynamic wetting properties of coatings prepared from P1-1, P1-
2, and P2 at an HCI concentration of 0.90 x 10" M. SCA variation (a) for water (e), diiodomethane (m),
and hexadecane (A). B,y and G, angle variation (b) for water (o), diiodomethane (m), and hexadecane

(A). Variation in (C0SHe - C0SH,ay) Values (c) for water (o), dilodomethane (m), and hexadecane (A). SA

variation (d) for 20 uL droplets of water (), diiodomethane (m), and hexadecane (A).

P1-2 was more amphiphobic than P1-1 because P1-2 had a longer PFOEMA block than the latter
copolymer. Meanwhile, P2 had lower SCAs than the P1 family of polymers because its PFPO fluorinated
block differed from the PFOEMA blocks of the P1 polymers. PFPO has a higher surface tension than
PFOEMA, and thus it would be anticipated that liquids would exhibit lower CAs on PFPO.* Despite their
lower SCAS, the (Cosfye. - C0SH,q4,) Values were low on the P2 coatings for diiodomethane and hexadecane
because PFPO is “liquid-like”. The constant motion of the PFPO chains caused the surfaces of the P2
coatings to appear dynamically homogeneous when probed over the time scale of liquid movement.? The
large (cosf. - C0SO.4,) Value observed for water droplets was surprising considering that they were
measured on perfluorinated polyether surfaces.”® This was probably due to the thinness of the PFPO layer.
The movement of the PFPO chains may have exposed the underlying sol-gelled hydrophilic PIPSMA

layer, which pinned the water droplets and led to hysteresis.
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3.7 Dynamic Non-Wetting and Anti-Smudge Properties

The amphiphobicity of the brush coatings could be appreciated by comparing the photographs
taken of water and hexadecane droplets at different times after the liquid had been dispensed onto a P1-2
coated plate at the slanting angles of 30° and 19°, respectively (Figure 3-11). No liquid residue remained
behind after the droplet glided down the coated glass plate. Thus, this surface manifests its repellency not
in a high droplet CA, but through the efficient sliding down of a droplet as a whole. In contrast to this
efficient sliding behaviour, a hexadecane droplet spread outwardly on an uncoated slanted glass plate

leaving behind oil streaks that marked its pathway.

1 (@) 1 ) \ ©

Figure 3-11 Photographs of water (a and b) and hexadecane (c and d) droplets after they had been
dispensed onto P1-2 coated glass plates. The time lag between (a) and (b), and (c) and (d), were 17 and 9
s, respectively. The dark cylindrical object at the upper left corner of each photograph was the stationary

syringe needle tip. The glass plate slanting angles were 30° and 19°, respectively. Image (e) shows that
hexadecane spread over, rather than slid along an uncoated glass plate.

All of the tested coatings did not have high water or oil CAs because they were flat and lacked
high surface areas and re-entrant surface features.** However, they exhibited excellent dynamic non-
wetting properties as characterized by the low SAs, low CAH, and low (C0SH - C0S,4,) Values when
they were tested against liquid droplets. Superior dynamic wetting properties are normally associated with
homogeneous surfaces.?? The coatings were topographically homogeneous because they were flat. The

P1-1 and in particular the P1-2 coatings, were chemically homogeneous because their surfaces were
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dominated by the PFOEMA chains. In the case of the P2 coatings, although the PFPO chains were
insufficiently long to fully cover the sol-gelled PIPSMA block, the coatings should still be chemically
homogeneous because of the dynamic nature of the PFPO chains.* The fast segmental rotation of the
PFPO chains would even out potential compositional differences at different locations and yield a
constant time-average composition for each site on the surface. This explained their superior dynamic
non-wetting properties towards hexadecane and diiodomethane just as has been reported by other
researchers for surfaces modified by poly(n-hexafluoropropyloxide) or demnum chains.”*’ The large
CAH and SA values observed for water droplets on P2 coatings here could be due to strong attraction
between the sol-gelled PIPSMA layer and the inability of the short PFPO chains to fully shield the
PIPSMA layer or the glass plate.

This superior oil repellency of the P2 coatings was further demonstrated by an anti-writing test,
which involved writing on glass plates using a Sharpie® permanent oil-based black marker. On an
uncoated glass plate, the written lines were evidently thicker than those left on plates coated by P1-1 and
P1-2 (Figure 3-12). Intriguingly, the written lines that had been applied onto P2-coated glass plates
shrank within fractions of a second and the final stabilized written lines were much fainter than those left

on plates that had been coated by P1-1 or P1-2.

% % %

Uncoated Coated Coated Coatéd
Glass by P1-1 byP1-2 by P2

Uncoated Coated Coated Coated
Glass by P1-1 byP1-2 byP2

(b)

|
I
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{Q

Figure 3-12 Photographs of uncoated glass plates and those coated using different polymers after they
had been written on with a black permanent marker (a) and subsequently rubbed with a tissue (b).
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After the lines of ink dried, a fresh piece of tissue paper was used to clean the writings.
Evidently, the writing could not be removed from the uncoated glass plate, and thus they were effectively
“permanent” markings. These markings were not removed from the plates coated by P1-1 and P1-2
either. In stark contrast, the markings were more readily removed from plates coated by P2.

The P2-coated plates were not only more resistant to writing, but also the resultant markings were
more readily removed from P2-coated plates. We imagined that ink that was written on a P2-coated glass
plate would easily shrink because the PFPO layer is a fluorinated liquid.*® The shrinking motion of the ink
droplet was facilitated not only by the liquid droplet itself, but also by the chains that constituted the
substrate. The ink was more readily removed again because of the mobile nature of the PFPO chains,
which helped push the ink patches upwardly from “crevices” that were normally found in a solid
substrate. Thus, the dynamic nature of a liquid substrate facilitates the release of the ink and presumably
other dirt or smudge.

The process of writing and rubbing away the ink was repeated ten times on a P2-coated glass
plate. The SCA was then measured using water and diiodomethane droplets. There was almost no change
in the CAs. The fact that the process of writing and ink removal could be repeated ten times and that no
changes in the CAs for water and diiodomethane were observed, suggested that the P2 coatings were

robust.

3.8 Durability of the Coatings

In order to evaluate whether the sol-gel chemistry of the PIPSMA block was effective, the coated
plates were stirred overnight in a TFT solution to remove any excess or unused polymer, and to determine
whether the PIPSMA block was in fact covalently grafted onto the surface (Appendix). The wetting
properties of the P1-2-coated plates did not change throughout this process. Before TFT extraction, the
plates exhibited a water SCA of 119.0° £ 1°, and after extraction, the plates exhibited a water SCA of
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118.7° £ 1°. The fact that the amphiphobic properties were retained indicated that the PIPSMA block had

indeed become grafted onto the glass substrate.

The durability of the coated glass plates was tested using a homemade mechanical device as
shown in Chapter 2. This device had cotton fabric mounted on a rotating probe to rub the films with 500 g
of force. After the films had been tested for allotted times of 1 min (40 rotations), 5 min (200 rotations)
and 1 h (2400 rotations) with the device, it was apparent that the P2-based films were the most robust. In
particular, the water CAs of the P2-based films remained unchanged after the rubbing tests, and the ink
applied onto these coatings during the anti-writing test still shrank readily. This was likely due to the
“liquid-like” state of the PFPO block. The PFPO block was able to withstand abrasion because of the low
friction coefficient of approximately 0.1 that it possesses.*® This lower coefficient of friction is due to the
lower resistance offered to the shearing action and the lubrication properties of PFPE molecules

themselves.*® The results are summarized in Table 3-3.

Table 3-3 Durability test results showing the change in water CA before and after the coated films were
subjected to rubbing tests for after 1 min, 5 min, and 1 h. The error in each case was + 2°.

Sample Before Rubbing (*) | After 1 minute (*) | After 5 minutes (*) After 1 hour (°)
40 rotations 200 rotations 2400 rotations
P1-1 115 95 55 50
P1-2 118 108 90 90
P2 100 100 100 100

In contrast, the hydrophobicity of the P1-1 and P1-2 films seemed to degrade even after they had

been subjected to rubbing tests for only a short span of time. A decrease in the water CA suggested that
some, but not all, of the coating had been removed as the plates still demonstrated hydrophobic
properties. After 5 min to 1 h, the P1-2 films still remained hydrophobic whereas the P1-1 films did not.

This diminished performance was probably due to the decrease in the fluorinated units. Since a monolayer
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was being formed, these films were quite thin. Therefore, these films may not have been able to withstand

abrasion for long periods of time.
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Chapter 4

Summary and Conclusions

4.1 Fabrication of Anti-Smudge Polymer Brush Coatings on Glass Surfaces

This thesis describes the preparation of smooth and optically clear amphiphobic coatings covering
glass substrates using three diblock copolymers (P1-1, P1-2, and P2). These copolymers were previously
synthesized and characterized and were of the structure GX,-b-FL, that incorporated a
grafting/crosslinking block of n GX units that was covalently bound to a fluorinated block of m FL units.
With the GX block anchored onto the glass substrate and the overlying low surface energy FL block
exposed at the surface, the coatings were rendered amphiphobic and exhibited anti-smudge properties. To
prepare the coatings, a dilute copolymer solution in TFT was mixed with an HCI solution in THF and was
subsequently deposited onto a glass plate. The solvent slowly evaporated, thus yielding a diblock
copolymer film. Under these acidic conditions, the reactive triisopropyl groups located on the PIPSMA
block were cleaved via sol-gel reactions to produce Si-OH groups that could react with the glass
substrate, or with other reactive groups on other PIPSMA chains. Upon further reactions, Si-O-Si bonds
were formed to create a crosslinked network. At sufficiently high HCI concentrations (e.g., at 0.090 M), a
stable layer that resisted overnight extraction by TFT was formed. This stability was due to sol-gel
reactions involving the PIPSMA block that caused this block to form a grafted and crosslinked layer on
the glass plate.

As the amount of copolymer per unit glass area increased in the system, the static, faqy, and Gy
CAs of water, diiodomethane, and hexadecane droplets on the surface initially increased, while the CAH
initially decreased. However, these values plateaued once the amount of copolymer exceeded that
required for the formation of a diblock copolymer brush layer or a monolayer (~1.60 ug/cm? for P1-2
coatings). Under optimized coating conditions, the copolymers formed monolayers. It was shown by XPS
characterization that these monolayers bore fluorinated blocks as the exposed surface layers. In addition,
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AFM characterization demonstrated that these monolayers were smooth, while spectroscopic analysis
indicated that these coatings were optically clear in the visible light region. On account of its long
PFOEMA block, P1-2 coatings exhibited higher SCAs and lower CAH values or droplet SAs than P2
coatings. However, P2 coatings had the best resistance against ink from a permanent marker. The ink that
was applied onto optimized P2 coatings immediately shrank into small patches. In addition, these patches
of dried ink were readily removed by wiping them with tissue paper, unlike the “permanent” marks that
would remain on uncoated glass. In terms of durability, the P2 coatings proved to exhibit greater stability
over that of the P1 family of diblock copolymers due to the “liquid-like” state and constant motion of the

PFPO block at room temperature.

4.2 Significance of This Work

Amphiphobic and anti-smudge coatings have recently generated significant interest due to their
excellent dynamic capabilities of keeping surfaces clean and smudge-free from the natural oils of human
skin.’® The optically clear, thin coatings prepared in this thesis may serve as the coatings for self-cleaning
windows of skyscrapers or car windshields, or on the screens of iPads® or other small electronic devices.
As mentioned earlier, however, preparing such a coating can be quite difficult due to the low surface
tension of some oils.” It is also challenging to ensure that they are sufficiently durable for certain
applications, especially if they are applied onto iPad® screens where the surface is under constant
exposure to fingerprints. It should be noted that until now, there have been no reports of diblock

copolymer brushes applied onto glass plates that demonstrate these features.

This thesis has described a facile ‘grafting-to’ approach using block selective solvents to
covalently graft and crosslink the diblock copolymers P1-1, P1-2 and P2 onto glass substrates to produce
smooth amphiphobic and anti-smudge surfaces. The resultant coatings demonstrated dynamic non-

wetting behaviour and the P2 coatings were durable. The FL blocks (PFOEMA and PFPO) in each family
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of diblock copolymers provided the low surface energy required for dual liquid repellency, while the GX

PIPSMA block became covalently attached onto the glass substrate to form an anchoring layer.

4.3 Future Work

This thesis described the preparation of smooth and optically clear diblock copolymer brush
coatings on glass plates that demonstrated amphiphobic and anti-smudge properties. Smooth and
chemically homogenous surfaces in combination with a low surface energy surface are key factors in
fabricating these films.*® As was previously discussed above, the PFPO block of the P2 diblock
copolymer possesses a Ty of -71 °C,’ which provided it with “liquid-like” properties at room temperature

and allowed the test droplet to easily slide along the surface.?

Although diiodomethane and hexadecane displayed good dynamic properties on these films with
low CAH and SA values, a higher SA was required to move the water droplets as they were thought to be
attracted to the underlying PIPSMA layer. In the future, it would be worthwhile to increase the molecular
weight of the PFPO block to ensure that the anchoring PIPSMA block would be completely covered. In
principle, this should provide more CF; groups at the surface, and ensure that the lowest possible surface
energy is achieved (Figure 4-1a). Increasing the molecular weight of the FL block may also improve the

overall dynamic properties of the surface by decreasing the CAH and SA values.

It has been previously reported that an increase in temperature can promote crosslinking and
facilitate covalent bond formation between the terminal Si-OH groups of polymers and the hydroxyl
groups of various substrates including glass, cotton, and wood.®*® During a study conducted by Homuzi
et al.,” they subjected their PFPE-terminated silane compound known as Optool DSX, to a gradual
increase in temperature from 25 to 70 "C. They immediately observed that the increase in temperature led
to a decrease in the CAH, and enhanced the mobility of the test droplets. As is the case with the P2

diblock copolymer examined in this work, Optool DSX possesses a T, of -116 °C that enabled it to exhibit
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“liquid-like” behaviour at room temperature, and decreased its viscosity as well as increased the mobility
of the PFPE chains as the temperature increased. In a similar study, the mobility of PDMS (T, = -127 °C)
chains was investigated as they were subjected to an increase in temperature from 25 to 70 “C.***? The
enhanced “liquid-like” quality of the film allowed the shearing motion of the sliding test droplet to move
the three-phase contact line more readily. If the coatings presented here were heated after the solvent
evaporation process, it might improve their dynamic properties since the PFPO chains are similar to those
mentioned above (Figure 4-1b). In addition, increasing the temperature may increase the degree of
grafting and crosslinking of the PIPSMA block onto the substrate and thus improve the overall durability.
Incorporating heat into this system might mimic the act of someone potentially leaving their iPad® or
iPhone® inside of their car, or outside in the sun. Therefore, it is important to investigate whether the
addition of heat would be beneficial or detrimental to the coatings. If heating did in fact improve the
durability and overall dynamic properties, the screens of these devices could be heat-treated before they

are assembled.
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Figure 4-1 A hypothesized graphic representation of a liquid droplet sliding more readily on a glass
substrate as the molecular weight of the FL block is increased compared to the GX block (a), and as the
temperature in the system is increased above 25 °C (b).

In summary, amphiphobic and anti-smudge diblock copolymer brush films were prepared on
glass surfaces using block selective solvents. These films were smooth, thin and optically clear, so that
they were ideal candidates for coating the screens of small electronic devices such as an iPad® or an
iPhone®. Although these coatings were effective, increasing the molecular weight of the FL block,
specifically in the P2 diblock copolymer, could dramatically improve the de-wetting capabilities of these
coatings. In addition, introducing heat into the system after the solvent had evaporated from the glass
plates would allow the test droplets to slide along the surface more readily, as well as improve the

durability of the grafted chains.
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Appendix A

P1-1/P1-2 and P2 Characterization, Theoretical Calculations, and
Supplementary XPS and AFM Data

Diblock Copolymer Characterization. Size exclusion chromatography (SEC) and 'H NMR
techniques were used to characterize the previously synthesized diblock copolymers. These synthesis and
characterization procedures were conducted by Dr. Muhammad Rabnawaz of the Liu Group. The
solvents used for these analyses were TFT (at a flow rate of 1 mL/min), CDCl;:CgFs (3:2, v/v), and
CDCIs:TFT (1:3, v/v). From the SEC traces, both the polydispersity indices (M./M,) and the number-
average molecular weight (M,) were measured based on PS standards. *"H NMR was used to measure the
block length ratios n/m, as well as the absolute repeat unit numbers n for the PIPSMA blocks of P1-1 and
P1-2 by taking the ratio of the intensities of the PIPSMA peak at 0.6 ppm and the initiator peak at 4.1
ppm. These analyses indicated that the samples all had M,/M, values that were less than 1.14. In
addition, the repeat unit numbers for the first and second blocks were 18 (PIPSMA) and 22 (PFOEMA)
for P1-1, 13 (PIPSMA) and 30 (PFOEMA) for P1-2, and 14 (PFPO) and 7 (PIPSMA) for P2,

respectively.
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Figure A-1'"H NMR spectra of P1-1 (top, recorded in CDCl,:C4Fs at (3:2, v/Vv) and its precursor (bottom,
recorded in CDCls) using a 400 MHz spectrometer. The *H NMR spectrum of P1-2 would appear similar
to this spectrum, but the integration ratio would be different.
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Figure A-2 SEC traces of P1-1 and its precursor. TFT was used as the eluent at a flow rate of 1 mL/min.
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Figure A-3 SEC traces of P1-2 and its precursor. TFT was used as the eluent at a flow rate of 1 mL/min.
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Figure A-4 'H NMR spectra of P2 (top) and the PFPO precursor (bottom).The samples were recorded in
CDCI:TFT (1:3, v/v) using a 300 MHz spectrometer.
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Figure A-5 SEC traces of P2 and its precursor. TFT was used as the eluent at a flow rate of 1 mL/min.

Theoretical Maximum Thickness for P1-2. A P1-2 chain can be viewed as a diblock
copolymer chain consisting of PIPSMA and terminal PFOEMA blocks in its backbone.! P1-2 incorporates
a total of 43 repeat units, and each repeat unit consists of two carbon atoms within the backbone, and thus,
n = 86. We assume that the carbon atoms exhibit a zigzag conformation to form the backbone of the
copolymer. In addition, a C-C bond length is 0.15 nm and the angle between these bonds is 109.5°.2 The
contour length of the copolymer backbone can thus be calculated according to Equations (Al) and (A2)

where x denotes the length of one segment and [ denotes the contour length.

Sin(54.75) = — (A1)

0.15nm

x=0.12nm

l=xXn (42)

l=0.12nm X 86
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[ =10.3nm
The terminal FOEMA unit should be at a tilt angle of 30° with respect to the polymer backbone.’
In reference to the carbon atoms in the FOEMA side chains, we assume a zigzag configuration for the
unit. The number of atoms in the unit, Nproema, IS 14. Therefore, the length of the PFOEMA unit, (1) can

be calculated according to Equation A3:

l = COS(30) Xx X nFOEMA (A?))
l =cos(30) x0.12nm x 14

l=15nm

Thus, the theoretical maximum chain length of P1-2 will be 11.8 nm. Similar calculations can be

employed for P1-1, which yields a theoretical maximum chain length of 11.1 nm.

Theoretical Amount of P1-2 Required to Coat a Surface. P1-2 was used to coat a glass plate
with dimensions of 1.0 cm x 1.3 cm. For P1-2 at a maximum thickness (h) of 11.8 nm, the theoretical
amount of copolymer needed (m), to coat a glass plate can be calculated. This is accomplished by first
calculating the volume (V) of the copolymer according to Equation A4 where V was found to be 15 x 107

cm?.

V= Wglass X lglass X h (44)
V=10cm Xx13cm X11.8nm

V=15 x10"7cm3

Subsequently, the density (p) of the copolymer could be calculated according to Equation A5:
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_ fPFOEMA + (1 - fPFOEMA)

(45)

1
P PPFOEMA PpipsMA

1_ 0877  (1-0877)
p 1.85g/cm3  1.82g/cm3

p=185g/cm3

Where the density of the PFOEMA unit was calculated using a method developed within our group to be
1.85 g/cm®.* Meanwhile, the density of the sol-gelled and grafted PIPSMA layer was assumed to be 1.82
glem®! The mass fraction of the PFOEMA unit (frrogma), Was calculated to be 87.7 % with a fully-
gelled IPSMA block that had an effective formula of C;H;;035Si. With these values in hand, p was found
to be 1.85 g/lcm’.

The amount of copolymer amount, (m) required to coat the glass could then be calculated

according to Equation A®6:

m=p XV (46)
— g -7 3
m—1.85—3>< 15 X107 /¢cm
cm

m=281x10"°%g

Thus, 2.81 ug of P1-2 would be required to cover a glass plate at a film thickness of 11.8 nm.
Therefore, for a 1.3 cm? sized plate, the copolymer amount was calculated to be 2.2 pg/cm?. Similar
calculations were employed for the P1-1 case. These calculations indicated that 2.67 pg (or 2.0 pg/cm?) of

P1-1 would be needed to cover a glass plate at a film thickness of 11.1 nm.

Theoretical Maximum Thickness of P2. A P2 chain can be viewed as a diblock copolymer

chain with a backbone consisting of a PFPO block and a PIPSMA block. The PFPO block incorporates a
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total of 14 repeat units, with each repeat unit consisting of two carbon atoms and one oxygen atom. We
assumed that the carbon and oxygen atoms exhibited a zigzag conformation to form the backbone of the
copolymer. In addition, the C-C bond length would be 0.15 nm, while the C-O bond length would be 0.14
nm. The angle between the bonds is 109.5°.> The contour length of the PFPO block can be calculated

according to Equation A7, where the length of one C-C segment is expressed as x.

x=0.12nm
Meanwhile, the length of one C-O segment () can be calculated according to Equation A8:
Sin(54.75) = Y (A8)
0.14 nm
y=0.11nm
The contour length (1) can be calculated according to Equation A9:
= X24+y)xXn (A9)

[=(012nm X 24+ 0.11nm) x 14

l=49nm

The PIPSMA block incorporates a total of 7 repeat units. Each repeat unit in the backbone
consists of two carbon atoms, and thus n = 14. The contour length (I) can be calculated according to

Equation A10:

l=xxn (A10)
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1=012nm x 14

l=17nm

The total length of the chain can be calculated by adding together the two contour lengths of each

block. Thus, the theoretical maximum chain length of P2 will be 6.6 nm.

Theoretical Amount of P2 Required to Coat a Surface. P2 was used to coat a glass plate with
dimensions of 1.0 cm x 1.3 cm. For P2 at a maximum thickness (k) of 6.6 nm, the theoretical amount of
copolymer required to coat the glass plate can be determined by first calculating the volume of the

copolymer (V) according to Equation A11:
V' = wgiass X lglass X h (A11)
V=10cm Xx13cm X 6.6 nm

V=86 x10"7cm3

In addition, the density of the copolymer (p) can be calculated according to Equation A12:

_ fprpo N (1= fprpo)

1
- (A12)
P Pprpo PpripsMA

1__ 0663  (1-0663)
p 1.80g/cm3  1.82g/cm3

p=181g/cm3
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Where the density of the grafted PIPSMA layer was assumed to be 1.82 g/cm®.! Meanwhile, the density
of the PFPO unit was assumed to be 1.80 g/cm®. The mass fraction of the PFPO unit (fprpo) Was
calculated to be 66.3%, with a fully-gelled IPSMA block that had an effective formula of C;H;;055Si.
With these values in hand, p was found to be 1.81 g/cm®. The amount of P2 (m) required to coat a glass

plates was subsequently calculated according to Equation A13:

m=p XV (A13)
_ 9 -7 .3
m= 1.81—3><8.6 X107 cm
cm

m=155x10"%g

Thus, 1.55 pg (or 1.2 pg/cm?) of P2 would be required to cover a glass plate at a film thickness of

6.6 nm.
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Supplementary XPS and AFM Data.
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Figure A-6 XPS high resolution Fy (a), Oy (b), and Siy, (C) spectra of the P1-2 coatings that were
recorded at an HCI concentration of 0.90 x 10™ M.*>®
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Figure A-7 XPS high resolution Cy, (a), Fys (b), and Oy (c) spectra of the PFOEMA homopolymer.>®

R,,.=0.57+0.01 nm

Figure A-8 AFM height (a) and phase (b) images of the PFOEMA homopolymer coated on a glass plate.
The height and phase angle delay ranges are 20 nm and 75, respectively, and the dimensions of the

images were 2.0 x 2.0 um?.
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Figure A-9 XPS high resolution Cy;(a), F1s (b), Oss (), and Siy, (d) spectra of the P1-1 coatings that were
recorded at an HCI concentration of 0.90 x 10 M.>®
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Figure A-10 XPS high resolution Cis (&), F1s (b), Os (c), and Siy, (d) spectra of the P2 coatings that were
recorded at an HCI concentration of 0.90 x 10™ M.>®
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Figure A-11 AFM height (a and c) and phase (b and d) images of the P1-2 coated glass plates before (a
and b) and after (c and d) TFT extraction. These plates were coated with an excess copolymer amount of
2.31 pg/em?. The height and phase angle delay ranges are 20 nm and 75, respectively, and the
dimensions of the images were 2.0 x 2.0 pm’.
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