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Abstract
NP-GLIDE polyurethane (PU) coatings are prepared by curing a commercial polyol, a
hexamethylene diisocyanate trimer (HDIT), and P1-g-PDMS, a graft copolymer consisting of a
polyol backbone and grafted poly(dimethylsiloxane) (PDMS) side chains. These coatings are
termed NP-GLIDE coatings because most test liquids with surface tension values higher than ~22
mN/m have no problem to glide cleanly off them and the coatings contain on their surfaces and
within the PU matrix nanopools of a grafted liquid ingredient (PDMS) for dewetting enablement.
To optimize the dewetting performance of the NP-GLIDE coatings, the effect of varying the length
of the PDMS chains in the P1-g-PDMS samples was investigated. P1-g-PDMS polymers with
PDMS molecular weight of 1.00 × 103, 5.0 × 103, and 10.0 × 103 g mol-1 were synthesized and cast
together with a commercial polyol and HDIT as transparent antismudge coatings. Studies showed
that when the PDMS molecular weight was 10.0 × 103 g mol-1, the dewetting ability of the coating
was lower than that prepared from P1-g-PDMS with PDMS molecular weight at 5.0 × 103 g mol-1.
This result should be due to the higher viscosity of the higher molecular weight PDMS and therefore
lower mobility of the surface PDMS chains. When the PDMS molecular weight was 1.00 × 103 g
mol-1, the resultant coating did not perform well either, likely due to the fact that the surface PDMS
layer was not thick enough to fully cover the surface. Using a PDMS molecular weight in between
(MW = 5.0 × 103 g mol-1), proved to provide the best compromise between surface coverage and
viscosity and resulted in the best dewetting performance.

The effects of varying PDMS content and incorporating free silicone oil into the coatings
were also examined. Coatings with 1.00 to 6.0 wt. % PDMS showed good dewetting properties,
with higher PDMS content performing slightly better. 1.00 wt. % PDMS was proved to be the
lower limit of PDMS content as coatings with 0.50 wt. % PDMS were unable to shrink ink or paint.

ii

Infusing the sample with free silicone oil also showed improved contact angles, sliding angles, and
contact angle hysteresis especially when water was used as the test liquid.
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Chapter 1
Introduction
1.1

Research Objectives and Organization of the Thesis

Poly(dimethylsiloxane) (PDMS) can be grafted onto a polyol backbone to form a graft
copolymer. In a suitable solvent, the polymer chains self-assemble into micelles with PDMS at the
core. When reacted with a triisocyanate crosslinker (HDIT), a coating is formed from the polyol
backbone and HDIT as a polyurethane matrix with PDMS nanopools dispersed within. These NPGLIDE coatings are durable, optically transparent, and repel both water and oils because they
contain nanopools of a grafted liquid ingredient for dewetting enablement.

This thesis concerns the synthesis of P1-g-PDMS polymers and the creation of omniphobic
polyurethane coatings. In an attempt to optimize the previously mentioned NP-GLIDE coating, a
systematic study was performed to compare the coating performance when PDMS with varying
chain lengths was used. PDMS with molecular weight 1.00 × 103, 5.0 × 103, and 10.0 × 103 g mol1

were each grafted onto a polyol backbone made of a random copolymer of HEMA, MMA, BMA,

and styrene. The coatings were cast onto glass surfaces with a final PDMS content of 2.00 and 6.0
wt. %. The liquid sliding angles were compared for water, diiodomethane, hexadecane, and other
organic liquids. The marker and ink shrinking properties of the coatings were compared. Studies
were also performed looking at the effect of decreasing the PDMS content in the coatings from 6.0
to 0.50 wt. % and the effect of incorporating free silicone oil.

This chapter will provide background information on polymer brushes, specifically diblock
copolymer brushes with hydrophobic and hydrophilic blocks, because the PDMS layer at the

surface of the NP-GLIDE coating forms a polymer brush. Hydrophobic and omniphobic coatings
will also be introduced and the benefits of the NP-GLIDE coatings over other omniphobic coating
systems will be discussed. Chapter 2 will describe the methods used to synthesize, cast, and
characterize the P1-g-PDMS polymers and coatings. Chapter 3 will be a discussion of the collected
data and a summary of results. Comparisons between the coating performance of P1-g-PDMS with
PDMS molecular weight of 1.00 × 103, 5.0 × 103, and 10.0 × 103 g mol-1 will be made, as well as
between coatings with 0.50, 1.00, 2.00, and 6.0 wt. % PDMS, and coatings with and without free
silicone oil. Chapter 4 will summarize the conclusions made based on the results of these
systematic studies and will comment on their significance and potential future work.

1.2

Polymer Brushes

When the polyol backbone reacts with HDIT, a polyurethane matrix is formed and the
PDMS chains on the surface that are tethered to the matrix a polymer brush. Polymer brushes are
polymers that are attached to a surface or interface by one end. When these polymers are attached
to the surface with high enough coverage density, the chains stretch away perpendicular from the
surface to avoid overlapping with neighbouring chains.1 This results in a brush-like structure as
shown in figure 1.1. Although entropically unfavourable, under equilibrium conditions the chains
can often stretch farther than the typical unstretched chains would.2 When exposed to a good
solvent, the chains stretch out farther due to their preference of the solvent over contact with other
chains. When no solvent is present, i.e. under melt conditions, the chains spread away from the
interface due to steric hindrance. There are many different types of polymer brushes, including
homopolymer brushes, block copolymer brushes, and graft copolymer brushes (figure 1.1). When
a graft copolymer is in a solvent that is good for one polymer and bad for the other, micelles can
be formed from the polymer brush, as shown in figure 1.1d. When a polymer brush is formed on
2

a surface, the polymer chains can be either physically attached to a surface or chemically bonded.
Physisorption is physical polymer adsorption by non-covalent forces, which results in less stable
polymer attachment that is easily worn down or shorn off.3 Chemisorption is the chemical
adsorption of polymer chains attached to the surface by covalent bonds. Polymer chains that are
chemisorbed onto the surface of a substrate are more thermodynamically stable and result in a more
durable coating. Polymer chains can be chemically attached to a surface by “grafting to” or
“grafting from” methods. The “grafting to” approach consists of reacting end-functionalized
polymer chains with reactive sites on the substrate surface to form covalent bonds.4 Iyer et al. used
the “grafting to” method to graft polystyrene onto a silicon wafer using epoxy functional groups as
the reactive sites.5 A monolayer of poly(glycidyl methacrylate) was attached to the silicon wafer
to serve as the anchoring layer for the polystyrene chains. The “grafting from” approach, on the
other hand, utilizes initiator sites on the surface to initiate an in-situ polymerization. Prucker and
Rühe used free radical polymerization to grow styrene homopolymer chains from azo initiator sites
on silica surfaces.6 Husseman et al. used living free radical polymerization and the “grafting from”
approach to prepare a variety of block copolymer brushes.7 The use of living free radical
polymerizations, such as atom transfer radical polymerization, allowed for accurate control of the
molecular weight and brush thickness and resulted in low polydispersities. There are advantages
and disadvantages to both the “grafting to” and “grafting from” methods. The “grafting to” method
uses simpler synthetic techniques that are more desirable in industry, but it is also difficult to form
a polymer brush with a high grafting density by this method, due to steric crowding of reactive
surface sites by already adsorbed polymer chains.8 Conversely, more dense polymer brushes can
be formed by the “grafting from” method, but the surface-initiated polymerization is more
complex.9

3

a

c

b

d
d

Figure 1.1 Examples of different types of polymer brushes: (a) homopolymer, (b) diblock
copolymer, (c) graft copolymer, (d) micelle

Block and graft copolymer brushes, made from two or more chemically different
homopolymers, have been used to form stimuli-responsive surfaces.10 For example, if one block
of the polymer is hydrophobic and the other block is hydrophilic, the hydrophobicity of the polymer
coated surface will change based on the liquid that the surface is exposed to. Kobayashi et al. found
that polymer brushes with hydrophobic perfluoroalkyl groups and hydrophilic hydroxy groups
were able to repel water, diiodomethane, and hexadecane.11

Sun et al. used living radical

polymerization to synthesize block copolymers of HEMA, tBMA, and DPAEMA that were then
grafted onto SiO2 films. After hydrolysis, polymer brushes with PDPAEMA and PMAA arms were
produced with the arms being responsive to pH, and the surfaces having controllable wettability.12

1.3

Hydrophobic and Omniphobic Coatings

Hydrophobic and omniphobic coatings have been widely studied because of their many
potential applications including self-cleaning windows, fingerprint-proof phone screens, and antifouling marine and medical applications.13-22 Hydrophobicity is the ability of a molecule or surface
4

to repel water. If a surface is hydrophobic, water will not easily wet the surface and the droplets
will bead up, as shown in figure 1.2. If a surface is hydrophilic, or “water loving”, water will
completely wet the surface, also shown in figure 1.2. The most common measure of wettability is
contact angle. Contact angle is the angle between the surface of the liquid and the coated surface.
Young’s equation is used to define the equilibrium contact angle of a liquid on a smooth surface
(figure 1.3).23
cos 𝜃 =

𝛾() − 𝛾(+
𝛾+)

(1.1)

In this equation, θ is the contact angle, γ is the interfacial tension, and S, L, and V refer to the solid,
liquid, and vapour phases respectively. A surface is considered to be hydrophilic if the static
contact angle of a drop of water is 0˚ ≤ θ ≤ 90˚ and hydrophobic if the static contact angle is 90˚ ≤
θ ≤ 180˚. Surfaces that have a static water contact angle of ≥ 150˚ (figure 1.2 right) and that have
low contact angle hysteresis are considered to be superhydrophobic. Contact angle hysteresis,
shown in figure 1.4, is a measure of the energy dispelled as a liquid droplet moves along a solid
surface.23 It is measured by comparing the difference between the contact angle of an advancing
droplet and the contact angle of a receding droplet (equation 1.2).24 Low contact angle hysteresis
indicates that a liquid will slide more easily off a surface.
∆𝜃 = 𝜃- − 𝜃.

(1.2)

In this equation, Δθ is the contact angle hysteresis, θA is the advancing angle, and θR is the receding
angle.

5

Figure 1.2 Schematic diagram of a liquid droplet on a hydrophilic (left), hydrophobic (middle),
and superhydrophobic (right) surface with corresponding contact angles25

Figure 1.3 Schematic diagram of a liquid droplet on a smooth solid surface showing the
equilibrium contact angle at the solid-liquid-vapour interface

6

Figure 1.4 Schematic diagram of a liquid droplet sliding across a solid surface producing an
advancing and receding angle26

While Young’s equation describes a smooth surface, real surfaces are rarely truly smooth.
The apparent contact angle of droplets on rough surfaces can be described in two different ways.
When a liquid completely wets a rough surface, shown in figure 1.5b, it is in the Wenzel’s state,
which can be described by the Wenzel equation (equation 1.3).
cos 𝜃 ∗ = 𝑟 cos 𝜃

(1.3)

In this case, θ* is the apparent contact angle, r is the roughness factor (the ratio of the actual surface
area and the projected surface area of the solid), and θ is the equilibrium contact angle.27 In the
Cassie-Baxter state, the liquid does not completely wet a rough surface, and instead air pockets are
trapped between the liquid droplet and the solid surface. The apparent contact angle in this case is
described by equation 1.4 below.28
cos 𝜃 ∗ = −1 + 𝜙4 (1 + cos 𝜃)

(1.4)

where ϕs is the fraction of the solid in contact with the liquid. Unlike the Wenzel relation, the
Cassie-Baxter relation allows for apparent contact angles of greater than 90˚, even if the equilibrium
contact is less than 90˚, since the trapped air will repel the liquid better than the solid surface would.
While the Wenzel and Cassie-Baxter relations both allow for apparent contact angles greater than
7

the equilibrium contact angle, only the Cassie-Baxter relation allows for lowered contact angle
hysteresis.29 Less contact area between the liquid and the solid surface results in less resistance to
droplet movement and lower contact angle hysteresis.23 In some cases, an undesirable CassieBaxter to Wenzel transition can occur and the surface can become fully wet, for example, under
high pressure or temperature.30

Figure 1.5 A schematic diagram of a liquid droplet on a solid surface in the (a) Young’s, (b)
Wenzel, and (c) Cassie-Baxter wetting states31

1.3.1

Surface Roughness

Inspiration for hydrophobic coatings has often come from nature. The lotus leaf, Nelumbo
nucifera (figure 1.6), is an example of a natural superhydrophobic surface. The lotus leaf has
micro-scale hills and valleys on the surface that are overlaid with hydrophobic nanoscale particles.32
The superhydrophobic character is due to a combination of the surface chemistry and surface
roughness of the plant.28 Scientists have used these two parameters to design hydrophobic coatings.

While hydrophobic coatings are relatively simple to make, creating oleophobic coatings
(that repel oils), and even more so omniphobic/antismudge coatings (that repel both water and oil),
is more difficult. This is because non-polar liquids, such as oils, often have low surface tensions
compared to water. The Cassie-Baxter state of non-wetting is hard to achieve for low surface
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tension liquids as the wetted Wenzel state is generally more thermodynamically favourable.33 To
overcome the instability of the Cassie-Baxter state under low surface tension liquids, Tuteja et al.
used hierarchical surface roughness, inspired by the lotus leaf, to design superhydrophobic and
superoleophobic surfaces. 34-38 The hierarchical roughness creates re-entrant surfaces that result in
local energy minima that stabilize the Cassie-Baxter state.39 A re-entrant surface has concave
topographic features, as shown in figure 1.7 below, with a texture angle (ψ) less than 90˚. When
the texture angle is equal to the equilibrium contact angle, the Cassie-Baxter composite interface is
stabilized and lower surface tension liquids such as oils can be repelled.

Figure 1.6 A macroscopic and microscopic image of the lotus leaf surface27

Figure 1.7 A schematic diagram of a (a) non-re-entrant and (b) re-entrant surface structure35
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As mentioned previously, the governing factors for dewetting ability are surface roughness
and surface energy. Decreasing the surface energy will allow liquids to slide off more easily.
Brown and Bhushan used SiO2 nanoparticles to create a rough surface and used spray deposition
to cover the nanoparticles with a low surface tension polyelectrolyte fluorosurfactant complex.40
Chen and coworkers synthesized a flower-like FOTS-TiO2 powder that combined re-entrant
structure with perfluorinated modification to repel liquids with surface tension as low as 23.8
mN/m.41 Tuteja et al. electrospun a coating of crosslinked PDMS and fluorodecyl POSS on a
stainless steel wire mesh to fabricate hierarchically structured surfaces.42

The preferential

segregation of low surface tension fluorodecyl POSS to the surface resulted in a low surface energy
coating that could easily roll or bounce off virtually all liquids.

While hierarchical surface roughness allows for the creation of omniphobic coatings, there
are limitations and disadvantages to using this method. The roughness can be worn down, which
can cause the properties to deteriorate, the coatings are not generally transparent as the roughness
scatters light, and, as mentioned previously, the repellant Cassie-Baxter state can fail under
conditions of high pressure, temperature, or humidity.43

1.3.2

SLIPS

To overcome the drawbacks of the lotus leaf approach, a newer method of creating
omniphobic coatings has been developed based on the Nepenthes pitcher plant. The pitcher plant
uses a thin lubricating film on the rim and interior along with rough microstructure that causes
insects and other prey that step on it to slip into the digestive juices at the bottom.44 The Aizenberg
group, inspired by the pitcher plant, designed slippery liquid-infused porous surfaces (SLIPS).45-55
A low surface tension lubricating liquid is infused into a micro- or nanoporous substrate, which
10

results in a liquid surface that can slide liquids more easily than a solid surface. Aizenberg and
coworkers initially used epoxy-resin-based nanostructured surfaces and Teflon nanofibrous
membranes as the porous substrates and perfluorinated fluids as the lubricant.

Fluorinated

polymers are commonly used because of their low surface energy, low cost, and easy
processability.56 The group reported negligible contact angle hysteresis for low-surface tension
liquids, low sliding angles, extreme pressure stability, and self-healing properties of the
membranes. They were also able to create transparent omniphobic coatings by choosing substrate
and lubricant with matching refractive indices. Aizenberg found that unlike the lotus leaf approach
that shows improved hydrophobicity with hierarchical surface roughness, lubricant-infused
surfaces show better liquid-repellency when uniform nanostructured surfaces are used.30

A

schematic of the SLIPS model in comparison to the Young, Wenzel, and Cassie-Baxter models can
be seen in figure 1.9.

Figure 1.8 A Nepenthes pitcher plant
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Figure 1.9 A schematic diagram of a liquid droplet on a solid surface in the (a) Young’s, (b)
Wenzel, and (c) Cassie-Baxter wetting states, and (d) a liquid droplet on a liquid SLIPS surface27

While the SLIPS method developed by Aizenberg et al. showed numerous improvements
over the traditional rough surface method, the lubricating fluids were infused into the porous
surface and were not covalently bound, meaning that they could be washed out or evaporated under
high temperature or high flow conditions.57 Furthermore, SLIPS coatings often use perfluorinated
liquids as the lubricating fluid, which have been shown to have toxic effects on human health and
on the environment, due to their stability and ability to bioaccumulate.58-61 Instead of using
fluorinated polymers, the Hozumi group used low surface tension polymers such as PDMS grafted
as a monolayer on glass or silicon substrates to create slippery surfaces.62 The grafting of PDMS
onto a covalently attached monolayer resulted in a brush film that creates a liquid-liquid interface
when a liquid droplet is deposited on the surface.
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Figure 1.10 A polymer monolayer covalently attached to a solid substrate

The Hozumi group also created smooth, transparent surfaces using a sol-gel approach.63-65
The use of a hybrid sol-gel solution consisting of DTES with TMOS as a spacer between the DTES
alkyl chains allowed the alkyl chains to rotate freely. The high chain mobility of the surface
tethered C10 chains resulted in a liquid-like surface that could easily slide organic liquids.

The McCarthy group has taken a similar approach of covalently attaching a monolayer of
flexible groups onto the solid surface. McCarthy and Wang used the acid-catalyzed graft
polycondensation of dimethyldimethoxysilane to create slippery omniphobic covalently attached
liquid surfaces.66 They used an easy method of dip-coating the substrate into an isopropanol
solution of dimethyldimethoxysilane and sulfuric acid, where the sulfuric acid acted as a catalyst
for the siloxane equilibration. They found that coatings produced were smooth, stable, and had low
sliding angles and extremely low CAH for liquids with high and low surface tensions. Flagg and
McCarthy used BCF as a catalyst to covalently attach monolayers of alkylhydridosilanes to silicon
oxide substrates.67 These monolayers were used to graft PDMS to the surface to slide liquids more
13

effectively. The drawback to making omniphobic coatings by this method is that they are simply
one layer on the substrate, so are not very wear resistant.

1.3.3

NP-GLIDE Coatings

Inspired by the work of Hozumi and McCarthy, the Liu group has developed the NPGLIDE coating that repels both water and oil.68-72 A low surface tension liquid polymer such as
PDMS is grafted onto a polyol backbone and incorporated into polyurethane or epoxy coatings to
create a thicker coating with a monolayer of PDMS at the surface and nanopools of PDMS
distributed within (figure 1.11). In the dry state, the surface of the coating is smooth, but
nanometer-sized dents can occur on the in regions where the PDMS chains are more spaced out.
The coating matrix is crosslinked, resulting in a more durable coating. As the surface is shorn or
worn down, the embedded PDMS nanopools are exposed and the dewetting properties at the surface
are renewed. PDMS is an ideal choice to create a polymer brush because it has a low surface energy
(19.0 mN/m at 20 ˚C 73) and the chain mobility is high at room temperature due to the low glass
transition temperature. The PDMS chains are mobile and flexible enough to form a liquid-like
polymer brush layer at the surface of the coating that can slide even liquids with low surface
energies. Furthermore, because the PDMS is incorporated into the matrix as nanopools smaller
than the wavelength of light, Mie scattering does not occur, and the coatings are transparent. As
PDMS is miscible with non-polar liquids, a statically oleophilic surface is created with relatively
low contact angles. It was found, however, that when exposed to non-polar liquids, the PDMS
chains swell, which enhanced the liquid-like properties and results in a dynamically oleophobic
surface that can slide off oils at low sliding angles. With only small amounts of PDMS, water and
oils can easily slide from the coating surface, and marker inks and paints readily shrink. These
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coatings will be the focus of this thesis, as systematic studies were performed to further our
understanding and optimize their properties.

a

b

Figure 1.11 A schematic diagram of the NP-GLIDE coating cross-section a) under a good solvent
for PDMS, such as hexadecane, and b) under a poor solvent for PDMS, such as water.

1.3.4

The Effect of Changing PDMS Chain Length

Hozumi’s group investigated the effect of changing PDMS molecular weight on the
dewettability of their PDMS monolayer coating.75 PDMS chains were tethered to the Si substrate
via ethylene linkages formed through Pt-catalyzed hydrosilylation. Six different molecular weights
were studied, ranging from 6000 to 117000. It is important to note that as the molecular weight of
PDMS increases, so does the viscosity. The molecular weights used by the Hozumi group, and
their viscosities, can be found in table 1.1.
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Table 1.1 PDMS molecular weight and viscosity75

With increasing molecular weight, the grafting density decreases and the thickness of the
brush film layer at the surface increases. Using water, n-hexadecane, n-dodecane, and n-decane as
test liquids, it was found that there was no apparent relationship between the molecular weight of
PDMS and the contact angle of the test liquid (figure 1.12).

Figure 1.12 Contact angle plotted against PDMS molecular weight75
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The sliding angle and contact angle hysteresis, however, showed strong correlation with
molecular weight. The sliding angle and contact angle hysteresis both increased significantly with
increasing PDMS molecular weight (figure 1.13).

Figure 1.13 (a) CAH and (b) sliding angle plotted against PDMS molecular weight75

The dependence of sliding angle and contact angle hysteresis on PDMS molecular weight
can be explained in terms of viscosity. At low MW, the viscosity is lower and the PDMS chains
have higher mobility. This allows the surface to exhibit a liquid-like behavior that offers less
resistance to the sliding of the test liquids. Higher PDMS MW chains have less mobility and result
in a more solid-like surface that offers more resistance to liquid motion. The sliding angle and
contact angle hysteresis were especially low when the test liquid had good miscibility with PDMS
because the swelling of the PDMS chains under such liquids enhanced the mobility of the chains
and the liquid-like property of the surface even further. Under water, the PDMS chains exist in a
collapsed state in which the chain mobility is decreased, thus resulting in higher SA and CAH.
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According to these conclusions by the Hozumi group, lower PDMS molecular weights
should be used to create coatings with better dewetting abilities. Based on this idea, the effect of
PDMS molecular weight on the dewetting properties of the NP-GLIDE polyurethane coating
system will be investigated in this thesis. PDMS with molecular weight 1.00 × 103, 5.0 × 103, and
10.0 × 103 g mol-1 will be used. It is our hypothesis that there is a limit to the trend of improved
sliding angle and contact angle hysteresis as the PDMS molecular weight decreases.

We

hypothesize that the PDMS with MW 1.00 × 103 g mol-1 may have too low surface coverage to
effectively slide PDMS, as any thinner areas of the brush film could cause pinning of the test liquid
if the matrix is exposed. Furthermore, the PDMS with MW 10.0 × 103 g mol-1 could have too high
a viscosity, as observed by the Hozumi group with their monolayer system.
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Chapter 2
Experimental Details
2.1

2.1.1

Synthesis of P1-g-PDMS Polymers

Materials

HEMA (98%), MMA (99%), BMA (99%), and styrene (99%) monomers were purchased
from Sigma Aldrich and were distilled under reduced pressure to remove inhibitors before use.
AIBN (98%), 1-butanol (99.9%), acetone (≥99.5%), oxalyl chloride (COCl2), p-xylene (anhydrous,
≥99%), 2-butanone (≥99%), dimethyl carbonate (anhydrous, ≥99%), and hexane (mixture of
isomers, ≥98.5%) were purchased from Sigma Aldrich. Toluene (≥99.5%) was purchased from
Fisher Scientific. PDMS-OH (Mn = 1.00 × 103, 5.0 × 103, and 10.0 × 103 g mol-1) was purchased
from Gelest. THF (≥99.0%) was purchased from Sigma Aldrich and was refluxed over sodium and
distilled to dry and to remove inhibitors. Pyridine (≥99%) purchased from Sigma Aldrich was
refluxed over calcium hydride before distillation to dry. N, N-Dimethylformamide (≥99.8%) was
purchased from Caledon. HDIT (80 wt. % in butyl acetate) was purchased from Sherwin-Williams.
The commercial polyol was precipitated from Premium Clearcoats CC939 automotive finish
manufactured by Sherwin-Williams. Silicone oils, SO1 and SO2, at the kinematic viscosities of 5
and 20 cSt at 25 °C or the molecular weights of 0.77 × 103 and 2.00 × 103 g mol-1 respectively were
purchased from Sigma Aldrich. Silicone oil, SO3, at the kinematic viscosity ~50 cSt at 25 °C or
molecular weight of 3.8 × 103 g mol-1 was obtained from Fisher Scientific.
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2.1.2

P1 Synthesis

The polyol backbone, HEMA-r-MMA-r-BMA-r-styrene, was synthesized by free radical
polymerization. HEMA (21.0 mL), MMA (12.0 mL), BMA (21.0 mL), and styrene (15.0 mL) were
dissolved in 1:1 toluene:1-butanol v/v (~250 mL) in a 500 mL round bottom flask. AIBN (1.00 g)
was added as the initiator. The system was purged with nitrogen gas for 20 minutes and then stirred
in an oil bath at 80 ˚C for 4 h. After 4 h, additional AIBN (0.50 g) was added. After purging the
flask with nitrogen gas for 20 minutes, the reaction was stirred in an oil bath at 80 ˚C for an
additional 12 h. After the additional 12 h reaction time there remained no smell of monomer, which
indicated that the polymerization was complete.

Half the solvent was removed by rotary

evaporation to concentrate the solution. The crude polyol was precipitated dropwise in hexane
(~400 mL). The supernatant was decanted, and the polyol was dried under vacuum. The polyol
was then redissolved in acetone and precipitated in hexane an additional five times to purify. The
purified polyol had a wide polydispersity, so fractionation was performed to obtain a narrower
range of molecular weight. The polyol was dissolved in an excess of acetone (~500 mL) and was
added to a 2 L separatory funnel. Hexane was added until just before the solution became cloudy.
The separatory funnel was placed into a large ice bath. When two separate layers were clearly
visible, the mixture was warmed to room temperature and the lower layer was removed and stored.
More hexane was added, and the process was repeated until all the polyol had been fractionated.
Each fraction was analysed using GPC to determine the molecular weight. Fractions 1-2 were
combined to create P1, a polyol with the desired molecular weight. The polyol was centrifuged
and precipitated in hexane. The final purified polyol was dried under vacuum and about 20 g of
P1 was yielded as a white powder.
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2.1.3

P1-g-PDMS Grafting

The polyol, P1 (10K = 4.0 g, 5K = 4.0 g, 1K = 1.1 g), was dried under vacuum at 60 ˚C for
12 h. In the meantime, PDMS-OH (10K = 2.8 mL, 5K = 2.8 mL, 1K = 1.1 mL) was added to a 50
mL Schlenk flask. For the preparation of P1-g-PDMS 1K, xylene (1.0 mL) was added to reduce
the viscosity. The flask was purged with nitrogen gas. Oxalyl chloride (10 K = 1.0 mL, 5K = 2.0
mL, 1K = 7.6 mL) was added dropwise and the reaction mixture was stirred at room temperature
for 12 h. The excess oxalyl chloride was then removed under vacuum at room temperature for 1 h
and at 60 ˚C for 5 h. In the case of P1-g-PDMS 1K, the xylene was removed at 140 ˚C for an
additional 4 h. P1 and the PDMS-COCl were each dissolved in distilled THF (~60 mL and 20 mL
respectively). The P1 solution was placed in an ice bath and the PDMS-COCl solution was added
dropwise. The ice bath was removed, and the reaction was stirred at room temperature. For the
preparation of P1-g-PDMS 10K and 5K, pyridine (0.40 mL) was added after the reaction mixture
had been stirred for 30 minutes. For the preparation of P1-g-PDMS 1K, pyridine (0.20 mL) was
added after the reaction mixture had been stirred for 4 h. After the addition of pyridine, the reaction
was stirred at room temperature for 12 h. About half the solvent was removed by vacuum. The
solution was stirred at 60 ˚C for 4 h. The polymer was then precipitated in water and dried under
vacuum. The polymer was dissolved in acetone, centrifuged, and precipitated in water to remove
pyridinium salt, then dried under vacuum. The resulting P1-g-PDMS was a white powder. To
extract free PDMS, the grafted polymer was stirred in hexane for 6 h, centrifuged, and the
supernatant was removed. This extraction process was repeated five more times, until GPC and
NMR analysis showed that all free PDMS had been removed.
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2.2

Preparation of Omniphobic Coatings

Transparent omniphobic polyurethane coatings were formed on glass substrate. The
amounts of each component used to form the coatings is noted in table 2.1. Calculations performed
to determine these amounts can be found in Appendix B. To form the coatings, P1-g-PDMS was
first mixed with the commercial polyol. The commercial polyol (figure 2.1) was obtained by
precipitating a commercial polyol in hexane, yielding a white powder with molecular weight
around 2.0 × 103 g mol-1 (P0). P1-g-PDMS and P0 were dissolved in 2-butanone. Dimethyl
carbonate (DMC) and N, N-dimethylformamide (DMF) were added and the solution was mixed
well before adding HDIT (figure 2.2). The reaction was stirred at 60 ˚C for 20 minutes to pre-react
the sample. The solution was filtered and drop cast onto 1” × 1” glass slides to form a 30 µm thick
coating. The slides were dried under light nitrogen gas flow at room temperature for 3 h and were
cured at 120 ˚C for 12 h.
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Table 2.1 Coating Recipes
Mass
Mass

Volume

Volume

Volume

Mass

commercial

Butanone

DMC

DMF

HDIT

polyol (mg)

(mL)

(mL)

(mL)

(mg)

P1-gFormulation

Volume

PDMS

SO (mL)

(mg)

1K-6.0%

84.0

10.5

0.81

1.6

0.42

56.0

-

5K-6.0%

70.0

24.5

0.81

1.6

0.42

56.0

-

10K-6.0%

56.0

38.5

0.81

1.6

0.42

56.0

-

1K-2.00%

23.2

53.8

0.72

1.4

0.25

48.6

-

5K-2.00%

19.3

57.8

0.72

1.4

0.25

48.6

-

10K-2.00%

15.5

74.8

0.72

1.4

0.25

48.6

-

5K-1.00%

14.3

108.5

1.06

2.1

0.60

78.9

-

5K-0.50%

7.1

115.3

1.06

2.1

0.60

79.0

-

5K-6.0-32%

65.5

50.0

1.43

2.8

0.47

291.0

0.40

5K-1.00-32%

24.0

200.0

3.14

6.3

1.02

114.8

0.14

Figure 2.1 Commercial polyol76
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Figure 2.2 HDIT Crosslinker

Coatings with 1.00-32% and 6.0-32% wt. % PDMS were cast using P1-g-PDMS 5K. In
this nomenclature, 1.00 and 6.0 refer to the total wt. % PDMS content in the final coatings and 32%
refers to the percentage of the total wt. % PDMS that comes from free silicone oil. A mixture of
three silicone oils was used in the coatings, in a ratio of 2:2:1 SO1:SO2:SO3. The silicone oil
mixture was dissolved in butanone at a concentration of 10.0 mg/mL. The same method as outlined
previously was used to cast these coatings, with SO being added after dissolving P1-g-PDMS in
butanone.

2.3

2.3.1

Characterization of Polymers

GPC

The relative molecular weights and polydispersities of the polymers were determined using
GPC. The removal of free PDMS from the grafted polymers was also monitored using GPC. An
Agilent 1200 series system was used with a Wyatt Optilab rEx refractive index detector and a Dawn
Heleos II MALS detector. Three MZ-Analysentechnik MZ-Gel SDplus columns with 100 000 Å
porosity were used in series. The polymer sample (15 mg) was dissolved in chloroform (1.0 mL)
and filtered through a 0.22 µm syringe filter. The GPC solvent was chloroform with 2.5 v. %
triethylamine, and analysis was performed based on PS standards. Triethylamine (2.5 v. %) was
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included for the use of other students to prevent their compounds from adsorbing onto the column.
Using a refractive index detector and determining the molecular weight based on PS standards has
some limitations. GPC columns separate based on hydrodynamic radius, not molecular weight, so
if P1 coils differently than PS, the molecular weight could be inaccurate. The molecular weight
determination can also shift over time if the GPC is not calibrated often. The chemistries of P1 and
PS are similar, but not exactly the same so the determined molecular weight will be a good estimate,
but not exact.

2.3.2

NMR

NMR was used to characterize the polymers, to determine the composition of P1, and to
determine the mass fraction of PDMS in the crude and purified P1-g-PDMS polymers. A Bruker
AVANCE 300 MHz NMR spectrometer was used to perform 1H spectroscopy. A delay of 3.0
seconds was used as polymers have longer relaxation times than typical small molecules.

2.4

Characterization of Omniphobic Coatings

2.4.1

Contact Angle

Contact angles, contact angle hysteresis, and sliding angles were measured using a
Dataphysics OCA 15Pro optical CA measurement system with a Hamilton Gastight 500 µL
syringe.
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2.4.2

AFM

Cross-sectional analysis was performed using a Veeco Nanoscope Quadrex IIIa Multimode
atomic force microscope. Cross sectional samples of the coatings were prepared by shaving off a
small sliver of coating and sandwiching it between two pieces of melted polystyrene. The
polystyrene was allowed to harden, and the samples were cut to a thickness of 200 nm using a
Power Tome X ultramicrotome from RMC Products with a Pelco diamond knife. The 200 nm
samples were placed on mica sample stages. Tapping mode AFM was used with an AppNano Si
probe tip. The probe tip had a radius of <10 nm, a length of 125 µm, a resonance frequency of 200400 kHz, and a spring constant of 13-77 N/m.

2.4.3

UV-Vis

The transparency of the coatings was determined using a Varian Cary 300 UV-visible
spectrophotometer. A clean glass slide was used as a baseline for 100% transparency.

2.4.4

XPS

XPS spectra were measured using a Kratos Nova AXIS spectrometer with an Al X-ray
light source. Samples were adhered to a coated aluminum plate using double-sided tape and were
kept under vacuum (10-9 Torr) overnight inside a preparation chamber. The analysis chamber of
the spectrometer was kept under vacuum (10-10 Torr). An electron take-off angle of 90 ˚ and
incident angle of 54.74 ˚ were used.
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Chapter 3
Results and Discussion
3.1

Introduction

As mentioned in section 1.3, omniphobic coatings are of great interest because of their
many potential applications. These applications include antismudge coatings that prevent finger
print smudges on touch screens, self-cleaning windows, anti-biofouling for marine applications,
and anti-oil adhesion to coat the inside of crude oil transport pipes.56, 77 Omniphobic coatings have
been abundantly investigated, but the difficulty lies in creating a coating that will not only repel
both water and oil, but that is also durable and transparent. The Liu group has developed the NPGLIDE coating that meets all these criteria. This chapter will discuss the results of studies
performed to determine the impact of PDMS molecular weight on the NP-GLIDE polyurethane
coatings, as well as the impact of varying total PDMS content in the coatings and of adding free
silicone oil. The P1 polyol was synthesized by free radical polymerization and fractionated to
achieve the desired molecular weight. PDMS with varying molecular weights (1.00 × 103, 5.0 ×
103, and 10.0 × 103 g mol-1) were each grafted on to the P1 backbone, creating the three grafted
polymers that will be discussed: P1-g-PDMS 1K, P1-g-PDMS 5K, and P1-g-PDMS 10K. The
mass of P1-g-PDMS, commercial polyol, and HDIT crosslinker (and in the case of the siliconeinfused NP-GLIDE coatings, SO) was used to control the thickness of the coatings to 30 µm. The
ratio between these elements was used to control the PDMS content in the coatings. To ensure that
the coatings contained uniformly dispersed nanopools, the P1-g-PDMS and commercial polyol
were first dissolved in butanone since it is a good solvent for all components. Next, DMC was
added, which is a selectively poor solvent for PDMS and caused micelles to be formed with PDMS
at the core (as well as SO in the case of the silicone-infused NP-GLIDE coatings). DMF was added
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due to its high boiling point to slow the evaporation and ensure the creation of a smooth and level
coating. HDIT was added last and the mixtures were pre-reacted at 60 ˚C for 20 minutes. Coatings
were cast with 2.00 and 6.0 wt. % PDMS for the 1K, 5K, and 10K samples, with additional 0.50
and 1.00 wt. % PDMS coatings being cast for the 5K samples to further probe the effect of
decreasing the PDMS content. The coatings were cured at 120 ˚C overnight to ensure full
crosslinking of the matrix. The performance of the different coating formulations was probed using
contact angle analysis, where the contact angle, sliding angle, and contact angle hysteresis were
determined for several test liquids with a range of surface tensions, including water, diiodomethane,
and hexadecane.

3.2
3.2.1

P1 Polyol Backbone
P1 Synthesis

The polyol backbone was synthesized by free radical polymerization. HEMA, MMA,
BMA, and styrene were mixed in a solvent mixture of toluene and 1-butanol, with AIBN as an
initiator (figure 3.1). The resulting polymer was precipitated in hexane and purified. This produced
a polymer with a high polydispersity. Fractionation was performed, and each fraction was analyzed
by GPC to determine which fractions were in the desired range of molecular weights. Fractions 1
and 2 were dissolved in acetone, mixed together, and precipitated in hexane to produce P1.
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Figure 3.1 Free radical polymerization to synthesize P1

3.2.2

GPC

According to GPC analysis based on polystyrene standards, P1 had a number average
molecular weight of 8.0 × 103 g mol-1 and a polydispersity of 1.52. The GPC trace for P1 can be
seen in figure 3.2. Based on the number average molecular weight, a repeat unit number of 68 was
calculated (see Appendix A). To calculate the repeat unit number, it was necessary to first
determine the polyol composition. Since fractionation was performed on the synthesized polyol
and because the monomers had different reaction rates, the feeding ratio could not be used to
determine mass and mole fraction of each monomer. The polyol composition was determined using
NMR analysis.
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Figure 3.2 GPC trace of P1

3.2.3

NMR

First, a 1H NMR spectrum of P1 was obtained in deuterated chloroform. The peaks were
previously assigned by our group and assignments are shown in figure 3.3.74 1H NMR analysis of
P1 (in CDCl3, at 300 MHz at 298K): δ7.40-6.80 (br, styrene ring, 5H), 4.20-3.90 (br, -CO2CH2 of
HEMA, BMA, 4H), 3.80 (br, -CH2OH of HEMA, 2H), 3.55 (br, -CO2CH3 of MMA, 3H), 2.90 (br
-CH, 1H main chain of styrene), 2.10-1.65 (br, -CH2 of main chain, 6H, -CH2 of BMA, 2H), 1.651.45 (br, -CH2 of main chain styrene, 2H), 1.45-1.15 (br, -CH2 of BMA, 2H), 1.15-0.30 (br, -CH3
of main chain, 9H, -CH3 of BMA, 3H) ppm.
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Figure 3.3 1H NMR spectrum of P1 in CDCl3 at 300 MHz

Next, a 1H NMR spectrum of P1 was obtained in CDCl3 using FOEMA as an internal
standard (figure 3.4). A known ratio of P1: FOEMA mixture was dissolved in CDCl3. The well
resolved styrene peak and the well resolved FOEMA peak integrations could then be compared to
determine the styrene content in the polymer (see Appendix A). The 1H NMR spectrum for
FOEMA is shown in figure 3.5.
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Figure 3.4 1H NMR spectrum of P1 with FOEMA internal standard in CDCl3 at 300 MHz
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Figure 3.5 1H NMR spectrum of FOEMA in CDCl3 at 300 MHz

Finally, an NMR spectrum of P1 was obtained in DMSO-d6 (figure 3.6). 1H NMR analysis
of P1 (in DMSO-d6, at 300 MHz at 298K): δ7.40-6.80 (br, styrene ring, 5H), 4.90-4.55 (br, OH of
HEMA, 1H), 4.10-3.70 (br, -CO2CH2 of HEMA, BMA, 4H), 3.70-3.20 (br, -CH2OH of HEMA,
2H, -CO2CH3 of MMA, 3H), 2.90 (br -CH, 1H main chain of styrene), 2.10-1.50 (br, -CH2 of main
chain, 6H, -CH2 of BMA, 2H), 1.50-1.05 (br, -CH2 of main chain styrene, 2H, -CH2 of BMA, 2H),
1.05-0.30 (br, -CH3 of main chain, 9H, -CH3 of BMA, 3H) ppm.
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Figure 3.6 1H NMR spectrum of P1 in DMSO-d6 at 300 MHz

Since the styrene peak exhibited a distinct signal, it was compared to the OH peak of
HEMA in DMSO-d6 to determine the ratio of HEMA groups to styrene groups. This allowed for
the determination of the HEMA content in the polymer (see Appendix A). P1 was found to have a
molar ratio of 38% HEMA, 14% BMA, 24% MMA and 24% styrene. These values differed from
the feed molar fractions of 32% HEMA, 24% BMA, 20% MMA, and 24% styrene.

3.3

3.3.1

P1-g-PDMS

P1-g-PDMS Synthesis

PDMS of varying molecular weight was grafted onto the P1 polyol backbone according to
the grafting method shown in figure 3.7. As this reaction is air sensitive, each step was performed
under vacuum or nitrogen. PDMS-OH was first mixed with oxalyl chloride to produce PDMS34

COCl. The reaction was stirred overnight and the excess oxalyl chloride was removed under
vacuum. Next, PDMS-COCl and P1 were each dissolved in distilled THF and PDMS-COCl was
added dropwise to P1 which was placed in an ice bath. After half an hour of stirring, pyridine was
added as a catalyst and the reaction was stirred overnight. P1-g-PDMS was precipitated in water
as a white powder. The grafting of P1-g-PDMS 1K proved more difficult than the other two
grafting reactions, as the polymer was more easily crosslinked. To prevent the crosslinking of P1g-PDMS, a few minor alterations were made to the procedure. First, xylene was added to the initial
PDMS-COCl reaction to reduce the viscosity of the solution and make it easier to remove the excess
oxalyl chloride. Further, a stronger vacuum was used to ensure that all trace amounts of excess
oxalyl chloride were removed from the system. A higher temperature was used for the removal of
oxalyl chloride, and an even higher temperature was necessary for the removal of xylene. Less P1
and PDMS-COCl were dissolved in more distilled THF to create a more dilute reaction mixture.
The rubber septum was also changed out for a fresh septum before the addition of PDMS-COCl to
P1 in case any oxalyl chloride had been absorbed into it. Instead of adding the pyridine catalyst
after half an hour of stirring, the reaction was stirred for four hours before its addition. Finally,
after the reaction was complete, methanol was added before precipitation to terminate any
remaining oxalyl chloride or PDMS-COCl.
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Figure 3.7 Grafting of PDMS onto P1 to produce P1-g-PDMS

3.3.2

GPC

GPC analysis of the three grafted polymers can be seen in figure 3.8. P1-g-PDMS 10K
was found to have a relative number average molecular weight of 9.6 × 103 g mol-1 and a
polydispersity of 1.48. P1-g-PDMS 5K was found to have a relative number average molecular
weight of 8.3 × 103 g mol-1 and a polydispersity of 1.79. P1-g-PDMS 1K was found to have a
relative number average molecular weight of 5.7 × 103 g mol-1 and a polydispersity of 1.83. The
number of PDMS repeat units was calculated to be 14 for P1-g-PDMS 1K, 68 for P1-g-PDMS 5K,
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and 135 for P1-g-PDMS 10K (see Appendix A). P1-g-PDMS 1K, 5K, and 10K had a PDMS molar
fraction of 1.7 × 10-2, 4.5 × 10-3, and 2.6 × 10-3 respectively.

a

b

c

d
15

20

25

30

Figure 3.8 GPC trace of (a) P1-g-PDMS 10K, (b) P1-g-PDMS 5K, (c) P1-g-PDMS 1K, and (d) P1
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Figure 3.9 P1-g-PDMS (a) 1K, (b) 5K, and (c) 10K
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3.3.3

NMR

The crude P1-g-PDMS 1K, 5K, and 10K polymers had free PDMS within. Free PDMS
causes the coatings to appear cloudy, so the polymers must be purified prior to use. To remove
free PDMS, each polymer was stirred in hexane six times for six hours each time. NMR analysis
was used to determine when all the free PDMS had been removed and what the mass fraction of
PDMS was in the crude and purified polymers. By comparing the integration of the styrene and
PDMS peaks, the mass fraction of PDMS in the grafted polymer could be determined (Appendix
A). When the NMR no longer showed a decrease in the mass fraction of PDMS, all the free PDMS
had been removed from the system. Figures 3.10-3.15 show the NMR spectra for the crude and
purified P1-g-PDMS 1K, 5K, and 10K. P1-g-PDMS 1K was found to have 11 wt. % PDMS, P1g-PDMS 5K had 13 wt. % PDMS, and P1-g-PDMS 10K had 15 wt. % PDMS. The clarity of the
coatings confirmed that all free PDMS had been removed.

Figure 3.10 1H NMR spectrum of crude P1-g-PDMS 1K in CDCl3 at 300 MHz
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Figure 3.11 1H NMR spectrum of pure P1-g-PDMS 1K in CDCl3 at 300 MHz

Figure 3.12 1H NMR spectrum of crude P1-g-PDMS 5K in CDCl3 at 300 MHz
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Figure 3.13 1H NMR spectrum of pure P1-g-PDMS 5K in CDCl3 at 300 MHz

Figure 3.14 1H NMR spectrum of crude P1-g-PDMS 10K in CDCl3 at 300 MHz
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Figure 3.15 1H NMR spectrum of pure P1-g-PDMS 10K in CDCl3 at 300 MHz

3.4

3.4.1

Effect of Changing the PDMS Molecular Weight on Coating Performance

Coating Formulations

Coatings with 2.00 and 6.0 wt. % PDMS were cast using P1-g-PDMS 1K, 5K, and 10K.
Examples of the calculations performed to determine the amount of each component needed to
achieve the desired PDMS content in the final coatings can be found in Appendix B. The
performance of each coating formulation was evaluated by several methods which will be discussed
in this section.
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3.4.2

Transparency

The transparency of the 30 µm thick coatings in comparison to a clean glass slide was
determined using UV-Vis spectroscopy. The glass slide was used as a reference for 100%
transmittance. The coated slides were then placed in front of the light source to determine how
their transmittance compared. Transparency above 95% is considered completely clear to the
human eye. For the P1-g-PDMS coatings with 6.0 wt. % PDMS, the transparency was found to be
99.5 ± 0.1 % for the 1K samples, 99.8 ± 0.2 % for the 5K samples, and 99.9 ± 0.2 % for the 10K
samples. All transparencies were extremely high and appeared completely clear.

3.4.3

Contact Angle Analysis

As mentioned in the introduction, contact angle analysis is a common method of
determining the static wettability of a surface. The contact angle, sliding angle, and contact angle
hysteresis were compared for P1-g-PDMS 1K, 5K, and 10K coatings with 6.0 wt. % PDMS using
a variety of test liquids with a range of surface tensions. Table 3.1 shows the contact angles for the
three coating formulations using a 5 µL droplet of the test liquid. The silicone oil used as a test
liquid had a molecular weight of 2.00 × 103 g mol-1. The measurements were taken using 2-3 drops
per slide for 3-4 slides, resulting in a total of 8-9 measurements per formulation. Only 4-6
measurements per formulation were taken for octane and silicone oil as these test liquids wet the
surface more and the droplets covered a larger area.
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Table 3.1 Contact angles of test liquids on P1-g-PDMS 1K, 5K, and 10K coatings with 6.0 wt. %
PDMS
Contact Angle (˚)

Miscible
with PDMS

g
(mN/M)

1K

5K

10K

Hexadecane

√

27.5

34 ± 1

33 ± 2

35 ± 1

THF

√

26.4

24 ± 1

25 ± 1

25 ± 1

Dodecane

√

25.4

20 ± 1

20 ± 1

17 ± 1

Decane

√

23.8

15 ± 2

15 ± 1

16 ± 1

Octane

√

21.6

4±1

7±2

8±2

Silicone Oil

√

19.0

3±1

4±2

5±3

Water

X

72.8

105 ± 1

107 ± 1

105 ± 1

Diiodomethane

X

50.8

75 ± 2

76 ± 1

77 ± 1

DMF

X

37.1

63 ± 1

65 ± 1

63 ± 1

Methanol

X

22.7

34 ± 2

35 ± 1

33 ± 2

Ethanol

X

22.1

34 ± 2

36 ± 2

35 ± 2

Liquid

The contact angles were very similar, often within the range of error of one another when
comparing the same test liquid. In some liquids P1-g-PDMS 5K had a slightly higher contact angle,
while in others, P1-g-PDMS 10K had a slightly higher contact angle. This does not give conclusive
evidence that one formulation is better or worse than the others.

Next, sliding angle was measured for each formulation (table 3.2). The sample stage of
the OCA 15Pro instrument was tilted until the liquid droplet slid off. 5 µL droplets were used for
all sliding angle measurements except for water. As water is harder to slide off for the NP-GLIDE
coatings, 15 µL droplets were used for the water sliding angle tests.
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Table 3.2 Sliding angles of test liquids on P1-g-PDMS 1K, 5K, and 10K coatings with 6.0 wt. %
PDMS
Sliding Angle (˚)

Miscible
with PDMS

g
(mN/M)

1K

5K

10K

Hexadecane

√

27.5

6±1

5±1

3±1

THF

√

26.4

5±1

2±1

3±2

Dodecane

√

25.4

3±1

2±1

3±1

Decane

√

23.8

3±1

2±1

2±1

Octane

√

21.6

5±1

3±1

6 ±1

Silicone Oil

√

19.0

N/A

N/A

N/A

Water

X

72.8

32 ± 4

17 ± 2

40 ± 4

Diiodomethane

X

50.8

11 ± 3

7±2

17 ± 2

DMF

X

37.1

36 ± 1

31 ± 1

37 ± 4

Methanol

X

22.7

19 ± 3

14 ± 2

31 ± 3

Ethanol

X

22.1

16 ± 2

14 ± 1

24 ± 2

Liquid

P1-g-PDMS 5K had an equal or lower sliding angle than its counterparts in all liquids
except for hexadecane, for which P1-g-PDMS 10K performed better. Most notably, P1-g-PDMS
5K slides water significantly better than the 1K and 10K samples. Overall, it can be concluded that
P1-g-PDMS 5K performs best in terms of sliding angle.

Contact angle hysteresis was measured using the automatic ARCA (Advancing and
Receding Contact Angle) method of the OCA 15Pro. A 5-10 µL droplet of the test liquid was
dispensed onto the sample coating. The needle was lowered so that the tip was within the droplet.
While the live results were collected, an ARCA sequence was run. The ARCA sequence was set
to dispense 5 µL at a rate of 1 µL/s, wait 2 seconds, then withdraw 5 µL at a rate of 1 µL/s. The
left and right average ranges were determined using a plot of base diameter vs. drop age (figure
3.16) and the average contact angle for the time when the base diameter was advancing and
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receding was determined using those ranges and a plot of contact angle vs drop age (figure 3.17).
The OCA 15Pro performed an automatic calculation to determine the advancing and receding
angles (figure 3.18).

Figure 3.16 OCA 15Pro generated plot of base diameter vs. drop age with the advancing angle
region shown between the red lines and the receding angle region shown between the blue lines

Figure 3.17 OCA 15Pro generated plot of contact angle vs. drop age with the advancing angle
region from figure 3.16 shown between the red lines and the receding angle region shown between
the blue lines
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Figure 3.18 Screenshot of how the OCA 15Pro instrument is used to calculate advancing and
receding angles

The contact angle hysteresis was calculated using equation 1.2. The receding angle was
subtracted from the advancing angle and then an average was taken of all the calculated contact
angles (table 3.3).
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Table 3.3 Contact angle hysteresis of test liquids on P1-g-PDMS 1K, 5K, and 10K coatings with
6.0 wt. % PDMS
Contact Angle Hysteresis (˚)

Miscible
with PDMS

g
(mN/M)

1K

5K

10K

Hexadecane

√

27.5

2±1

4±1

2±1

THF

√

26.4

2±1

1±1

1±1

Dodecane

√

25.4

3±1

3±1

3±1

Decane

√

23.8

2±1

2±1

3±1

Octane

√

21.6

2±2

2±1

1±1

Silicone Oil

√

19.0

N/A

N/A

N/A

Water

X

72.8

13 ± 2

7±2

18 ± 1

Diiodomethane

X

50.8

14 ± 1

10 ± 2

20 ± 1

DMF

X

37.1

15 ± 2

13 ± 1

16 ± 1

Methanol

X

22.7

9±1

6±2

9±2

Ethanol

X

22.1

9±1

8±2

11 ± 1

Liquid

The same trend was observed as was for the sliding angle. P1-g-PDMS 5K had an equal
or lower contact angle hysteresis than its counterparts in all liquids. It can be concluded that P1-gPDMS 5K performs best in terms of both sliding angle and contact angle.

P1-g-PDMS coatings with 2.00 wt. % PDMS were also cast to determine if the same trend
was more evident when the PDMS content was decreased. Contact angle (table 3.4), sliding angle
(table 3.5) and contact angle hysteresis (table 3.6) were measured for water, diiodomethane, and
hexadecane.
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Table 3.4 Contact angles of test liquids on P1-g-PDMS 1K, 5K, and 10K coatings with 2.00 wt.
% PDMS
Contact Angle (˚)
Liquid
1K

5K

10K

Water

104 ± 2

106 ± 2

104 ± 2

Diiodomethane

71 ± 2

73 ± 2

75 ± 1

Hexadecane

34 ± 2

31 ± 3

34 ± 1

Table 3.5 Sliding angles of test liquids on P1-g-PDMS 1K, 5K, and 10K coatings with 2.00 wt.
% PDMS
Sliding Angle (˚)
Liquid
1K

5K

10K

Water

32 ± 3

18 ± 2

40 ± 3

Diiodomethane

7±2

8±1

21 ± 1

Hexadecane

6±1

6±1

7±1

Table 3.6 Contact angle hysteresis of test liquids on P1-g-PDMS 1K, 5K, and 10K coatings with
2.00 wt. % PDMS
Contact Angle Hysteresis (˚)
Liquid
1K

5K

10K

Water

11 ± 2

5±4

16 ± 4

Diiodomethane

10 ± 2

9±2

20 ± 2

Hexadecane

3±1

3±1

2±1
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The same trend was evident for the 2.00 wt. % coatings as the 6.0 wt. %. P1-g-PDMS 5K
had a comparable or lower sliding angle and contact angle hysteresis for all liquids.

3.4.4

AFM

AFM was used to compare the size and number of PDMS nanopools present within each
coating (figure 3.19). The NanoMeasurer 1.2 program was used to estimate the average nanopool
size and number of nanopools present on the 1 µm2 AMF image (table 3.7). While this was an
estimate and not exact values, and considering that there is quite a large error that must be taken
into account, it was observed that P1-g-PDMS 1K had a larger number of smaller sized nanopools,
P1-g-PDMS 5K had a medium number of larger sized nanopools, and P1-g-PDMS 10K had a
smaller number of larger sized nanopools. While the NanoMeasurer software is not the most
accurate, this trend can be confirmed visually. This is expected as the longer chains of higher
molecular weight PDMS would form larger micelles in solution and therefore larger nanopools
than lower molecular weight PDMS with shorter chains. To get an equal amount of PDMS in P1g-PDMS, more 1K chains were grafted to P1 than 10K chains, so a higher number of 1K nanopools
should be present in the matrix.
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b

c

Figure 3.19 AFM phase image of P1-g-PDMS (a) 1K, (b) 5K, and (c) 10K
Table 3.7 Average nanopool size and number or nanopools for P1-g-PDMS 1K, 5K, and 10K
coatings with 6.0 wt. % PDMS
1K

5K

10K

Average nanopool size (nm)

6±2

9±2

10 ± 2

Number of nanopools per µm2

650 ± 30

490 ± 25

400 ± 20

3.4.5

Marker Shrinking

The marker shrinking ability of the three P1-g-PDMS coatings with 6.0 wt. % PDMS was
compared visually using a Sharpie King Size permanent marker. The marker was drawn across the
coatings and wiped off with a Kimwipe. All formulations were able to successfully shrink the
marker ink and were easily wiped clean, but the 5K sample showed the best shrinkage (figure 3.20).
The 1K and 10K samples shrank ink into larger patches or lines, as opposed to the small circular
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droplets of the 5K sample. Ten write-erase cycles were performed on each coating, and each was
able to shrink the marker and wipe completely clean every time.

a

i

ii

iii

iv

b

Figure 3.20 Marker shrinking on (i) a glass slide, (ii) P1-g-PDMS 1K, (iii) P1-g-PDMS 5K, and
(iv) P1-g-PDMS 10K coating with 6.0 wt. % PDMS (a) before cleaning and (b) after wiping with
a Kimwipe

The ability of the 6.0 wt. % PDMS coatings to contract paint was compared by spraying
the coatings with ColorMasterTM Krylon Banner Red spray paint. The paint was manufactured by
Krylon Products Group and contained a mixture of acetone, toluene, propane, butane, ethyl 3ethoxypropionate, and dimethyl carbonate as the solvent. The glass slide (figure 3.21i) showed no
contraction of paint. The 5K sample had the easiest time contracting the paint, followed by the
10K sample, and the 1K sample was the poorest in terms of paint contraction.
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0 seconds

5 seconds

35 seconds
Figure 3.21 Paint contraction on (i) a glass slide, (ii) P1-g-PDMS 1K, (iii) P1-g-PDMS 5K, and
(iv) P1-g-PDMS 10K coatings with 6.0 wt. % PDMS

3.4.6

XPS

XPS analysis of the three coating formulations with 6.0 wt. % PDMS showed that the P1g-PDMS 1K and 5K coatings had about the same amount of PDMS on the surface, while the P1-gPDMS 10K coating had more (table 3.8). It was expected that the 10K coating would have more
PDMS at the surface due to the longer chains. The 1K coating likely has slightly more Si at the
surface than the 5K coating because there are more PDMS chains present at the surface. The high
concentration of Si at the surface in all three cases shows that the surface is enriched with PDMS
due to surface stratification, i.e. the lower surface tension PDMS moving to the surface.
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Table 3.8 XPS analysis of P1-g-PDMS coatings with 6.0 wt. % PDMS
Atomic Concentration (%)

Element

3.4.7

1K

5K

10K

Si

12.5 ± 1.3

12.2 ± 1.2

15.9 ± 1.6

C

63.5 ± 6.4

63.5 ± 6.4

60.7 ± 6.1

O

21.5 ± 2.2

21.2 ± 2.1

21.8 ± 2.2

N

2.4 ± 0.2

3.1 ± 0.3

1.6 ± 0.2

Surface Reconstruction

As PDMS is not miscible with water, when a droplet of water remains on the coating
surface for a prolonged period of time, the surface PDMS chains may retreat into their nanopools.
This is known as surface reconstruction. Surface reconstruction was compared for P1-g-PDMS
1K, 5K, and 10K coatings with 6.0 wt. % PDMS. A droplet of water was dispensed on the surface
of the coating and the contact angle was monitored for a duration of four minutes using the OCA
15Pro instrument. The coated slide was placed on a raised platform within a petri dish filled with
water, so that the baseline was above the lip of the petri dish. After the first ten seconds, the droplet
was covered with a glass box to prevent evaporation. Placing the box over the slide caused a change
in contact angle, so the graph of contact angle vs. time was split into two. The first graph (figure
3.22a) shows the first 10 seconds and the second graph (figure 3.22b) shows from 30 seconds to
240 seconds. The change in contact angle is noted in table 3.9. While there was a minor change in
contact angle in the first ten seconds, barely any additional change was observed between 30
seconds and 240 seconds. This is expected as it generally takes two days for the PDMS chains to
fully retreat into their nanopools.71 There is no conclusive difference between the 1K, 5K, and 10K
samples in terms of surface reconstruction.
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a

b

Figure 3.22 Contact angle of a 15 µL water droplet on a P1-g-PDMS coating surface with 6.0 wt.
% PDMS plotted against time (a) initial 10 seconds and (b) 30 to 240 seconds

Table 3.9 Change in contact angle of a 15 µL water droplet on a P1-g-PDMS 5K coating surface
with 6.0 wt. % PDMS

3.4.8

ΔCA (˚)

1K

5K

10K

0 - 10 s

-0.2

-0.3

-0.3

30 - 240 s

-0.1

0

0.1

Influence of Varying PDMS Molecular Weight

As hypothesized, the coatings using PDMS with molecular weight 5.0 × 103 g mol-1 showed
the lowest sliding angles and contact angle hysteresis. This is due to viscosity and surface coverage.
The viscosities of the three PDMS used are shown in table 3.10. The viscosity of PDMS 10.0 ×
103 is much higher than the other two. The lower viscosity PDMS 1.00 × 103 and 5.0 × 103 would
have higher chain mobility and produce a liquid-like surface, as observed by the Hozumi group.
The higher viscosity PDMS 10.0 × 103 would produce a polymer brush layer with lower chain
mobility, and the surface of the coating would be more solid-like. The more solid-like surface
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would offer greater resistance to the motion of liquid droplets and result in higher sliding angles
and contact angle hysteresis.

Table 3.10 Molecular weight of the three PDMS used and their respective viscosity
Molecular Weight

Viscosity (cSt)

1000
5000
10000

15-20
80-90
250

Hozumi stipulated that lowering the PDMS molecular weight decreases the sliding angle
and contact angle hysteresis. By this conclusion, the PDMS 1.00 × 103 should show the best
dewetting properties. According to our study, this was not the case. As molecular weight is
decreased, the thickness of the brush film also decreased. When PDMS 1.00 × 103 was used, the
PDMS brush layer was likely not thick enough to fully cover the surface, and thinner regions of the
brush layer could have offered more opportunity for pinning the test liquid droplets. This explains
why the sliding angle and contact angle hysteresis were higher than when PDMS 5.0 × 103 was
used, and why the P1-g-PDMS 1.00 × 103 coating had a harder time contracting paint. PDMS 5.0
× 103 had a low enough viscosity to allow for high chain mobility and a liquid-like surface, while
having a thick enough PDMS layer to fully cover the surface. PDMS 5.0 × 103 g mol-1 is the optimal
molecular weight to get the best dewetting properties for the NP-GLIDE coatings.
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3.5

Effect of Changing the PDMS Content on Coating Performance

3.5.1

Coating Formulations

Coatings with 0.50, 1.00, 2.00, and 6.0 wt. % PDMS were cast using P1-g-PDMS 5K.
Examples of the calculations performed to determine the amount of each component needed to
achieve the desired PDMS content in the final coatings can be found in Appendix B. The ability
of the coatings to slide test liquids and shrink marker ink was compared.

3.5.2

Contact Angle Analysis

The contact angle, sliding angle, and contact angle hysteresis were compared for P1-gPDMS 5K coatings with 0.50, 1.00, 2.00, and 6.0 wt. % PDMS using water, diiodomethane, and
hexadecane as test liquids. Table 3.11 shows the contact angles for the four coating formulations
using a 5 µL drop of the test liquid.

Table 3.11 Contact angles of test liquids on P1-g-PDMS 5K coatings with 0.50, 1.00, 2.00 and
6.0 wt. % PDMS
Contact Angle (˚)
Liquid

Miscible
with PDMS

g
(mN/M)

0.50 wt.

1.00 wt.

2.00 wt.

%

%

%

6.0 wt. %

Water

X

72.8

99 ± 2

106 ± 2

106 ± 2

107 ± 1

Diiodomethane

X

50.8

53 ± 3

72 ± 1

73 ± 2

76 ± 1

Hexadecane

√

27.5

16 ± 1

29 ± 1

31 ± 3

33 ± 2
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The contact angles were very close for the coatings with 1.00, 2.00 and 6.0 wt. % PDMS
but were significantly lower for 0.50 wt. % PDMS coatings. At this low PDMS content there is
not enough PDMS to fully cover the surface. The contact angle increases as more PDMS is present
in the coatings.

Sliding angle was also measured for each formulation (table 3.12). As water is harder to
slide off for the NP-GLIDE coatings, 15 µL droplets were used for the water sliding angle tests
while 5 µL droplets were used for diiodomethane and hexadecane.

Table 3.12 Sliding angles of test liquids on P1-g-PDMS 5K coatings with 0.50, 1.00, 2.00 and
6.0 wt. % PDMS
Sliding Angle (˚)
Liquid

Miscible
with PDMS

g
(mN/M)

0.50 wt.

1.00 wt.

2.00 wt.

%

%

%

6.0 wt. %

Water

X

72.8

54 ± 2

21 ± 3

18 ± 3

17 ± 2

Diiodomethane

X

50.8

13 ± 3

7±1

8±1

7±2

Hexadecane

√

27.5

11 ± 2

8±1

6±1

5±1

The sliding angle decreased with a higher PDMS content as expected. The sliding angles
were very close for 1.00, 2.00, and 6.0 wt. % PDMS coatings, only varying by a few degrees. These
three coating formulations all had good liquid sliding properties.

Contact angle hysteresis was measured using the automatic ARCA method of the OCA
15Pro with a dispensing and withdrawing rate of 1 µL/s for 5 seconds each. The calculated contact
angle hysteresis is shown in table 3.13.
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Table 3.13 Contact angle hysteresis of test liquids on P1-g-PDMS 5K coatings with 0.50, 1.00,
2.00 and 6.0 wt. % PDMS
Contact Angle Hysteresis (˚)
Liquid

Miscible
with PDMS

g
(mN/M)

0.50 wt.

1.00 wt.

2.00 wt.

%

%

%

6.0 wt. %

Water

X

72.8

12 ± 9

6±3

5±4

7±2

Diiodomethane

X

50.8

18 ± 2

9±2

9±2

10 ± 2

Hexadecane

√

27.5

6±1

3±1

3±1

4±1

The contact angle hysteresis is about the same for coatings with 1.00 to 6.0 wt. % PDMS
but was higher for coatings with only 0.50 wt. % PDMS.

3.5.3

AFM

AFM was used to compare the size and number of PDMS nanopools present within the
coatings with 1.00 and 6.0 wt. % PDMS (figure 3.23). As expected, the nanopool size was
equivalent for the two samples, but the number of nanopools was much less for the 1.00 wt. %
sample than for the 6.0 wt. % sample.
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a

b

Figure 3.23 AFM phase image of P1-g-PDMS coatings with (a) 1.0 and (b) 6.0 wt% PDMS

Table 3.14 Average nanopool size and number or nanopools for P1-g-PDMS 5K coatings with
1.00 and 6.0 wt. % PDMS

3.5.4

1.00

6.0

Average nanopool size (nm)

9±2

9±2

Number of nanopools per µm2

90 ± 5

490 ± 25

Marker Shrinking

The marker shrinking ability of P1-g-PDMS 5K coatings with 0.50, 1.00, 2.00 and 6.0 wt.
% PDMS was compared visually using a Sharpie King Size permanent marker. The marker was
drawn across the coatings and wiped off with a Kimwipe. Coatings with 1.00, 2.00 and 6.0 wt. %
PDMS were all able to successfully shrink the marker ink and were easily wiped clean (figure 3.24),
with minimal difference in performance between the three samples. Ten write-erase cycles were
performed on each coating, and each was able to shrink the marker and wipe completely clean
every time. The coating with 0.50 wt. % PDMS was unable to shrink the marker ink and was not
wiped clean by the Kimwipe.

60

a

i

ii

iii

iv

b

Figure 3.24 Marker shrinking of P1-g-PDMS 5K coatings with (i) 0.50, (ii) 1.00, (iii) 2.00, and
(iv) 6.0 wt. % PDMS (a) before cleaning and (b) after wiping with a Kimwipe

The ability of the four coating formulations to shrink spray paint was also tested.
ColorMasterTM KRYLON Banner Red spray paint was used (figure 3.25). Following the same
trend as the marker shrinking, the 0.50 wt. % coating was unable to contract paint. The 1.00, 2.00,
and 6.0 wt. % coatings all contracted the paint well, with the 1.00 wt. % sample being slightly less
efficient than the 2.00 and 6.0 wt. % samples.
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a

b

c

d

0 seconds

5 seconds

30 seconds
Figure 3.25 Paint contraction of a P1-g-PDMS coating with (a) 0.50, (b) 1.00, (c) 2.00 and (d) 6.0
wt. % PDMS

3.5.5

XPS

The XPS analysis of P1-g-PDMS coatings with 1.00 and 6.0 wt. % showed that the atomic
concentration of Si at the surface was 13.26 % for the 1.00 wt. % sample and 12.24 % for the 6.0
wt. % sample (table 3.15). It is surprising that the 1.00 wt. % PDMS coating shows more Si at the
surface than the 6.0 wt. % PDMS coating, as the 6.0 wt. % sample contains more PDMS. Likely
this difference is simply a result of variance between the coatings and accuracy of the XPS analysis.
XPS atomic concentration analysis is accurate to 10%, so the two values are within the range of
error of one another.78
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Table 3.15 XPS analysis of P1-g-PDMS 5K coatings with 1.00 and 6.0 wt. % PDMS
Element

3.5.6

Atomic Concentration (%)
1.00

6.0

Si

13.26

12.24

C

62.73

63.48

O

21.89

21.20

N

2.11

3.07

Surface Reconstruction

Surface reconstruction was compared for P1-g-PDMS 5K coatings with 1.00 and 6.0 wt.
% PDMS. A droplet of water was dispensed on the surface of the coating and the contact angle
was monitored for a duration of four minutes using the OCA 15Pro instrument. The coated slide
was placed on a raised platform within a petri dish filled with water, so that the baseline was above
the lip of the petri dish. After the first ten seconds, the droplet was covered with a glass box to
prevent evaporation. Placing the box over the slide caused a change in contact angle, so the graph
of contact angle vs. time was split into two. The first graph (figure 3.26a) shows the first 10 seconds
and the second graph (figure 3.26b) shows from 30 seconds to 240 seconds. The change in contact
angle is noted in table 3.16. While there was a minor change in contact angle in the first ten seconds,
no additional change was observed between 30 seconds and 240 seconds. There is no definite
difference between the 5K coatings with 1.00 and 6.0 wt. % PDMS in terms of surface
reconstruction.
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a

b

Figure 3.26 Contact angle of a 15 µL water droplet on a P1-g-PDMS 5K coating surface with
1.00 and 6.0 wt. % PDMS plotted against time (a) initial 10 seconds and (b) 30 to 240 seconds

Table 3.16 Change in contact angle of a 15 µL water droplet on a P1-g-PDMS 5K coating
surface with 1.00 and 6.0 wt. % PDMS

3.5.7

ΔCA (˚)

1.00

6.0

0 - 10 s

-0.3

-0.3

30 - 240 s

0

0

Influence of Varying PDMS Content

Increasing the coating PDMS content resulted in improved contact angles, sliding angles,
and contact angle hysteresis. Coatings with 1.00 wt. % PDMS or more were able to effectively
slide liquids and shrink inks and paints. 1.00 wt. % PDMS was shown to be the lower limit of
PDMS content. Coatings with 0.50 wt. % PDMS did not have enough PDMS to cover the coating
surface and had significantly more difficulty sliding liquids and could not shrink ink or wipe clean.
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3.6

3.6.1

Silicone-Infused NP-GLIDE Coatings

Introduction

In a recent paper published in collaboration with Heng Hu et al., it was determined that the
incorporation of free silicone oil into the NP-GLIDE coatings resulted in improved sliding angles
for water and other test liquids.71 The sliding angle of a 15 µL droplet of water was able to decrease
from 39 ˚ for a 6.0 wt. % PDMS sample to 7 ˚ for a 6.0 wt. % PDMS sample with 32% free silicone
oil. As water is the hardest test liquid for the NP-GLIDE coatings to slide, this is a significant
improvement. The effect of infusing free silicone oil into the P1-g-PDMS 5K coating discussed in
this thesis was briefly evaluated. As the published paper showed minimal improvement for the
sliding of organic test liquids after the incorporation of free silicone oil, water will be the test liquid
focused upon in this section.

3.6.2

Coating Formulations

Coatings with 1.00 and 6.0 wt. % PDMS were cast using P1-g-PDMS 5K. Of the 1.00 and
6.0 total wt. % PDMS content, 32% of the PDMS was from free silicone oil. Examples of the
calculations performed to determine the amount of each component needed to achieve the desired
PDMS content in the final coatings can be found in Appendix B. The performance of the coatings
using water as a test liquid was evaluated by contact angle analysis.
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3.6.3

Contact Angle Analysis

The contact angle was determined using 5 µL water droplets, while the sliding angle was
determined using 15 µL droplets (table 3.17).

Table 3.17 Contact angle, sliding angle, and contact angle hysteresis of water droplets on P1-gPDMS coatings with 1.00, 6.0, 1.00-32%, and 6.0-32% wt. % PDMS
Angle (˚)
1.00 wt. %

6.0 wt. %

1.00-32% wt.
%

6.0-32% wt.
%

CA

106 ± 2

107 ± 1

108 ± 1

109 ± 2

SA

21 ± 3

17 ± 2

14 ± 4

13 ± 3

CAH

6±3

7±2

3±2

4±2

The silicone-infused NP-GLIDE coatings showed a higher contact angle, lower sliding
angle, and lower contact angle hysteresis than their counterparts without free silicone oil. Although
there was no significant difference in contact angle found between the 1.00-32% coating and the
6.0-32% coating, the 1.00-32% coating appeared very clear while the 6.0-32% coating appeared
slightly cloudy. More work can be done in future to optimize the amount of free silicone oil that
can be infused into the NP-GLIDE coatings.
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3.6.4

Influence of Infusing Free Silicone Oil into NP-GLIDE Coatings

NP-GLIDE coatings have difficulty sliding water because PDMS is not miscible with water
and the chains retract into their respective nanopools when exposed to water. This means that the
water has more contact with the solid polyurethane surface, which offers more resistance to the
motion of the water droplets. Adding free silicone oil into the coatings helps improve water sliding
for two reasons. First, the addition of free silicone oil increases the surface coverage of PDMS.
Second, because the free silicone oil is not tethered to the polyurethane matrix, the SO chains have
no nanopools to retreat into and would stay on the surface even when exposed to water. Overall,
the addition of free silicone oil further improves the water sliding ability of the NP-GLIDE coating.

Figure 3.27 Schematic of (a) traditional NP-GLIDE coating and (b) silicone-infused NP-GLIDE
coating70

67

Chapter 4
Conclusions

4.1

Optimization of NP-GLIDE Coatings

P1-g-PDMS graft copolymers were synthesized using PDMS with molecular weight 1.00
× 103, 5.0 × 103, and 10.0 × 103 g mol-1. The polymers were used to form completely clear
omniphobic coatings containing 2.00 and 6.0 wt. % PDMS. These coatings were able to repel both
water and oil, and readily shrank ink and paint. When the dewetting properties of the three polymer
formulations were compared, it was found that the 5K sample performed the best in terms of liquid
sliding angles, contact angle hysteresis, and paint shrinking. The 1K coatings likely did not have
a thick enough PDMS brush layer to fully cover the surface and had a harder time sliding some test
liquids as well as contracting paint. The 10K coatings had too high PDMS viscosity for a liquidlike surface to be formed. The lower chain mobility of the more viscous PDMS 10.0 × 103 g mol-1
resulted in a more solid-like surface that could not slide liquids as well as the 5K coatings could.
This study showed that PDMS 5.0 × 103 g mol-1 was the optimal molecular weight for the NPGLIDE coatings.

Further studies were performed to determine the optimal PDMS content of the NP-GLIDE
polyurethane coatings. Coatings with 0.50, 1.00, 2.00, and 6.0 wt. % PDMS were compared using
P1-g-PDMS 5K. Coatings with 1.00 to 6.0 wt. % PDMS showed good liquid sliding performance
and ink and paint shrinking ability. A higher PDMS content in this range gave slightly better
contact angles, sliding angles, and contact angle hysteresis.
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When the PDMS content was

decreased to below 1.00 wt. %, the contact angle, sliding angle, and contact angle hysteresis were
much worse. This is likely because the density of PDMS on the surface is not high enough for full
coverage. The coatings with 0.50 wt. % PDMS were unable to shrink ink or be wiped clean with
a Kimwipe. The 0.50 wt. % PDMS sample was also unable to contract paint.

Finally, the NP-GLIDE coating was infused with free silicone oil in an attempt to combine
the SLIPS method with our own system. The mixture of grafted PDMS and free silicone oil results
in a coating with improved water sliding abilities that maintains the durability of the traditional NPGLIDE coating. Coatings with 32% of the total PDMS content from free silicone oil were
compared to traditional NP-GLIDE coatings. The coatings that had free silicone oil showed better
sliding angles for water with both 1.00 and 6.0 wt. % PDMS, and lower contact angle hysteresis.

4.2

Significance of This Work

Omniphobic coatings have been of great interest in recent years due to their many potential
applications.17,

49, 51, 79-81

When optically clear, these coatings can be used for touch screen

electronics, self-cleaning windows, anti-graffiti purposes, or many other possibilities. Making
coatings that are transparent, wear-resistant, and omniphobic is difficult, but the NP-GLIDE
coatings match all these criteria. Where the NP-GLIDE coatings have had difficulty in the past is
in sliding water. The immiscibility of PDMS with water causes the chains to retract into their
nanopools and expose the PU matrix. The solid-liquid interface does not slide water as easily as a
liquid-liquid interface would. By using a lower molecular weight P1 and by optimizing the PDMS
chain length and content, the water sliding angle has been reduced from a previously reported 39 ˚
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for a 15 µL droplet on the traditional NP-GLIDE coating with 6.0 wt. % PDMS to 17 ˚.71 Infusing
the coating with free silicone oil has shown even further improvement on the water sliding angle.

4.3

Future Work

Further study of the optimal PDMS chain length and content can be performed with respect
to the epoxy-based system and the waterborne coating systems. Further investigation can also be
performed looking into decreasing the polyol backbone chain length. With shorter polyol chain
lengths, the PDMS should be able to undergo surface stratification more easily. This should
improve the dewetting properties of the coating.

More work can also be done looking at the infusion of free silicone oil. The 6.0 wt. %
PDMS coating with 32% free silicone oil was not completely transparent. Further investigation
into the optimal ratio of grafted PDMS to free silicone oil can be done, since using less free silicone
oil should reduce the macrophase separation between the silicone oil and grafted PDMS that causes
the reduction in transparency.
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Appendix A
P1 and P1-g-PDMS Composition

Performing fractionation of the polyol prevented the use of the feeding ratios to determine
the composition of P1. The composition was instead determined using NMR. From figure 3.6,
NMR spectrum of P1 in DMSO-d6 at 300 MHz, we can easily distinguish the styrene peak at 6.807.40 ppm and the HEMA OH peak at 4.50-4.90 ppm. The ratio of these two peaks can be seen in
table A1.

Table A1 Peak information for styrene aromatic H and HEMA OH from NMR spectra of P1 in
DMSO-d6
Compound
Styrene
HEMA

Shift (ppm)
6.80-7.40
4.50-4.90

Integration
3.17
1.00

#H
5
1

Int/H
0.634
1.00

The BMA and MMA peaks are easier to distinguish using figure 3.3, NMR spectrum of
P1 in CDCl3 at 300 MHz. The ratio of the styrene peaks in the two spectra was 0.634:2.26, so
each peak in table A1 was multiplied by 0.281 to set them on an equal integration scale.

Table A2 Peak information for styrene, BMA, and MMA from NMR spectrum of P1 in CDCl3
and integration comparable to DMSO-d6 spectrum
Compound
Styrene
BMA
MMA

Shift (ppm)
6.80-7.40
3.93
3.35-3.65

Integration
11.30
2.62
6.60
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#H
5
2
3

Int/H
2.26
1.31
2.20

Relative Int
0.634
0.367
0.617

Table A3 Molar fraction of each monomer
Compound
Styrene
BMA
MMA
HEMA
Total

Int/H
0.634
0.367
0.617
1.00
2.618

Mol fraction
0.242
0.382
0.140
0.236

The number of moles of styrene was determined using FOEMA as an internal standard.
18.4 mg of FOEMA was mixed with 19.6 mg of P1 in CDCl3. The number of moles of FOEMA
(NF) were known, so the number of moles of styrene (NS) could be determined by comparing the
FOEMA peak integration (SF) with the styrene peak integration (SS). From figure 3.4, NMR
spectrum of P1 with FOEMA internal standard in CDCl3 at 300 MHz, we know that the FOEMA
peak has an integration of 1.00 and the styrene peak has an integration of 5.65.
𝑁9 = 18.4 mg ∗

1g
1 mol
∗
= 0.0346 mmol
1000 mg 532.2 g

𝑁( = 0.0346 mmol ∗

5.65/5H
= 0.0391 mmol
1.00/1H

Since the ratio of HEMA to styrene was 1.00:0.64, NHEMA = 0.0611 mmol.
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The P1 repeat unit of 68 was calculated by dividing the Mn determined by GPC by the repeat unit
molecular weight (𝑚
I) (equation 1).
𝑛=
=

=

𝑀L
𝑚
I

(1)

𝑀L
(𝑓NOP- )(𝑚NOP- ) + (𝑓PP- )(𝑓PP- ) + (𝑓QP- )(𝑓QP- ) + (𝑓(RS )(𝑓(RS )

8.0 ∗ 10T
(0.38)(130.14) + (0.24)(100.12) + (0.14)(142.2) + (0.24)(104.15)
= 68

where f is the molar fraction and m is the molar mass of each monomer.

Similarly, the PDMS repeat unit (m) was determined by dividing the PDMS molecular
weight by the monomer molecular weight.
1K

𝑚=

1000
= 14
74

5K

𝑚=

5000
= 68
74

10K

𝑚=
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10000
= 135
74

The molar fraction of PDMS in each P1-g-PDMS polymer was determined by finding the
ratio of the integration of the styrene and PDMS peaks (taking into account the PDMS repeat unit
associated with the PDMS peak) and multiplying it by the molar fraction of styrene (0.242).
Styrene Integration/#H

PDMS Integration/
(#H*m)

1K

0.85 / 5 = 0.17

1.00 / (6*14) = 0.012

= 0.242 ∗

0.012
= 0.017
0.17

5K

0.67 / 5 = 0.13

1.00 / (6*68) = 0.0025

= 0.242 ∗

0.025
= 0.005
0.13

10K

0.55 / 5 = 0.11

1.00 / (6*135) = 0.0012

= 0.242 ∗

Mol fraction PDMS

0.0012
= 0.003
0.11

The mass fraction of PDMS in the crude and purified P1-g-PDMS polymers was also
determined using NMR by comparing the styrene peak integration and the PDMS peak integration.
wt. % PDMS =
Styrene
PDMS
Integration Integration

5K
crude

0.18

1.00

]^_`] ∗a^_`]
∗b^_`]
a^_`]
]^_`] ∗a^_`]
]] ∗a^_`]
e]
∗b^_`] c d
∗
o
a^_`]
a]
efgg hifjklmn]

1.00 ∗ 6
∗ 74
6
=
1.00 ∗ 6
0.18 ∗ 6 104
∗ 74 + p 5
∗ 0.17q
6
= 0.36

5K
pure

0.67

1.00 ∗ 6
∗ 74
6
1.00 ∗ 6
0.67 ∗ 6 104
q
∗ 74 + p
∗
6
5
0.17

1.00

= 0.13
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Appendix B
P1-g-PDMS Coating Formulations
The ratio of P1: commercial polyol: HDIT was controlled to obtain sample coatings that
were 30 µm thick. The ratio of P1: commercial polyol was also controlled to obtain coatings with
the desired PDMS content.

Slide area (A): 2.54 cm × 2.54 cm = 6.4516 cm2
Target thickness (D) = 30 µm = 3.0*10-3 cm
Polymer density (ρ) = 1.20 g/cm3

Polymer mass/slide = A * D * ρ
= (6.4516 cm2)(3.0*10-3 cm)(1.20 g/cm3)
= 23.2 mg/slide

Calculation for 8 slides of P1-g-PDMS 5K with 6.0 wt. % PDMS

mpolymer = (23.2 mg/slide) * (8 slides) = 185.6 mg
mPDMS = mpolymer * wt. % PDMS = 185.6 mg * 0.060 = 11.1 mg
mP1-g-PDMS = mPDMS / fPDMS = (11.1 mg) / (0.13) = 85.4 mg P1-g-PDMS

(fPDMS = mass fraction of PDMS)

mtotal polyol = mP1-g-PDMS - mPDMS = 85.4 mg – 11.1 mg = 74.3 mg
(mcomm polyol + mtotal polyol) * (1 + 0.65 * 0.8) = mpolymer – mPDMS

(65 mg HDIT/100 mg polyol, HDIT is 80%)

mcomm polyol + 74.3 mg = (185.6 mg - 11.1 mg) / (1.52) = 114.8 mg
mcomm polyol = 40.5 mg commercial polyol
mHDIT = (mpolymer – mPDMS) / 1.52 * 0.65 = 114.8 * 0.65 = 74.6 mg HDIT
80

Vtotal = mtotal/(m/slide)*0.5 mL = 185.6 mg / 23.2 mg * 0.50 mL = 4.0 mL
Vsolvent = Vtotal – mtotal – (VHDIT * 0.20) = 4.0 mL – 0.1856 mL – (0.0746 mL * 0.20) = 3.8 mL
VDMF = 3 * Vmass total = 3 * 0.1856 ≈ 3 * 0.20 = 0.60 mL DMF
VButanone = (Vsolvent – VDMF) / 3 = (3.8 mL – 0.60 mL) / 3 = 1.07 mL butanone
VDMC = Vsolvent – VDMF – VButanone = 3.8 – 0.60 – 1.07 = 2.13 mL DMC

When infusing the coating with free silicone oil, the ratio of P1: commercial polyol: SO
needed to be controlled to obtain coatings with the desired PDMS content.

Table A4 Labelling of Unknowns
Compound
P1-g-PDMS
Polyol
HDIT
SO

Amount (mg)
x
y
z
t

C = MWHDIT / 3 eq = 168.2 g/mol

A=B:
mass fraction HEMA * 1 g = 0.42 * 1 g = 0.42 g HEMA
nHEMA = 0.42 g / 130.14 g/mol = 3.23 * 10-3 mol
A = 1 g / 3.23 * 10-3 mol = 309.8 g/mol

P1-g-PDMS = x * (1 – fPDMS)
Polyol = y
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Equivalence (g/mol)
A
B
C

𝑥 ∗ (1 – 𝑓PDMS ) 𝑦
𝑧
+ =
𝐴
𝐵
𝐶 ∗ 1.2
𝑃𝐷𝑀𝑆R|R}~% =
𝑆𝑂% =

𝑥 ∗ 𝑓•€P( + 𝑡
𝑥+𝑦+𝑧+𝑡
𝑡

𝑥 ∗ 𝑓•€P( + 𝑡

Calculation for a P1-g-PDMS coating with 6.0-32% wt. % PDMS:

Let y = 100 mg
fPDMS for P1-g-PDMS 5K = 0.13

Using equation 2:
𝑥 ∗ (1 – 0.13)
0.100 g
𝑧
+
=
309.8 g/mol
309.8 g/mol
168.2 g/mol ∗ 1.2
𝑥 = 1.77 ∗ 𝑧 − 0.11
𝑧 = 0.56 ∗ 𝑥 + 0.11

If we want 32% of the total PDMS content to be from free silicone oil, using equation 4:
0.32 =

𝑡
𝑥 ∗ 0.13 + 𝑡

0.04𝑥 + 0.32𝑡 = 𝑡
𝑡 = 0.06𝑥
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(2)
(3)
(4)

If we want the total PDMS content to be 6.0 wt. %, using equation 3:
0.060 =
0.060 =

𝑥 ∗ 0.13 + 𝑡
𝑥 + 0.100 + 𝑧 + 𝑡

0.13𝑥 + 0.06𝑥
𝑥 + 0.100 + (0.56𝑥 + 0.11) + 0.06𝑥

0.060 =

0.19𝑥
1.56𝑥 + 0.21

𝑥 = 0.131 g
Solving for z:
𝑧 = 0.56𝑥 + 0.11 = 0.56 ∗ 0.131 + 0.11 = 183 mg
We must also account for the fact that HDIT is in solvent:
183 mg / 0.80 = 228.8 mg

Solving for t:
𝑡 = 0.06𝑥 = 0.06 ∗ 0.131 g = 8 mg

Filling in our previous table:

Table A5 Components of Silicone-Infused NP-GLIDE Coatings
Compound
P1-g-PDMS
Polyol
HDIT
SO

Amount (mg)
131
100
289
8

Equivalence (g/mol)
309.8
309.8
168.2

The volumes of solvent needed are calculated the same way as demonstrated previously
for the P1-g-PDMS 5K coating with 6.0 wt. % PDMS.
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