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Abstract 

        Omniphobic or anti-smudge surfaces require good mechanical durability to ensure that they are 

suitable for practical applications.  In general, the abrasion resistance of a surface depends on its hardness.  

However, when a coating is very hard, it is usually brittle and lacks flexibility.  New coating materials that 

impart high degrees of hardness and flexibility without sacrificing the excellent anti-wetting properties and 

optical transparency would have many potential applications.  However, the fabrication remained an elusive 

goal.   

       Reported herein is a molecular composite that combines these desirable properties.  The composite is 

prepared via the photo-initiated cationic ring-opening polymerization of the epoxide rings of 

glycidyloxypropyl polyhedral oligomeric silsesquioxane (GPOSS).  While the desired hardness is rendered 

by the silica core of GPOSS, the flexibility is imparted by the glycidyloxypropyl network.  In addition, oil 

and water repellency is achieved without adversely affecting the other properties by incorporating into the 

coating a low-surface-tension liquid lubricant polydimethylsiloxane.  Various organic solvents and water 

readily and cleanly glide off the final coating, while complex fluids such as ink and paint facilely contract 

on this surface.  These properties are retained after an initially flat coating sample is rolled into a U-shape 

500 times or is abraded with steel wool.  While the reported coatings have various applications, the insight 

gained from the research will also facilitate the design of other analogous materials.    

        This thesis also reports the preparation of such a flexible hard omniphobic coating via the thermal 

curing of another formulation.  The formulation consists of blends of poly(ethylene-alt-maleic anhydride)-

graft-polydimethylsiloxane (PEMA-g-PDMS) and cycloaliphatic epoxy-functionalized oligosiloxanes 

(CEOS).  The anti-wetting agent of polydimethylsiloxane (PDMS) was covalently attached to 

poly(ethylene-alt-maleic anhydride) (PEMA) via the reaction between the terminal amine group of PDMS 

and maleic anhydride group of PEMA.  The resultant grafted polymer was further heat-cured with the 

chemically blending of cycloaliphatic epoxy-functionalized oligosiloxanes (CEOS).  Only 2.8 wt% of 
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polydimethylsiloxane (PDMS) existing in the coating matrix can impart the anti-smudge properties.  Test 

liquids with various surface tension such as water, hexadecane, dodecane can easily slide off the 

omniphobic surface without leaving a residue.  Moreover, the improvement of the coating matrix hardness 

can significantly increase its omniphobic durability.  This coating is also transparent, foldable and has good 

adhesion to a flexible poly(ethylene terephthalate) (PET) substrate. 
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Chapter 1 

Introduction 

1.1 Research Objectives and Organization of the Thesis 

        Surfaces that are able to repel both high and low surface tension liquids (water and cooking oils, 

for example) have potential applications including self-cleaning,1 anti-fouling,2 anti-corrosion,3 fog 

harvesting,4 and anti-icing5.  Recent advances in the theoretical and experimental studies of liquid-

repellent surfaces permit coating materials with excellent omniphobic properties (oil and water 

repellency).  However, the reported omniphobic coating systems such as superomniphobic surfaces, 

SLIPS (slippery liquid infused porous surfaces) as well as monolayer coatings suffer from poor 

mechanical durability and transparency issue.  Furthermore, the omniphobic coatings that possess 

polymer-like flexible and glass-like resistance have never been reported.  

       This thesis focuses on designing transparent, flexible and wear-resistant omniphobic coatings, 

and these coatings show promise in the protection of foldable touchscreens.  Chapter 2 will discuss 

the design and preparation of a UV-curable omniphobic coating that is transparent, flexible, and wear 

resistant (as tested by steel-wool).  In Chapter 3, the fabrication of a heat-curable transparent and 

flexible omniphobic coating that can retain the anti-smudge properties even when abraded by 9H 

pencil will be discussed.  In Chapter 4, conclusions and the proposed future work will be provided.  

To facilitate reading, I will review in Chapter 1 the design parameters for and the development of the 

anti-wetting surfaces.  The theories and quantitative characterization of surface wetting, as well as 

strengths and limitations of current anti-wetting surfaces will be discussed.  Furthermore, methods 

for enhancing the hardness of anti-wetting coatings, as well as the design criteria and fabrication of 

flexible hard coatings will be presented.  
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1.2 Introduction to Surface Wetting 

        Wetting arises from the intermolecular interactions between a liquid and a solid surface in 

contact.  Non-wettable surfaces, as special cases of the wetting phenomenon, are adopted by many 

living organisms.  Lotus leaves (Figure 1.1a and 1.1b),6-9 non-wetting legs of a water strider (Figure 

1.1c and 1.1d)10, 11 and backs of desert beetles (Figure 1.1e and 1.1f)12 feature rough surfaces and 

display excellent water repellency.  For example, lotus leaves are considered to be superhydrophobic 

(extreme water repellency) with high water contact angle (> 150º) and low contact angle hysteresis 

(a difference between the advancing and receding angles) (< 5º).  Thus, rain drops can easily roll off 

the lotus leaf surfaces, carrying with them dust particles.  The self-cleaning properties of lotus leaves 

rely on the hydrophobic wax as well as two-tier (micro and nano) roughness presented by wax bumps 

and needles.   In addition to rough surfaces, nature provides an alternative way to build anti-wetting 

surfaces that do not rely on the microtextural roughness directly.  Rather, the void spaces among the 

protrusions are filled with a liquid such as that found in pitcher plants (Figure 1.1g and 1.1h).  Pitcher 

plants can slide off insects easily due to the drastically reduced friction between a liquid (water or 

nectar) infused surface and the insect feet.13   
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Figure 1.1 Anti-wetting surfaces in nature. (a) Lotus leaves show self-cleaning properties, note that 
dust is accumulated in the water droplet at the center of the leaves.  Reprinted from Z. Wang et al., 

J. Mater. Chem. 2008, 18, 621. (b) SEM image of the surface structures on the lotus leaf.  Reprinted 
from C. Neinhuis et al., Planta 1997, 202, 1. (c) An adult water strider Gerris remigis.  Reprinted 
from J. Bush et al., Nature 2003, 424, 663. (d) Scanning electron microscope images of the fine 

nanoscale grooved structures on a seta of the leg.  Reprinted from L. Jiang et al., Nature 2004, 432, 
36. (e) Adult female, dorsal view of the desert beetle Stenocara sp; peaks and troughs are evident on 

the surface of the elytra and (f) scanning electron micrograph of the textured surface of the 
depressed areas.  Reprinted from C. R. Lawrence et al., Nature 2001, 414, 33. (g) Nepenthes pitcher 
and (h) peristome morphology.  Reprinted from W. Federle et al., Proc Natl Acad Sci U S A 2004, 

101, 14138. 

  

1.3 Theory of Wetting 

1.3.1 Static Wettability 

        The static wettability of a liquid on a surface is quantitatively measured by the contact angle.14  

The contact angle of a liquid is sensitive to various parameters such as surface polarity,15 surface 

roughness16 and surfaces heterogeneity.17  

        For a smooth surface with chemical homogeneity  (Figure 1.2A), the equilibrium contact angle 

relies on the surface energy balance between the solid-air, liquid-air and solid-liquid interfaces, as 

described by Young’s equation18: 

cos 𝜃& 	= 	
)*+,	)*-

)-+
                       (1) 
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where θE is the equilibrium contact angle and γSA, γSL and γLA represent the solid-air, solid-liquid and 

liquid-air interfacial tension, respectively.  

        According to Young’s equation, surfaces with lower surface energy tend to display higher 

contact angles and vice versa.  Zisman et al reported that surface energy decreases in the order 

CH2>CH3>CF2>CF3.19  A smooth Teflon surface was reported with the highest water contact angle 

in the range of 120º.20   However, theoretically perfect smooth surfaces is hard to achieve.  When a 

liquid contacts a textured surface (Figure 1.2B), surface could be either in the fully wetted Wenzel 

state21 or in the Cassie-Baxter state.22  For a rough surface with chemically homogeneity, the contact 

angle is defined by Wenzel equation21:  

cos 𝜃∗ 	= 𝑟 cos 𝜃                           (2) 

where θ* represents the apparent contact angle on the rough surface, r represents the surface 

roughness and θ represents the equilibrium contact angle on a smooth surface which is determined 

by Young’s equation.  Liquids do not easily roll off textured surfaces in the Wenzel state due to its 

high liquid-solid contact area and high contact angle hysteresis.23  

        The Wenzel model is not suitable for surfaces with high porosity (or chemically heterogeneous 

surfaces).  Therefore, Cassie and Baxter proposed that the superhydrophobicity can be affected by 

the composite interface of solid and vapor pocket trapped underneath the liquid (Figure 1.2C):22  

cos 𝜃∗ 	= 	 𝑓1 cos 𝜃1 + 𝑓3 cos 𝜃3               (3) 

where f1 represents the fractional surface area for component 1 with contact angle θ1, and f2 represents 

the fractional surface area for component 2 with contact angle θ2.  If air is trapped beneath the water 

droplets with the fraction area of f2, the water CA θ2 will be 180º.  Since cos 𝜃3	equals -1, the equation 

3 can be transformed into the Cassie-Baxter equation22: 

cos 𝜃∗ 	= 	 𝑓1 cos 𝜃1 − (1 − 𝑓1)                 (4) 
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        From the Cassie-Baxter equation, the contact angle θ* is always higher for a porous surface than 

a smooth surface since air is trapped beneath the test liquid.  In contrast to the Wenzel model, the 

Cassie-Baxter equation allows the contact angle θ* to be higher than 90º even though the CA of the 

corresponding smooth surface is less than 90º.   

 

 

Figure 1.2 Model of wetting mechanisms. (A) Young’s equation. (B) Wenzel model. (C) Cassie 
model. (D) Schematic of a droplet showing the terms used in the Furmidge equation (4), see below. 

Reprinted from Y. Lai et al., Small 2017, 13, 1602992. 

 

1.3.2 Dynamic Wettability 

        The sliding angle and contact angle hysteresis are used to evaluate the dynamic wettability of 

surfaces.  Sliding angle is the minimum angle that a droplet with a certain size can slide off the 

inclined surface without leaving a trace.  As shown in Figure 1.2D, contact angle hysteresis (Δθ) is 

the difference of dynamic advancing (θA) and receding angles (θR), where the advancing angle is the 

maximum contact angle of a droplet advancing over the surface and receding angle is the minimum 

value of a liquid being dewetted from the surface.24   
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        The contact angle hysteresis can be calculated from the Furimidge relation: 

sin 𝛼 	= ;)-+
<=

	(cos 𝜃> − cos 𝜃?)                          (4) 

where α is the sliding angle, m, w, γLA stand for the weight, width and surface tension of a liquid 

droplet, respectively, and g is the gravitational acceleration.  From the Furimidge relation, the sliding 

angle decreases with a decrease of the contact angle hysteresis.  Small contact angle hysteresis and 

sliding angle means droplets have low adhesion on an inclined surface and can be easily slid off. 

1.4 Different Approaches to Anti-Wetting Surfaces 

1.4.1 Wetting on Textured Surfaces  

        Superomniphobic surfaces display high contact angles (> 150º) and low contact angle hysteresis 

(< 5º) with oil and water.  Lotus leaves are famous for their superhydrophobicity resulting from the 

combination of hydrophobic epicuticular waxes and hierarchical structure.  However, organic liquids 

can easily spread on the lotus leaves due to their lower surface tension (γLA < 30 mN/m) compared 

with water (γLA = 72 mN/m).25    Without the help of micro and nanoscale surface roughness, the 

highest contact angle of a smooth Teflon surface is approximately 120º.20  In order to build the 

relatively stable Cassie state with oil, low surface energy species such as perfluorinated compounds 

and surfaces with high porosity such as re-entrant,1, 26 hoodoo-like,27 hierarchical28-30 and doubly re-

entrant31, 32 structures were developed.   

1.4.1.1 Example of Superomniphobic Surfaces 

        Although a lot of successful examples of superomniphobic surfaces have been reported, 

developing a super-repellent surface against ultralow surface tensions droplets (< 20 mN/m) with a 

sliding angle of ~ 0º remains challenging.   Caruso et al reported a bottom-up procedure to prepare 

this type of surface using a coating solution consisting of fluorosilanes (PFTS), n-butyl cyanoacrylate 

(n-BCA) and dichloropentafluoropropane.33  Once the coating solution was sprayed on 

polydimethylsiloxane (PDMS) discs, the locally multi-re-entrant hierarchical structures are formed 
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from the etched PDMS, as shown in Figure 1.3a and 1.3b. With hydration and condensation reactions 

of fluorosilanes and crosslinking of cyanoacrylate, the resulting surface possesses low surface energy, 

exhibiting high transparent (Figure 1.3e) and superior anti-wetting properties (Figure 1.3f).  The 

sprayed coating on the fabric surface shows super-repellency to ultralow surface tension liquids even 

to sub-10 mN/m with rolling off angles less than 10º.  This coating can retain its anti-wetting 

properties under harsh environments such as high temperature, mechanical scratching, abrasion, 

sonication and washing. 

 

Figure 1.3 Super-repellent transparent PFTS/BCA coatings. a,b, SEM images of transparent super-
repellent coatings. Scale bars, 50 and 5 µm, respectively. The insets show the contact of a 

millimeter-sized oil droplet with the coating (a) and the typical inverted hierarchical trapezoidal 
structure at the cross-section (b). Inset scale bars, 5 mm and 5 µm, respectively. c, Molecular 

structure of chemicals, n-BCA (left) and PFTS (right), used to form the coatings. The alkyl groups 
and the fluorinated segments are shown in blue and red, respectively. d, Liquids of different surface 

tensions that reside on the transparent coatings. Scale bar, 5 mm. THF, tetrahydrofuran; DMF, 
dimethylformamide. e, Film transmittance as a function of coating time. The inset shows nine 

transparent discs spray coated for different times (1-9 min) indicated by the numbers shown on the 
keyboard of a mobile phone display. Scale bar, 1 cm. f, The images illustrate an ultralow surface 
tension oil droplet (n-hexane, initial droplet radius R0 ≈ 1 mm) bouncing on a horizontally placed 

spraycoated substrate. Time intervals are ~6 ms. Scale bar, 5 mm.  Reprinted from F. Caruso et al., 
Nat Mater 2018, 17, 1040. 
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1.4.2 Wetting on Smooth Surfaces 

        Inspired by the Nepenthes pitcher plant that utilizes the lock-in liquids (water or nectar) as the 

repellent media,13 Azienberg et al invented the slippery liquid-infused porous surface(s) (SLIPS) by 

replacing the solid repellent media with a non-volatile, low surface tension lubricant (Figure 1.4).34  

Following the example of the Nepenthes pitcher plant, the surface chemistry of a porous substrate 

was artificially altered to make lubricants more easily wicked in and held stably by the substrate.  In 

comparison with superomniphobic coatings, immiscible test liquids can slide off the SLIPS surface 

with lower contact angle and comparable contact angle hysteresis.  The superior anti-wetting 

properties can be attributed to the defect free, smooth and low surface tension liquid-surfaces.  This 

liquid surface also imparts SLIPS with self-healing properties, as it can wick into the damaged sites 

by utilizing capillary forces.  Because the liquid is not as easily compressible as air, SLIPS shows 

better pressure stability compared with superomniphobic coatings.   

 

Figure 1.4 Design of SLIPS. Schematics showing the fabrication of a SLIPS coating by infiltrating 
a functionalized porous/textured solid with a low-surface energy, chemically inert liquid to form a 
physically smooth and chemically homogeneous lubricating film on the surface of the substrate. 

Reprinted from Aizenberg et al., Nature 2011, 477, 443. 

 

1.4.2.1 Example of SLIPS  

        Azienberg et al designed the stable SLIPS according to three criteria: (1) The lubricant must 

have good adhesion to the rough, porous or swellable substrate.  (2) The substrate needs to be 

preferentially wetted by the infused lubricant rather than test liquids.  (3) The infused lubricant and 
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test liquids should be immiscible.35  Based on these criteria, Jiang et al prepared anisotropic SLIPS 

with porous, directional and conductive (poly[4-(4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-

b’]dithiophen-2-yl)-alt-[1,2,5][3,4-c]pyridine] (PCDTPT) substrate (Figure 1.5a and 1.5b) and 

silicone oil lubricant with different viscosities.36  The directional, porous PCDTPT film was 

fabricated with a one step, freeze-drying method and silicon oil was spin-coated onto the film 

subsequently.  As shown in Figure 1.5c, the anisotropic surface wettability of water droplets was 

observed in the parallel and perpendicular directions of the slippery coating.  

 

Figure 1.5 SEM images of films prepared by directional freeze-drying using a 3 mg mL-1 PCDTPT 
solution. (a) Low-magnification image showing the directional structure of the film; (b) high-

magnification image showing that the film has a porous network structure. (c) SAs of water droplets 
(2 µL) on the porous films filled with silicone oil with different viscosities in both directions. 

Reprinted from L. Jiang et al., J. Mater. Chem. A, 2018, 6, 3414. 

 

 

1.4.3 Grafted Monolayer Surfaces 

        Grafting a near perfect liquid like monolayer on the substrate provides an alternative way to 

realize the superior anti-wetting properties.  Poly(dimethylsiloxane) (PDMS),25, 37-39 
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poly(perfluoropropylene oxide) (PFPO)40 and alkyl (decyl) chains41 are ideal candidates for this kind 

of surface because these low surface energy agents exist as low-viscosity liquids at room temperature.  

For example, due to the high flexibility and low glass transition temperature (Tg = -127°C)42, 43 of 

PDMS chains, the frictional coefficient of the surface decreases significantly once PDMS chains are 

uniformly grafted onto the substrate.  Also, the smoothness is critical to the dewettability of the 

surface towards various probe liquids.  Otherwise, the unfavorable Wenzel state can be formed with 

the increase of surface roughness, which has a negative effect on the surface dynamic dewettability.  

The covalent linking between the brush films and substrates make the monolayer surface more stable 

and durable.  Compared with SLIPS, miscible and immiscible liquids can easily slide off the grafted 

monolayer surface without losing the lubricant.   

1.4.3.1 Example of Grafted Monolayer  

        McCarthy et al proposed a novel procedure to prepare slippery omniphobic surfaces by acid 

catalyzed grafted polycondensation of dimethyldimethoxysilane (Figure 1.6a and 1.6c).25  By dip 

coating the glass substrate into the reaction solution of sulfuric acid and dimethyldimethoxysilane, a 

slippery omniphobic covalently attached liquid (SOCAL) of PDMS brush layer was formed within a 

few minutes at room temperature (Figure 1.6a).  As shown in Figure 1.6b, the SOCAL coating was 

extremely smooth with sub-nanometer scale roughness, which was crucially important for the 

dynamic dewettability.  The resultant film shows low contact angle hysteresis (< 2º) for a wide range 

of liquids with surface tension varing from 78.2 to 18.4 mN/m.  The prepared omniphobic surfaces 

show excellent durability at elevated temperatures and high stability at increased pressures. 
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Figure 1.6 (a) Preparation of the omniphobic Me2Si(OMe)2 derived SOCAL PDMS coating.  (b) 
Topographic image of the SOCAL coating on a silicon wafer.  (c) Formation of the SOCAL PDMS 

coating by rapid acid-catalyzed polycondensation of dimethyldimethoxysilane on a substrate 
surface. Reprinted from T. J. McCarthy et al., Angew. Chem. Int. Ed. 2016, 55, 244. 

 

1.4.4 NP-GLIDE Coating 

        Inspired by SLIPS and grafted monolayer coatings, a low surface tension lubricant such as 

perfluorinated polyether44 or PDMS45-49 was covalently grafted to one component of the polymer 

coating formulation.   The coating matrix is highly crosslinked, which was provided by a commercial 

polyurethane or epoxy coating to prevent the penetration of oil, water, marker ink and commercial 

paint.  The resulting coating is named NP-GLIDE, which represent the nanopools of a grafted 

lubricating ingredient for dewetting enablement.  The low surface tension PDMS that covalently 

attached to the polymer coating can undergo surface enrichment on the coating surface and 

microphase separation without sacrificing the transparency.  The surface stratified PDMS chains 

could wriggle or move around the tethering point to provide a liquid like surface, similar to that of 

the grafted monolayer system.  Additionally, the omniphobic coating is expected to be robust due to 

one end of the PDMS being covalently attached to the coating matrix. 
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1.4.4.1 Example of NP-GLIDE Coating 

        The Liu group has invented a UV curable NP-GLIDE coating formulation composed of a 

photoinitiator (2-hydroxy-2-methylpropiophenone), photo-crosslinker (trifunctional monomer with 

three double bonds) and anti-smudge agents (random copolymer bearing double bonds and PDMS 

side chain).48  We found that a high crosslinking degree is crucial to the anti-wetting properties by 

controlling the UV irradiation time.  As shown in Figure 1.7a and 1.7b, the highly crosslinked coating 

can prevent the adhesion and penetration of contaminants (hexadecane and commercial red paint).  

For this reason, patterned wettability can occur by controlling the irradiated and nonirradiated regions 

(Figure 1.7c).   

 

 

Figure 1.7 (a) Photographs showing the hexadecane slid down cleanly on a UV curable NP-GLIDE 
coating while spread on the uncoated glass substrate. (b) Photographs showing the contraction of a 
red paint on a UV curable NP-GLDIE coating, but the uncoated glass was covered by this paint. (c) 
Scheme of preparing of surfaces with patterned wettability by UV curing. Reprinted from G. Liu et 

al., ACS Appl. Mater. Interfaces 2017, 9, 25623. 

1.4.5 Comparison of Different Anti-Wetting Systems 

        For superomniphobic surfaces, low sliding angle and contact angle hysteresis arise from the 

small contact area and low adhesion between the liquid droplets and solid substrate.  The low adhesion 

can occur with low surface tension moieties such as expensive fluorinated species50, while the low 
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contact area can be achieved through the use of a rough surface comprised of air pockets51.  However, 

to fulfill these requirements a high fabrication cost and a series of complex fabrication procedures are 

needed.  At the same time, organic liquids with low surface tension can still penetrate the air pockets.  

For some superomniphobic surfaces, when in the presence of environmental (temperature or pressure) 

perturbation, oil easily sticks on the surface rather than rolling off.52  Superomniphobic surfaces can 

also easily lose their superior properties with defects, which arise from the mechanical abrasion or 

fabrication imperfection.53  

        SLIPS do not have the pressure instability issue because the contact media between the test 

liquids and the substrate is liquid rather than the composite solid-air interface.34  Superior dynamic 

dewettability arises from highly mobile liquid-like lubricant and the molecularly smooth interface.54,55  

However, the stability of SLIPS mainly comes from the large surface area of the porous surface and 

chemical affinity between the lubricant and substrate, as the lubricant is physically infused into the 

porous substrate without any covalent bonding.  In this case, the molecularly smooth lubricant layer 

would inevitably be lost with the depletion of lubricant.  The other problem of SLIPS is their 

selectivity for the test liquids.  The test liquids have to be immiscible with the lubricant otherwise 

they will stick on the SLIPS or withdraw lubricant while sliding. 

        As the lubricant of SLIPS is easy to evaporate or be washed off with test liquids, the grafted 

monolayer that shared similar principles with SLIPS shows better stability for the covalent linkage.  

However, preparation of near perfect monolayer is particularly challenging due to the heterogeneity 

of the substrate’s surface chemistry.  Once the substrate is not uniformly distributed with functional 

groups for further modification, high contact angle hysteresis will be observed.  Additionally, the test 

droplets tend to pin on the contaminated and damaged sites.37  

        NP-GLIDE coatings rely on the modification of commercial coatings with anti-smudge agents.  

The low surface tension anti-smudge agents tend to self-enrich on the coating surface and exhibit 

microphase separation with the coating matrix.  The transparency, superior dynamic oleophobicity, 
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and flexibility of the NP-GLIDE coatings make it highly promising for commercialization.  However, 

the hardness of traditional NP-GLIDE coatings is governed by the hardness of the polymer coating 

matrices.  Usually, the hardness is around 2 to 3 H (Pencil hardness) for traditional polyurethane and 

epoxy coatings.  If the smoothness of the coating surface is destroyed by mechanical abrasion, the 

sliding angle and contact angle hysteresis would increase and gradually transform into the Wenzel 

state.   

1.4.5.1 Comparative Study of Different Omniphobic Coating Systems in the Literature 

        A comparative study of the NP-GLIDE, silicone-infused NP-GLIDE (SINP-GLIDE), and pre-

SLIPS (rough superhydrophobic coatings) coatings prepared from identical precursors at different 

mixing ratios was performed by Liu group.56  The precursors included bisphenol A diglycidyl ether 

(DGEBA), Jeffamine, poly(glycidyl methacrylate)-graft-poly(dimethylsiloxane) (PGMA-g-PDMS), 

and in the absence or presence of a silicone oil mixture.  Superhydrophobic coatings were prepared 

by combining the pre-SLIPS formulation with a rough substrate.  The liquid (water, oil, ink and paint) 

repellency properties of these coatings were investigated and the results were as follows:  First, for 

water sliding performance, the SLIPS coating displayed the best, followed by the superhydrophobic 

coating.  The water sliding property of NP-GLIDE coatings could be improved with the addition of 

silicon oil to yield SINP-GLIDE coating.  Second, for oil or alkanes sliding performance, the NP-

GLIDE coating exhibited the greatest repellency with PDMS swelling organic liquids.  Third, for the 

most challenging anti-graffiti (Figure 1.8a and 1.8b) and anti-smudge properties (Figure 1.8c), 

superhydrophobic coating failed to repel marker ink and commercial paint.  SLIPS coating tended to 

repel marker effectively but could not repel the spray paint.  By quantitative analysis of the final blank 

area after the anti-paint test (Figure 1.8c), NP-GLDIE coatings exhibited the best de-wetting 

properties with only 8.8% final ink coverage fractional area. 
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Figure 1.8 Still frames from videos recorded during the (a) anti-ink and (b) erasing test and (c) anti-
paint test. From left to right, the coatings included the base epoxy, smooth 6.0–0% (the first number 

stands for total silicone mass fraction, including silicone oil and grafted PDMS, and the second 
number denotes the mass fraction of silicone oil among the PDMS and silicone oil components), 
6.0–48%, and 6.0–64% films, 30.0–60% rough coating and 6.0–64% SLIPS coating bearing 0.10, 

0.50, and 5.0 mg of silicone oil. Reprinted from G. Liu et al., J. Mater. Chem. A 2019, 7, 1519. 

 

        Another report from Tuteja group57 compared the mechanical durability of three omniphobic 

coating systems (textured surperomniphobic, lubricated omniphobic and Teflon AF based coatings).  

These coatings were prepared by blending a highly fluorinated polyhedral oligomeric silsesquioxane 

(F-POSS) filler with three polymer matrices that have different miscibility with F-POSS molecules.  

The first matrix, trimethylolpropane triacrylate (TMPTA), is immiscible with F-POSS such that F-

POSS molecules completely migrate from the polymer matrix to the upper surface yielding a loosely 

packed F-POSS to induce a textured superomniphobic coating, of which the liquid repellency can be 

easily destroyed by a mild mechanical abrasion.  The second matrix, a highly fluorinated polymer 

(Teflon AF), is completely miscible with F-POSS such that F-POSS molecules remained within the 

Teflon AF matrix and yield the worst mechanically durable coating, as the matrix itself is not an 
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inherently durable material.  Furthermore, an all solid, smooth, and highly liquid-repellent surface 

was designed by spin-coating the blends of highly fluorinated F-POSS and a partially fluorinated 

polyurethane (FPU).57  As shown in Figure 1.9a and 1.9b, the fabricated smooth omniphobic coating 

(FPU+30% F-POSS) was more abrasion-resistant than textured superomniphobic, lubricated 

omniphobic and Teflon AF-based surfaces.  Water and hexadecane can slide off the abraded smooth 

omniphobic surface easily without leaving any residue behind (Figure 1.9c), but this result could not 

be obtained on the other two surfaces.  The durability of the smooth omniphobic coating (FPU+30% 

F-POSS) results from the partial miscibility of the F-POSS and fluorinated polyurethane so that the 

low surface tension F-POSS can disperse within the composite film as well as the hardness 

enhancement by POSS. 
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Figure 1.9 Advancing/receding contact angles with (a) water and (b) hexadecane with increasing 
linear abrasion cycles for a textured superomniphobic surface, a lubricated omniphobic surface, a 
spin-coated film of Teflon AF (t ≈ 200 ± 50 nm), and one coat (t ≈ 290 ± 50 nm) or six coats (t ≈ 
1030 ± 40 nm) of the smooth omniphobic FPU+30% F-POSS coating. (c) ∼20 µL liquid droplets 
sliding on the abraded samples inclined at 45º. The ∼12.5 mm wide abraded track is located in the 

center of the 25 × 25 mm samples, perpendicular to the droplet sliding direction. Hexadecane 
readily wetted the superomniphobic and lubricated samples after 50 and 350 abrasion cycles, 

respectively, but slid readily on the smooth omniphobic coating even after 1000 cycles. However, 
ethanol, a polar low-surface-tension solvent, pinned irreversibly on the 1000 cycle abraded sample.  

Reprinted from A. Tuteja et al., ACS Appl. Mater. Interfaces 2018, 10, 11406. 

 

1.5 Hard and Flexible Omniphobic Coating 

1.5.1 The Importance of Mechanical Durability (Hardness) for Omniphobic Coatings 

        Hard coatings are highly desirable for omnophobic coating systems as their liquid repellent 

properties depend on the surface topography and surface chemistry, which are both very susceptible 

to mechanical abrasion.57  The superomniphobic surface is based on the re-entrant surface structures 
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and low surface tension moieties.  Once abraded, the surface topography (or roughness) will be 

destroyed such that it stops functioning as a liquid-repellent surface.58  In regard to the SLIPS coating, 

mechanical abrasion could result in the destruction of the porous substrate, and therefore the 

consumption of the infused lubricant.35  The durability of the grafted monolayer coating is dependent 

on the hardness and smoothness of the coating matrix, which easily yields defects due to the loss of 

the coating matrix and low surface tension moieties by wear.37  In a similar mechanism, NP-GLIDE 

coatings transitions from a smooth to rough surface, which corresponds to the undesired Wenzel state, 

upon abrasion.49  Nonetheless, the reported NP-GLIDE system is a polymer-based material, and the 

highest pencil hardness for such NP-GLIDE coating is ~2-3H.44, 46  This result is similar to the 

hardness of a fingernail and is not enough to withhold against more abrasive materials such as metal 

keys or steel wool.   

        The poor durability of the omniphobic coatings cause the surfaces to lose their anti-wetting 

properties permanently, which seriously limits their applications in practice.  Therefore, the 

enhancement of the wear-resistance of omniphobic coatings is very important if they are to be used 

for industrial application.  

1.5.2 The Importance of the Flexibility of the Coating Materials 

        The hardness of the omniohobic coating is important to the robustness of anti-wetting properties.   

However, when a coating material is very hard, it is usually brittle and less flexible, which makes it 

unsuitable for the protection of a flexible surface, like foldable display devices.59, 60  To develop a 

new coating material that exhibits high hardness and flexibility, and incorporates the excellent anti-

wetting properties and optical transparency remains an elusive goal. 

1.5.3 The Introduction of Flexible Hard Coatings 

        Flexibility and hardness are two traditionally incompatible mechanical properties, and it is 

difficult to achieve in a single coating material.  Steels and other metal alloys are considered as strong 

and flaw-tolerant materials, but they are opaque and therefore unsuitable as protective coatings for 
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display device.61  Ceramic materials exhibit sufficient hardness and wear resistance due to the strong 

ionic-covalent bonding between constitutive atoms.62  The limitation of the ceramics is their high 

brittleness, which is undesirable in designing flexible coatings.  Transparent polymer materials 

usually replace glass and metals in display panels, lightweight eyewear lenses and protective windows 

due to their excellent physical and optical properties.  Polymers materials exhibit elasticity due to the 

weak inter-chain bonding, however, they have poor scratch and abrasion resistance which limits their 

application for hard, flaw-resistant coatings.63  

        A popular method to combine the flexibility of polymer coatings with the durability and wear 

resistance of ceramics is to develop an organic-inorganic hybrid coating material.64  

1.5.4 Organic-Inorganic Materials from Nature Materials 

        Natural materials, such as bone, tooth, and nacre, exhibit superior mechanical properties because 

they are hybrid materials with the organics (protein) and inorganics (mineral) tightly interconnected 

at the nanometer scale.  As hybrid materials, the inorganic components provide the stiffness and 

support most of externally applied loads, while the organic components provide toughness and endow 

an excellent capacity for recovery after deformation.65  The nanoscale interconnection plays a key 

role to achieve their superior properties.  The nanometer sized inorganic components are expected to 

optimize the strength of the materials to their theoretical values, and impede the propagation of the 

cracks in the materials.  Figure 1.10 shows the nanoscale building blocks in biological materials such 

as in the enamel of tooth, dentin bone and shells.65  The interesting nanostructures of biological 

materials have inspired researchers to develop artificial inorganic-organic hybrid materials with novel 

mechanical properties. 
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Figure 1.10 Many biological tissues, such as tooth (a), vertebral bone (b), or shells (c) are made of 
nanocomposites with hard mineral platelets in a soft (protein) matrix. Enamel (d) is made of long, 

more or less needle-like crystals ~15-20 nm thick and 1,000 nm long, with a relatively small 
volume fraction of a soft protein matrix. Dentin and bone (e) are made up of plate-like crystals (2-4 

nm thick, up to 100 nm long) embedded in a (collagen-rich) protein matrix. The volume ratio of 
mineral to matrix is on the order of 1:2. Nacre (f) is made of plate-like crystals (200-500 nm thick 
and a few micrometers long) with a very small amount of soft matrix in between. Reprinted from 

Gao et al., Proc. Natl. Acad. Sci. U. S. A. 2003, 100, 5597. 

1.5.5 Introduction of Artificial Organic-Inorganic Nanocomposite Materials      

        Man-made organic-inorganic (O-I) nanocomposites can be traced back to over 20000 years ago 

in the frescoes found in prehistoric caves, and the hybrid clays that were used to make Chinese 

ceramics.66 

        The properties of the organic-inorganic hybrid materials do not originate from the sum of the 

individual contribution of each component, but also from the organic-inorganic interface generated.  

Based on the nature of interfacial interactions between organic and inorganic components, the hybrid 

materials are classified into two major categories.  Class I hybrid materials are where organic and 

inorganic components interact via weak chemical bonds (hydrogen bonds, Van der Waals or weak 
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electrostatic interactions).  In Class II materials, the organic and inorganic components are linked 

together through strong chemical bonds (covalent).67  Due to the thermodynamic incompatibility 

between the inorganic and organic, macrophase separation of the two components occurs when under 

weak bonding connections.  Therefore, the Class II materials with strong bonding connections are 

more likely to be a better candidate in developing durable coating materials. 

1.5.6 Fabrication Strategies of Wear Resistant Omniphobic Coatings 

        Attempts have been made to improve the wear resistance of the omniphobic coating via 

designing a robust coating matrix.  To improve the robustness of the coating matrix of an organic 

coating, large amounts of hybrid organic-inorganic materials has been explored, promoting the 

development of new materials for the applications in protective coatings.68  The most widely used 

methods include sol-gel chemistry69, and blending inorganic nanofillers in the coating matrices. 

1.5.6.1 Sol-Gel Process 

        Sol-gel chemistry is a cost-effective way to fabricate highly robust coating matrices.  The 

inorganic component of a coating is usually produced via the hydrolysis and condensation reactions 

of silicon alkoxides.  The omniphobic property is achieved by incorporating low surface energy 

moieties, such as fluoroalkylsilane, alkylsilane and PDMS onto coating surfaces. 

        Hozumi et al fabricated a transparent and hard zirconia (ZrO2)-based inorganic-organic hybrid 

coating film, with a liquid-like smooth surface (generated by highly branched fatty acids) providing 

the dynamically omniphobic properties.70  This hybrid film is based on the sol-gel reaction generating 

ZrO2-containing component, which is known for its transparency, high hardness and resistance to 

wear.  However, high content of the organic component that is incorporated into the hybrid coating 

leads to poor scratch resistance and low surface hardness.  To improve the wear resistance of the 

hybrid coating, an optimized procedure with much lower organic content was developed, such that 

the modified hybrid film exhibits considerably enhanced hardness and thermal stability with no 

sacrifice of the omniphobicity properties (Figure 1.11).  
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Figure 1.11 Smooth, transparent, and extremely hard zirconia (ZrO2)-based inorganic–organic 
hybrid films showing excellent dynamic oleophobicity, thermal durability, and hydrolytic stability 

were successfully prepared through a simple combination of zirconium tetrapropoxide 
(Zr(O(CH2)2CH3)4) with stearic acids. Reprinted from A. Hozumi et al., ACS Appl. Mater. 

Interfaces, 2013, 5, 7899. 

 

1.5.6.2 Blending Inorganic Nanofillers  

        Direct mixing of the inorganic filler into the polymer is a traditional way to improve the 

mechanical durability of the coating materials.  However, the effective dispersion of the inorganic 

nanofillers in the polymer matrix is very challenging. Because of the inherent thermodynamic 

incompatibility between the inorganic and organic components, the inorganic nanofillers tend to 

agglomerate, resulting in poor mechanical and optical properties of the composites.  To overcome the 

phase separation problem, methods including surface modification of inorganic nanofillers with 
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organic functional groups, and the encapsulation of inorganic nanofillers in a functional polymer shell 

were applied.  Among various nanofillers, polyhedral oligomeric silsesquioxanes (POSS) are 

particularly attractive, as POSS are hybrid nano-building blocks that contain both inorganic (cage 

core) and organic (functional groups attached the corners of the core) features. The structures of POSS 

are cage-like polysilsesquioxanes, whose other structures including random, ladder and partial-cages 

(Figure 1.12) that could be formed by varying the preparation conditions of the sol-gel process.71, 72 

 

 

Figure 1.12 Structures of polysilsesquioxanes. Reprinted from S. Kuo et al., Prog. Polym. Sci. 
2011, 36, 1649.  

 

 

        Unlike traditional inorganic fillers that mix with organic components at the microscale or 

nanoscale, POSS are molecular level organic-inorganic hybrids with well-defined structures.  The 

types and contents of the organic peripheries of POSS can be readily tuned to control properties such 

as solubility in solvent, compatibility with other polymers, and surface properties such as wettability, 

flexibility and adhesion.73, 74  For example, POSS could be blended or covalently linked to polymer 

chains to make various POSS polymer configurations, shown in Figure 1.13.  The inorganic rigid 
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core endows the POSS polymer composite with improved properties, such as thermal stability, 

chemical resistance and wear-resistance.   

 

Figure 1.13 POSS polymer-configurations. Reprinted from K. Raftopoulos et al., Prog. Polym. Sci. 
2016, 52, 136. 

 

       The utilization of POSS could improve the mechanical durability of the coating materials.57, 74-79  

Lin et al 79 reported a mechanically durable superomniphobic surface that was prepared by dip-

coating polyester fabric or a glass slide in a homogeneous dispersion.  The dispersion contained a 

mixture of fluorinated-decyl polyhedral oligomertic silsesquioxane (FD-POSS), fluorinated alkyl 

silanes (FAS, tridecafluorooctyl triethoxysilane) and ethanol, as shown in Figure 1.14.  After heat 

curing at 135°C for 30 min, the FD-POSS were embedded in the hydrolyzed FAS network to form a 

film that shows high transparency, super-liquid-repellency and self-healing properties.  Moreover, 

the coated fabric can endure at least 6000 cycles of abrasion damages (under 9 kPa and 12 kPa of 

pressure, Martindale method) without losing its super-liquid-repellent feature.  However, the 
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commercially unavailability of FD-POSS and the environmental concern of perfluorinated moieties 

have limited the widespread application of such coatings. 

 

 

 

Figure 1.14 a) Chemical structures of FD-POSS and FAS; b) picture showing the FD-POSS/FAS 
dispersion in ethanol; c) SEM images of the FD-POSS/FAS coated polyester fabric (inset SEM 
image of larger magnification); d) TEM image of the cross-sectional view of the coating layer; e) a 
photo of a glass slide coated with FD-POSS/FAS. Reprinted from T. Lin et al., Angew, Chem. Int. 
Ed. 2011, 50, 11433. 

 

1.5.7 The Fabrication of Flexible Hard Coatings 

        Hardness refers to the resistance of a coating material to plastic deformation when an indenter 

is pressed on it.  Flexibility is the coating’s ability to bend with the substrate and resistance to cracking 

during substrate bending.  A transparent coating material that has mutually antagonistic properties of 

a high degree of hardness and elasticity (or flexibility) is highly desired in many applications. 

1.5.7.1 The Criteria for Flexible Hard Coatings  

        The assessment criteria for “flexible hard coating” were proposed by Musil.80  A coating that 

exhibits high values of hardness H and relatively low effective Young’s modulus E*, so that the ratio 
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H/E* ≥ 0.1 and elastic recovery We ≥ 60% is considered flexible, hard and cracking-resistant 

simultaneously.  That is to say, the coating should have the ability to resist penetration as well as to 

deform elastically sideways rather than vertically under an indenter at the same time. 

        The values of hardness, H, effective Young’s modulus E* and elastic recovery We are provided 

directly by the load-displacement curves measured using nanoindentation.  A typical load-

displacement curve of nanoindentation consisting of loading (section A-B), holding (section B-C) 

and unloading (section C-D) segments is shown in Fig 1.15.81 

 

 

Figure 1.15 Schematic representation of load-displacement curve in nanoindentation 
testing.  Reprinted from C.-S. Han et al., Adv. Condens. Matter Phys. 2015, 2015, 1. 

 

        The nanoindentation hardness H is determined by  

𝐻 =
𝐹<BC
𝐴

 

where Fmax is the maximum applied indentation force and A is the projected contact area at peak force 

Fmax.  

        The effective Young’s modulus E* is calculated from the following equation: 
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𝐸∗ =
1 − 𝜈G3

1
𝐸H
−
1 − 𝜈I3
𝐸I

 

where Ei and vi are, respectively, the elastic modulus and Poisson’s ratio of the indenter, vs is the 

Poisson’s ratio of the specimen, and Er is the reduced elastic modulus, which is often obtained 

following Oliver and Pharr82 as 

𝐸H =
√𝜋
2𝛽

𝑆
√𝐴

 

in which S is the slope of the unloading curve at the maximum displacement point (hmax) and β is the 

tip geometry correction factor. 

        The elastic recovery, We, was determined from the ratio of the elastic work done to the total work 

done as follows83  

𝑊P =
𝑊Q

P

𝑊QIRP + 𝑊QP
× 100	% 

where 𝑊Q
IRP is the plastic work done during the indentation (equal to the area encompassed between 

the loading and unloading curves, shown as red area in Figure 1.15) and 𝑊Q
P is the elastic work done 

during the indentation (equal to the area encompassed by the unloading curve, shown as blue area in 

Figure 1.15). 

1.5.7.2 Examples of the Flexible Hard Coatings 

        Achieving combinations of flexibility and hardness by using a single material, that meets the 

requirement of H/E* ≥ 0.1 and We ≥ 60%, however, remains an outstanding challenge.  Additionally, 

combining these requirements with optical transparency complicates the situation.   

        So far, some success has been achieved on the design and synthesis of flexible and scratch 

resistant coatings by using initiated chemical vapor deposition (iCVD)84, magnetron sputtering 

deposition (MSD)80, 85 and sol-gel wet chemistry methods86, 87.  In contrast to the iCVD and MSD that 
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require specific equipment and have limited precursors yet yield poor optical transparency, sol-gel 

process provides a convenient and versatile way to synthesize transparent, flexible and hard coatings. 

        Recently, Bea et al 86 fabricated a UV-curable organic-inorganic hybrid nanocomposite that 

possessed glass-like wear resistance and plastic-like flexibility.  The structure of the coating is an 

epoxy-siloxane molecular hybrid (ESMH) as shown in Figure 1.16A.  The building blocks of the 

nanocomposite were mostly ladder-like cycloaliphatic epoxy-functionalized oligosiloxanes (CEOS) 

(Figure 1.16B) that are formed by a base-catalyzed sol-gel reaction of (2-(3,4-epoxycyclohexyl)ethyl) 

trimethoxysilane.  After two steps of UV irradiation and post moisture annealing (~ 85% humidity) 

treatment, CEOS would undertake cationic ring-opening polymerization by the active-chain end 

(ACE) and active monomer (AM) mechanisms (Figure 1.16C) to form a highly crosslinked hybrid. 

The abundance of H2O during the post moisture annealing increased the epoxy conversion from 55% 

to ~ 95%, as shown in Figure 1.16D.  They attribute the high hardness and flexibility of the coating 

to the nanoscale hybridization of the organic and inorganic phase, and the maximum chemically 

bonded at the intra/interphases.  Although such transparent coatings have excellent wear resistance 

and flexibility, the absence of anti-smudge properties limits such coating’s widespread applications, 

especially in the protection of the touchscreen of foldable devices. 
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Figure 1.16 Design concept of the ESMH. A) Schematic illustration of the ESMH consisting of 
nanosized siloxane molecules densely crosslinked by cycloaliphatic epoxy chains. B) 

Representative molecular structure of the CEOS (1: ladder-like structure, 2: partial cage, 3: cage). 
C) UV-initiated cationic ring-opening polymerization of cycloaliphatic epoxides by ACE and AM 
mechanisms with H2O molecules as the chain transfer agent. D) Epoxy conversion of the CEOS 

(mean value ± SD, N = 10) upon UV irradiation followed by annealing processes. Reprinted from 
B. S. Bae et al., Adv. Mater. 2017, 29, 1700205.     

 

1.6 Summary 

        In this chapter, first, the anti-wetting surfaces created naturally and prepared artificially, and the 

theories behind were systematically discussed.  The advantages and disadvantages of 

superomniphobic surfaces, SLIPS, the grafted monolayer as well as the NP-GLIDE coating were 

investigated.  Among these anti-wetting systems, NP-GLIDE coating is very promising for the 

commercialization due to its superior transparency, dynamic omniphobicity, and flexibility.  

However, the lack of mechanical durability has been an obstacle to the practical applications of 
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reported anti-wetting surfaces.  To develop mechanical durable coatings, the hardness of the coating 

matrices needs to be enhanced.  Subsequently, the fabrication of hardness enhanced coating matrices 

was discussed.  Furthermore, coatings that possess hardness and flexibility simultaneously have 

potential applications in protecting bendable surfaces.  One of the most suitable materials for the 

fabrication of flexible hard coatings is the organic-inorganic hybrid material.  The criteria for flexible 

hard coatings was presented.  A principle, namely, the organic and inorganic phases should be 

covalently bonded and hybridized at nanometer length scale at maximum, was concluded from the 

literature reviews for the design of flexible hard coatings.  This principle may promote the 

development of hard flexible NP-GLIDE coating with durable omniphobicity that will be presented 

in the following chapters. 
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Chapter 2 

Transparent Omniphobic Coating with Glass-Like Wear Resistance and 

Polymer-Like Bendability   

2.1 Introduction 

        Materials that are both wear-resistant and bendable are rare because hard inorganic materials are 

normally brittle and flexible polymer materials typically lack wear resistance.1  If such materials are 

also transparent, they can fulfil many applications.  For example, a polymer possessing these 

properties is said to be a key invention that led to the touchscreen for the Samsung Galaxy Fold 

smartphones.2  We report herein the development of a transparent polymer/inorganic hybrid coating 

that has a pencil hardness exceeding 9H and is simultaneously so flexible that a rectangularly-shaped 

sample of this composite on a poly(ethylene terphthalate) (PET) subtrate can be rolled into a tube.  

We further report the endowment of omniphobic or anti-smudge properties to the coating so that it 

repels water- and oil-borne contaminants, while complex liquids such as ink and paint facilely 

contract on its surface.3, 4   

        We note that naturally-occurring hard and tough (not brittle) materials consist mostly of 

inorganic/organic nanocomposites.  For example, nacre and human teeth are nanocomposites of 

proteins and minerals.5  They possess Young’s moduli E, a measure of a material’s resistance to 

elongation, close to those of the inorganic components because the inorganic nanophases bear most 

of the tensile loads.6  The composites are tough because the protein glues absorb much of the impact 

energy and cracks formed there do not readily propagate from one organic nanophase to another due 

to the intervening strong inorganic nanophase.6   

        Studies of non-trasparent metal alloys have revealed that the key criteria for hard and flexible 

alloys include not only high hardnesses H, resistance to penetration by an indenter, but also hardness-
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to-Young’s modulus (H/E) ratios exceeding 10%.7-9  In addition, they have we = ww/wp > 60%,7, 8  

where wp is the work done on a material by an indenter when it is pressed into that material and ww is 

work done on the indenter by the material when the indenter is withdrawn from that material.  A high 

we value is important because it suggests the material’s ability to undergo reversible deformation.  

Instead of confronting an indenter head-on, resulting in catastrophic failure, such a material deforms 

under an indenter and stores the work done by the indenter as elastic energy.  The latter is then mostly 

recovered once the indenter is removed from a depressed site.  Upon the further fulfilment of a high 

H/E value, the material would resist destructive piercing due to its high H value and deform laterally 

due to its low E value under a pressing indenter.10    

      

 

 
Figure 2.1 Structures of: a) ladder-like siloxane used by Bae and coworkers,9 b) GPOSS used in this 
study, c) the triphenylsulfonium salts, and d) PDMS-NH2.  Frame e) shows the process used to prepare 
the targeted coating. 

 

 

        The first synthetic inorganic/organic molecular composite that meets the above criteria has been 

recently reported.9  The composite is transparent and flexible and possesses a pencil hardness 

exceeding 9H.  The precurosor to the composite was a siloxane consisting of a ladder-like silica core 

and 3,4-epoxycyclohexyl ethyl groups that were attached to the Si atoms (Figure 2.1a).  The 
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composite was prepared via the ring-opening polymerization of the siloxane’s epoxide groups using 

photogenerated cations.11  Despite its superior properties, the preparation of the composite was 

somewhat complex.  The complete polymerization of the epoxide groups, which was essential for the 

targeted wear resistance, required first a photolysis step and subsequent exposure to air for 2 h at 85 

°C at a relative humidity of 85%.9  

        We obtained a hard flexible transparent coating from octa(3-glycidyloxypropyl) polyhedral 

oliogomeric silsesquioxanes (GPOSS) (Figure 2.1b).12  GPOSS was chosen because it was 

structurally similar to the afore-mentioned ladder-like siloxane.  While the nanocaged silica core was 

predicted to provide the hardness to the final coating, the 3-glycidyloxypropyl groups were 

anticipated to undergo cationic ring-opening polymerization11 and provide the desired flexibility.  

Moreover, GPOSS was commercially available.13  Our further hypothesis was that the crosslinking 

of the epoxide rings in GPOSS should be more facile than those in the ladder-like siloxane, firstly 

due to the reduced steric hindrance of the epoxide groups and secondly due to the flexibility of the 

ether and methylene linkages between the silica core and epoxide rings of GPOSS. 

        Although there have been publications on the crosslinking of GPOSS,14, 15 the mechanical 

properties of crosslinked neat GPOSS have not been reported.  The focus of previous work on GPOSS 

and other functional POSS compounds has been on their use as nanofillers to enhance the rigidity, 

wear resistance, glass transition temperature, anti-oxidation properties, and flammability resistance 

of polymers.16-18    

2.2 Experimental Section 

2.2.1 Materials 

        Photoinitiator triphenylsulfonium hexafluoroantimonate salts (mixed, 50 wt.% in propylene 

carbonate), butanone, butyl acetate, acetonitrile, and propylene carbonate were used as received from 

Sigma Aldrich.  Monoaminopropyl terminated poly(dimethyl siloxane) or PDMS-NH2 (95%, Mn = 

2.0 × 103 g/mol) was purchased from Gelest.  Glycidyloxypropyl polyhedral silsesquioxane (GPOSS) 
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was purchased from Hybrid Plastics, Inc.  Most of the POSS molecules possessed a core consisting 

of 8 silicon atoms and some also possessed a 10- or 12-silicon core.    

2.2.2 Synthesis of GPOSS-g-PDMS   

        GPOSS (1.00 g containing 6.0 mmol of glycidyl groups) and PDMS-NH2 (55 mg or 27.5 µmol) 

were refluxed at 110 oC for 1.5 h in 2.0 mL of butyl acetate before the mixture was cooled to room 

temperature and added into 14 mL of acetonitrile.   Centrifugation of this mixture at 1.30 × 104 rpm 

or 1.62×104 × g for 1 min settled the unreacted PDMS-NH2 and the supernatant containing unreacted 

GPOSS and GPOSS-g-PDMS as micelles was separated by decantation for future use.  A gravimetric 

analysis of the involatile content after solvent evaporation gave a reactant recovery rate of 98%.  A 

1H NMR analysis gave a mass fraction of 4.2% for PDMS in the final GPOSS and GPOSS-g-PDMS 

mixture.   

2.2.3 Coating Preparation   

        Pristine GPOSS (60 mg), 1.00 mL of the above GPOSS/GPOSS-g-PDMS mixture in butyl 

acetate/acetonitrile (containing 2.5 mg of PDMS and 57.5 mg of GPOSS), and 4.3 µL of the 

triphenylsulfonium hexafluoroantimonate salt mixture in propylene carbonate (3.0 mg of salt) were 

mixed with 0.20 mL of propylene carbonate to yield a homogeneous solution containing the GPOSS-

g-PDMS micelles.  To prepare a coating with a thickness of 50 µm, 0.42 mL of the above coating 

solution was cast on a 1.0’’× 1.0’’ glass slide.  After most solvent was evaporated overnight at 75 °C 

under gentle nitrogen flow, each coating sample was photolyzed for 5 to 30 min with a focused beam 

that had passed through a 274 nm cut-off filter but was originally from a 500-W mercury lamp. 

2.2.4 Coating Curing Kinetics  

        An ALPHA-Bruker attenuated total reflectance infrared (ATR-IR) spectrometer was used to 

follow the coating curing process.  For this study, the liquid coating formulation before photolysis 

was directly dispensed on the ATR crystal for analysis.  For analysis of samples that were photolyzed 
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for 5 and 10 min, the samples on glass plates were flipped upside down and placed on the ATR crystal 

for analysis.  

2.2.5 Characterization 

2.2.5.1 NMR Analyses  

        1H NMR analyses were performed using a Bruker Advance 300 MHz spectrometer with 

a relaxation delay of 3 sec.  Deuterated chloroform (CDCl3) was used as the solvent.  

2.2.5.2 Size Exclusion Chromatography   

        Size exclusion chromatography (SEC) analyses were performed on an Agilent instrument 

equipped with a Wyatt Optilab T-rEX refractive index (RI) detector.  Chloroform (containing 2.5 v% 

triethylamine) was used as the eluent at a flow rate of 1.00 mL/min.  The columns (MZ-Gel SDplus) 

were packed with beads possessing nominal pore sizes of 500, 10000 and 100000 Å, respectively.  

The SEC system was calibrated with narrowly dispersed polystyrene standards. 

2.2.5.3 AFM Analyses   

        For morphological analysis by atomic force microscopy (AFM) of the cross sections of the 

coatings, a coating was first detached from a glass plate using a surgical blade.  The detached film 

was then sandwiched between two polystyrene plates which had been softened in a 120-oC oven.  

After proper shaping with a surgical knife, the embedded specimens were then sliced with a Leica 

ultra-microtome equipped with a diamond knife.  The thin sections floating on water surface were 

subsequently picked up with a mica plate.  After drying, the sections were analyzed by AFM in the 

tapping mode using a Veeco multimode instrument that was equipped with a Nanoscope IIIa 

controller.   

2.2.5.4 Pencil Hardness Test  

        The hardness of the coating was tested using pencils according to the ASTM D3363 protocol.  

Pencils with hardness ranging from the softest to the hardest between 9B, 8B, 7B, 6B, 5B, 4B, 3B, 
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2B, B, FB, F, H, 2H, 3H, 4H, 5H, 6H, 7H, 8H, and 9H were purchased from Derwent’s.  They were 

hold against the coating surface and pushed away with a 45° angle using an Elecometer 501 Pencil 

Hardness Tester holder.  The hardness of a coating equalled that of a pencil that was just soft enough 

for not being able to scratch a coating.   

2.2.5.5 Wear Test  

        Abrasion Resistance Tester (ZL-7013B) purchased from Dongguan Zhongli Instrument 

Technology was used for abrasion tests (Figure 2.2).  In such a test, a coating sample on glass was 

first fixed on a stainless-steel board using two clamps.  A test rod was then placed into a socket in a 

moving arm above the sample.  The test rod was so shaped that its bottom half fitted well into the 

socket and was hung in the socket due to a protruding ring around its middle.  Wrapped around the 

flat end of the test rod was a steel wool mat (grade #10000 with an average fiber width of 25 µm) and 

the mat was secured in position using a stainless-steel single-wire ring hose clamp.  The arm was 

subsequently lowered in height so that the test rod and weight loaded on it as rings was supported by 

coating.  In this study, the weight was so adjusted that the average vertical pressure exerted by the 

rod on the coating was 13.0 kPa, which was calculated by assuming full contact between the steel 

wool and the coating under the rod.  Abrasion was achieved by moving the arm and thus the test rod 

secured in its holding socket back and forth at a rate of 20 mm/s. 
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Figure 2.2 Photograph of the abrasion resistance tester in operation.   

 
 

2.2.5.6 Nanoindentation Analysis   

        A NHT2 nano-hardness testing system (CSM Instruments of Peseux, Swizerland) equipped with 

a diamond Berkovich tip was used for these experiments.  For each force loading, holding, and 

withdrawing cycle, the maximum load was 500 mN, the loading and unloading rates were both at 17 

mN/s and the holding time at the maximum load was 15 s.  The nanoindentation hardness and 

effective Young’s moduli were calculated using the Oliver-Pharr method.19  To exclude interferences 

from the substrate, all the specimens were fabricated on the glass substrate with coating thickness of 

100 µm so that the maximum sample penetration depth by the indenter tip was less than 10% of its 

original thickness.  

2.2.5.7 Flexibility Test   

        A commercial 100-µm-thick poly(ethylene terephthalate) (PET) film was treated for 5 min in a 

100-W Harrick PDC-32G plasma cleaner (with air pressure set at 600 millitorrs and its RF coil set at 

a direct current density of 15 mA, a voltage of 700 V, and a power of 10.5 W) to generate surface 

functional groups.  An NP-GLIDE GPOSS formulation with a targeted final GPOSS coating 
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thickness of 50 or 100 µm was then cast on the plasma-treated side of a PET film.  After solvent 

evaporation and photolysis for 30 min, the film was used for bending tests.  In one case, the film was 

bent with the coated side facing inward into a shape possessing a U cross section with a side-to-side 

distance of 0.8-cm diameter.  The force was then released for the film to relax to its original shape, 

finishing a bending cycle.  This bending cycle was repeated 500 times. 

2.2.5.8 Transmission Measurements   

        The transmittances T% of the coated glass plates at 500 nm were measured with a Varian CARY 

300 Bio UV-Visible spectrometer using an uncoated glass plate as the reference.  Each reported T% 

value was the average of at least 5 measurements at different spots of the coating sample.  Absorption 

spectra were obtained using a single sample at its center.   

2.2.5.9 Wetting Property Assessment 

    The static, advancing, receding, and sliding angles of test droplets were measured by a Data 

Physics OCA 15 Pro Optical instrument.  The static contact angles (CAs) were measured using 5-µL 

droplets at 20 ± 2 oC and a 15% relative humidity.  Each reported value was the average of at least 5 

measurements at different locations on a sample.  To measure the sliding angles (SAs), the coated 

glass slide was first attached to the instrument sample stage with a double-sided adhesive tape.  

Droplets of a test liquid were subsequently dispensed on different sites of a coating.  The stage tilting 

angle was then gradually increased from 0o at rate of 0.38 o/s.  The droplets started to slide above a 

critical titling angle that was defined as the sliding angle.  Each reported SA was the average value 

for at least 3 droplets placed in different locations on a sample.  For water, 15 µL droplets were used.  

Droplets of the size of 5 µL were used for other test liquids.   
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2.3 Results and Discussion  

2.3.1 Preparation and Characterization of GPOSS Coating  

        To prepare a crosslinked neat GPOSS coating, GPOSS and the photo-initiator (Figure 2.1c) were 

mixed in butanone at a mass ratio of 100/2.5 and subsequently cast onto a glass substrate.  After 

solvent evaporation, the coating was irradiated for more than 5 min (typically for 10 min) with a 

focused beam from a 500 W Hg lamp after passing through a 274 nm cut-off filter.  As will be 

discussed later, this treatment alone was sufficient to consume most of the epoxide rings.  Thus, the 

photo-initiated cationic polymerization of GPOSS was facile as hypothesized and did not require 

subsequent exposure of the photolyzed coating to hot humid air. 

        The first experiment aimed at assessing the hardness of the GPOSS coating involved tracing a 

9H pencil across it via the standard ASTM D3363 protocol.  Figure 2.3a shows a photo of such a 

coating after the test.  No visual damage was detected.  Thus, this coating had a hardness exceeding 

9H, the highest pencil hardness rating.  Figure 2.3b shows a photograph of a polyurethane (PU) 

coating after it had been scratched with a 3H pencil following the same protocol.  This coating was 

prepared from crosslinking a mixture of a triisocyanate, an oligomethacrylate polyol (P1), and a graft 

(g) copolymer P1-g-PDMS (consisting of P1 bearing one poly(dimethyl siloxane) (PDMS) side-

chains.20  Here, the PDMS molecular weight was 5.0 kDa and its content in the final coating was 

6.0% (m/m).  The 3H pencil left two visible lines on this sample, indicating that this coating had a 

hardness below 3H.  In fact, this coating had a hardness of 2H, characteristic of that for many polymer 

materials.  Therefore, the GPOSS coating was harder than the PU coating by at least 7 pencil hardness 

ranks. 

    Further insights into the wear resistance were gained by subjecting the two coatings to nano-

indentation tests.  It involved monitoring the variations in the force acting on a diamond tip with a 

well-defined shape as the tip was pressed into a coating, held at the maximum force, and then 

withdrawn from the coating.  Figure 2.3c shows such force loading, holding, and releasing curves for 
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the GPOSS and PU coatings, respectively.  At an equal loading force, the tip penetrated deeper into 

the softer PU coating.  A quantitative analysis of the data via the Oliver-Pharr method19 revealed that 

for the GPOSS coating H = 0.70 GPa, E = 3.3 GPa, H/E = 21%, and we = 79%, while H = 0.20 GPa, 

E = 4.8 GPa, H/E = 4.2%, and we = 28% for the PU coating.  The GPOSS coating had an H value that 

was 3.5 times greater than that of the PU coating.  Further, the GPOSS coating had much higher H/E 

and we values.  Thus, only the GPOSS coating met the criteria for high wear resistance.8 

 

     

 

Figure 2.3 Wear resistance of a PU coating, the crosslinked GPOSS coating, and the NP-GLIDE 
GPOSS coating.  Photographs a) and b) show the GPOSS and PU coatings after scratching with 9H 
and 3H pencils, respectively.  Frame c) shows data obtained from the nanoindentation experiments.  
A photograph of the steel wool wear test apparatus is shown in d).  Frames e) and f) compare SEM 
images of the NP-GLIDE GPOSS and PU coatings after they were abraded with steel wool for 20 

and 2 times, respectively. 

 

2.3.2 NP-GLIDE GPOSS Coating Formation 

        The facile photocuring of GPOSS and the superior mechanical properties of the GPOSS coating 

prompted us to endow anti-smudge properties to it.  Previously, anti-smudge coatings were prepared 

via the lotus-leaf approach,21-29 the pitcher plant approach,30, 31 monolayer grafting,32-34 and the 

preparation of an NP-GLIDE coating that contained in its matrix nanopools of a grafted lubricating 

ingredient for de-wetting enablement.3, 4, 35-37  In the lotus-leaf approach, low-surface-tension rough 
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coatings are produced to allow air to be trapped between protrusions under a test liquid.  Such coatings 

feature high liquid contact angles and low droplet sliding angles, but they normally lack optical clarity 

and wear resistance.23  Meanwhile, the void spaces in a rough coating are over-filled in the pitcher 

plant approach with a lubricant and an immiscible test liquid readily slides on the lubricant due to a 

low friction coefficient between the two liquids.30, 31 Unfortunately, this approach may suffer from 

lubricant loss with coating usage.  In the third approach, a monolayer of a low surface-tension liquid 

polymer is grafted onto a smooth solid surface to convert it into a liquid-like low-friction one, 

facilitating test liquid sliding and contraction.32, 33  In the NP-GLIDE coating approach, a low-surface-

tension liquid such as PDMS is incorporated into a coating formulation as a graft copolymer that 

consists of a reactive coating precursor bearing one or more PDMS side chains.3, 4  The use of a graft 

copolymer prevents the macrophase separation of PDMS from the coating matrix and enables PDMS 

dispersion as nanopools.  Since the diameters of these pools are much smaller than the wavelength of 

light, the high optical clarity of the base coating is retained.  Further, the spontaneous enrichment of 

the PDMS chains on the surface during coating formation provides a low-surface-tension and low-

friction liquid-like PDMS monolayer (Figure 2.1e).  In this study, the NP-GLIDE coating approach 

was used to prepare a highly transparent anti-smudge coating by incorporating GPOSS-g-PDMS, 

GPOSS coupled with a PDMS chain, into the GPOSS base coating.   

        To prepare GPOSS-g-PDMS, PDMS2k-NH2 (Figure 2.1d) and GPOSS were heated at 110 °C in 

butyl acetate for 1.5 h at a molar ratio of 100/3.5.  Here the subscript 2k denotes a number-average 

molar mass (Mn) of 2.0 kDa for PDMS-NH2.  GPOSS-g-PDMS2k was used because coatings 

containing GPOSS-g-PDMS1k did not have sufficient anti-smudge properties and PDMS-NH2 of a 

higher molecular weight was not commercially available.  For GPOSS-g-PDMS2k preparation, a large 

GPOSS/PDMS2k-NH2 molar ratio was used to avoid the attachment of two or more PDMS chains to 

one GPOSS molecule.  The grafting of two or more PDMS2k chains onto one GPOSS molecule might 

shield the residual glycidyl groups, inhibiting their reaction with other GPOSS molecules.  Moreover, 
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the number of the reactive epoxide rings per GPOSS molecule would be reduced.  Both factors would 

weaken the bonding between GPOSS-g-PDMS and the other GPOSS molecules.  While the use of 

the large GPOSS/PDMS2k-NH2 molar ratio yielded a mixture of GPOSS and GPOSS-g-PDMS2k, this 

situation was not a concern because the amount of GPOSS-g-PDMS2k required for superior anti-

smudge properties was low and GPOSS would be added into a pure GPOSS-g-PDMS2k sample, if the 

latter could be synthesized, for coating preparation anyhow.  Lastly, the reaction temperature and 

duration were optimized to minimize epoxide ring opening by hydroxyl groups that were generated 

from epoxide ring opening by the amine group of PDMS-NH2.  

        An NP-GLIDE precursor was prepared by mixing pristine GPOSS, the reacted GPOSS and 

GPOSS-g-PDMS mixture, and the photoinitiator (Figure 2.1c) in acetonitrile and propylene 

carbonate, which were good solvents for GPOSS and the photoinitiator but poor solvents for PDMS.  

In such solvents, GPOSS-g-PDMS formed micelles and the solution mixture scattered light, 

exhibiting a bluish tint as seen in Figure 2.1e1.  The isolation of PDMS in the cores of the micelles 

was shown to play an important role at least during the early stages of coating formation because it 

ensured the compatibility of the different components and the formation of smooth coatings.3, 4  

Precursor films were formed by first casting the solution onto a substrate and allowing the solvent to 

evaporate, and the final coating was obtained after these precursor films were photolyzed (Figure 

2.1e, 1 ® 2).  In the final coating, the mass fraction of PDMS and initiator were 2.0% and 2.4%, 

respectively, to ensure that the coating possessed sufficient anti-smudge properties, wear resistance, 

and facile crosslinking.  We note that increasing the PDMS mass fraction improved the anti-smudge 

performance at the cost of the wear resistance.    

2.3.3 Characterization of GPOSS-g-PDMS  
        1H NMR spectroscopy and size exclusion chromatography (SEC) were used to confirm the 

occurrence of the targeted reaction.  Figure 2.4a compares the 1H NMR spectra of GPOSS and the 

reacted mixture of GPOSS and GPOSS-g-PDMS after the unreacted PDMS2k-NH2 was removed via 
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precipitation in acetonitrile, a good solvent only for GPOSS.  While no noticeable changes were 

detected in the other peaks due to the low molar ratio of GPOSS-g-PDMS2k in the final GPOSS and 

GPOSS-g-PDMS2k mixture, the presence of the new PDMS peak at 0.09 ppm confirmed the synthesis 

of GPOSS-g-PDMS2k.  A quantitative analysis yielded a PDMS weight fraction of 4.2% in the 

mixture.       

 

 
Figure 2.4 (a) 1H NMR spectra and (b) SEC traces confirming the synthesis of GPOSS-g-PDMS 

and (c) FTIR spectra confirming the curing of the anti-smudge coating. 

 
 
 
        Figure 2.4b compares size exclusion chromatography (SEC) traces for PDMS2k-NH2, GPOSS, 

and the reacted mixture of PDMS2k-NH2 and GPOSS after the removal of unreacted PDMS2k-NH2.  

The SEC trace of the GPOSS sample had two peaks and was broad because the GPOSS sample was 

not pure [RSiO1.5]8 but contained [RSiO1.5]10 and [RSiO1.5]12, which were caged species containing 10 

and 12 silicon atoms, respectively.  The PDMS2k-NH2 peak was negative due to its lower refractive 

index than that of the eluent chloroform containing 2.5 vol% triethylamine.  The formation of 

GPOSS-g-PDMS2k was deduced from an increased shoulder intensity on the higher molecular weight 

(or shorter retention time) side of the SEC trace for the final reacted mixture.  

2.3.4 FTIR Characterization   

        Figure 2.4c compares FTIR spectra of a coating film before and after photolysis for 5 and 10 

min, respectively.  While the characteristic peak at 915 cm-1 for the epoxy groups disappeared, the C-
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O-C stretching peak of ethers at 1100 cm-1 emerged after 5 min of irradiation.  The intensities of these 

peaks did not change further when the irradiation time was extended to 10 min.  Therefore, the 

cationic ring-opening polymerization was complete within 5 min and was indeed facile.  However, 

the tested coating samples were still photolyzed for 10 min to ensure proper curing.  Further, an O-H 

stretching peak at 3426 cm-1 emerged after coating curing and the hydroxyl groups were probably 

formed during the cationic ring-opening polymerization of the epoxides due to chain growth via the 

activated monomer mechanism.9  

2.3.5 XPS Characterization  

        The PDMS-containing GPOSS coating also possessed other anticipated properties.  First, PDMS 

enriched itself on the coating’s surface as confirmed by an X-ray photoelectron spectroscopic (XPS) 

analysis (Table 2.1).  Both GPOSS and NP-GLIDE GPOSS coatings were analyzed by x-ray photo-

electron spectroscopy (XPS).  Table 2.1 lists the atomic fractions determined for the surfaces of the 

two types of coatings.  

Table A Surface atomic compositions determined by XPS for the GPOSS and NP-GLIDE GPOSS 
coatings. 

Sample Atom % 

Si C O F Sb 

NP-GLIDE 12.4 57.8 29.2 0.42 0.2 

GPOSS Coating 8.8 61.1 30.1 - - 

 

        For the GPOSS coating, the experimental atomic fractions were 8.8%, 61.1%, and 30.1% for Si, 

C, and O, respectively.  The chemical formula for GPOSS excluding H atoms is C48Si8O24, where the 

H atoms are excluded because they do not have X-ray emission associated with electron transition 

from a valence orbital to the core orbital.  Using the above formula, the theoretical atomic abundances 

for Si, C, and O are 10%, 60%, and 30%, respectively.  The slightly lower Si and higher C abundances 
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should be due to that the Si atoms were hidden in the core of the crosslinked GPOSS molecules and 

XPS had a shallow probing depth of several nanometers. 

        The Si content increased to 12.4% for the NP-GLIDE GPOSS coating despite the low bulk 

PDMS content of only 2.0% (m/m).  Thus, PDMS stratified to the surface of the NP-GLIDE coating. 

 

2.3.6 Internal Morphology Analyzed by AFM 

        Moreover, PDMS was found by atomic force microscopy to segregate from the coating matrix 

and form pools that had diameters of < 15 nm (Figure 2.5).   

    Cross sections of the GPOSS and NP-GLIDE GPOSS coating samples were obtained from 

microtoming these samples sandwiched between polystyrene plates.  The cross sections were then 

analyzed by tapping mode AFM to obtain topography and phase images.  While Figure 2.5a and 2.5b 

show topography and phase images for the cross section of an NP-GLIDE GPOSS coating, Figure 

2.5c shows a phase image for the cross section of a GPOSS coating.   

 

 
 

Figure 2.5 Atomic force microscopic (a) topography and (b) phase images of a cross section of the 
NP-GLIDE GPOSS coating as well as (c) a phase image of a cross section of the GPOSS coating. 

 
 

        A quite surprising discovery was that the cross sections, obtained via the microtoming method, 

of both the GPOSS and the NP-GLIDE GPOSS coatings were ridged (Figure 2.5a).  This ridged 
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structure contrasted with the flat cross sections that were obtained from microtoming NP-GLIDE 

polyurethane,35, 38 epoxy,37 acrylate,39 or polysulfone40 coatings.   While we do not know the exact 

reason for this difference, a possible reason is the improved wear resistance of the GPOSS and NP-

GLIDE GPOSS coatings.  As well known, tough materials do not readily fracture or tear.  Rather, 

they absorb and dissipate impact or tearing energy via the formation of craze or shear bands.41  The 

ridged structures may be analogues of shear bands that were formed during the microtoming of the 

coating samples.  

        Figures 2.5b and 2.5c compare AFM phase images of cross sections of the NP-GLIDE GPOSS 

and GPOSS coatings.  Evidently, many distinct holes, such as those marked by red arrows, with an 

average diameter of 10 ± 1 nm were seen in the NP-GLIDE coating.  These holes were previously 

shown to be locations of the PDMS nanopools.35, 37  The nanopools appeared as holes because the 

liquid-like chains offered little resistance to the penetration by an AFM tip.  Further, the PDMS chains 

probably escaped from their hosting pools to cover the cross-sectional surfaces to lower the total 

energy of the system without substantially increasing the stretching energy of the PDMS chains.  

        The NP-GLIDE coatings were transparent because the PDMS nanopools were much smaller 

than the wavelength of the visible light.  Such pools did not significantly scatter light. 

2.3.7 Surface Morphology Probed by AFM   

    AFM was used also to analyze the surfaces of the GPOSS and NP-GLIDE GPOSS coatings.  

While Figures 2.6a and 2.6b show a 3-d and 2d AFM topography images for the surface of an NP-

GLIDE GPOSS sample, Figures 2.6c and 2.6d show the corresponding images for a GPOSS coating.  

The 2-d phase images for these samples are shown in Figures 2.6e and 2.6f, respectively.  
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Figure 2.6 AFM topography images for the surfaces of (a and b) the NP-GLIDE GPOSS coating as 

well as of (c and d) the GPOSS coating. Shown in (e) and (f) are AFM phase images for the 
surfaces of the NP-GLIDE GPOSS coating and the GPOSS coating, respectively.  

 
 

        A close examination of the topography images (Figure 2.6a-d) revealed the following:  First, the 

introduction of PDMS increased the density and depth of surface wells.  While most of the wells on 

the surface of the NP-GLIDE GPOSS coating had depth shallower than 5 nm, a few had depths 

reaching 10 nm (Figure 2.6b).  The diameter of the wells was typically ~ 30 nm. 

        The phase image, Figure 2.6f, of the GPOSS revealed the presence of many small dots with sizes 

~ 10 nm.  One may plausibly argue that these dots were exposed but covalently attached GPOSS 

monomers, dimers, or trimers.  Even a single molecular cage could potentially be seen because they 

would appear larger than their actual size due to a contribution to the observed size from the finite 

width of the AFM tip. 
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        The phase image, Figure 2.6e, of the NP-GLIDE GPOSS appeared very different from Figure 

2.6f.  First, the fine dots were not seen any more.  Second, wells with an average size of ~ 30 nm were 

clearly discerned, which contrasted the case in Figure 2.6f.  

        Our interpretation of the AFM surface images is the following:  First, the fine dots were not seen 

in Figure 2.6e, because the GPOSS cages were shielded everywhere by the PDMS chains.  This 

should not be surprising because of the low surface tension and the chain length of PDMS.  Second, 

the wells were formed due to the opening of the original GPOSS-g-PDMS micelles during the late 

stage of propylene carbonate evaporation.  A contrast was seen between the ridges and the valleys 

because the thickness of the surface PDMS layer in the two regions are different.  Deeper wells were 

formed probably because of the compaction of the surface layer during coating crosslinking.  Before 

crosslinking, the GPOSS-g-PDMS molecules might occupy more surface area because the PDMS 

side chains could lie in the same plain as the GPOSS cores.  Crosslinking was possible only if the 

PDMS side chains stretched away from the surface and the glycidyl groups contacted one another.  

The crosslinking probably help to squeeze out the PDMS chains and compact the GPOSS layer.   

    Figure 2.1e2 summarizes our view of the PDMS chain segregation patterns deduced from the 

AFM images both for the surface and for the matrix of the NP-GLIDE GPOSS coating.   

2.3.8 Optical Transparency of GPOSS and NP-GLIDE GPOSS Coating 

        The coating had superior optical clarity in the visible region of the light spectrum.  While Figure 

2.7 shows that the transmittance of a 50-µm-thick coating was higher than 98% between 450 nm and 

800 nm, Figure 2.8 shows that light transmittance at 500 nm was essentially unchanged from 99 ± 

1% to 98 ± 1% as the coating thickness increased from 10 to 100 µm.    

        Figure 2.7 plots variations in the transmittances of light through a GPOSS and an NP-GLIDE 

GPOSS coating, both 50 µm thick, as a function of wavelength between 300 and 800 nm.  Both the 

GPOSS and NP-GLIDE GPOSS coatings were highly transparent in the visible region of the light 

spectrum.       
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Figure 2.7 Plots of variations in the transmittances of light through a GPOSS coating (solid curve) 
and an NP-GLIDE GPOSS coating (dotted curve), both 50 µm thick, as a function of wavelength 

between 300 and 800 nm.   

 

 

        Figure 2.8 shows how the transmittance at 500 nm varied with the thickness of the NP-GLIDE 

GPOSS coating samples.  Even at a thickness of 100 µm, the coating was still highly transparent with 

a transmittance of 98 ± 1%. 

 
Figure 2.8 Plot of variation in the transmittance at 500 nm of the NP-GLIDE coating samples 

as a function of their thickness. 
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2.3.9 Wear Resistance of NP-GLIDE GPOSS Coating 

        The incorporation of 2.0% (m/m) of PDMS did not weaken the wear resistance of the coating.  

Figure 2.3c also displays force-loading, -holding, and -removing curves, which were obtained from a 

nano-indentation experiment, for the NP-GLIDE GPOSS coating.  The curves for the GPOSS and 

NP-GLIDE GPOSS coatings were essentially identical.  In another experiment, the NP-GLIDE 

GPOSS coating was abraded 20 times with steel wool at an average pressure of 13.0 kPa using an 

apparatus shown in Figure 2.3d and Figure 2.2.  No scratches were visible in the SEM image of this 

coating (Figure 2.3e).  On the other hand, wearing tracks were clearly visible on the control PU or 

NP-GLIDE PU coating mentioned above after it was abraded for only 2 times or one cycle involving 

moving the steel wool once forward and once backward (Figure 2.3f).  Thus, the new NP-GLIDE 

GPOSS coating was much more wear-resistant than the NP-GLIDE PU coating.       

        We note that the calculated pressure of 13.0 kPa was probably much lower than the actual 

pressure experienced by the coating.  The steel wool was unlikely to make a full contact with the 

coating as was assumed in the pressure calculation.  Rather, only certain protruded regions of the 

wool contacted the coating and exerting much higher localized pressures.   

2.3.10 Flexibility of the NP-GLIDE GPOSS Coating 

    Aside from its remarkable wear resistance, the NP-GLIDE GPOSS coating was highly flexible.  

When this coating was cast onto a PET film, the resultant film could be bent without damage into a 

tube shape or a shape possessing a U cross-section (Figure 2.9a). 
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Figure 2.9 (a) Flexibility and (b-e) anti-smudge properties of the NP-GLIDE GPOSS coating.  
While water was marked in (b) with a blue dye, hexadecane was marked in (c) with a red dye.  

Frame (d) shows red ink patches after the contraction of the original ink stroke and frame (f) shows 
snapshots of green paint immediately and 20 s after application of glass plates bearing and not 

bearing an NP-GLIDE GPOSS coating, respectively. 

 

2.3.11 Omniphobicity of the NP-GLIDE GPOSS Coating     

        Figure 2.9 further exemplifies the anti-smudge performance of the NP-GLIDE GPOSS coating.  

A dyed blue water droplet and red hexadecane droplet were seen to cleanly glide down the coating in 

Figures 2.9b and 2.9c, respectively.  Figure 2.9d shows ink puddles left from the contraction of a 

uniform ink trace that was initially applied with a red marker.  This behavior was mirrored by that of 

a film of spray-paint in Figure 2.9e.  Initially, the paint covered the entire coating surface.  Due to the 

high repellency of the coating and facile movement of the paint on the liquid-like PDMS surface, the 

paint contracted over 20 s into disperse thick puddles or flowed off the coated glass plate, exposing 

uncovered regions.  
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        Contact angles, sliding angles (α), and contact angle hysteresis (Dq) were measured on the 

GPOSS and NP-GLIDE GPOSS coatings for water, diiodomethane, and methanol that were 

immiscible with PDMS and for hexadecane, octane, and hexane that swelled the graft PDMS chains 

and the results are listed in Table 2.2.  The contact angles on NP-GLIDE coating were higher than 

those on the GPOSS coating.  This was reasonable because the formation of a PDMS monolayer on 

the GPOSS surface decreased the surface tension.  Thus, test liquids spread less on it.   

 

Table B Contact angle (CA), sliding angle (a), and Dq values of six test liquids on GPOSS and NP-
GLIDE GPOSS coatings. 

 

Test Liquid  g 

(mM/m) 

 GPOSS-g-PDMS2k  GPOSS 

  CA (°) a (°) Dq (°)  CA (°) a (°) Dq (°) 

Water  72.8  99 ± 2 30 ± 2 10 ± 1  77± 2 79 ± 1 22 ± 1 

Diiodomethane  50.8  70 ± 1 9 ± 1 5 ± 1  45 ± 3 21 ± 1 19 ± 2 

Methanol  22.7  25 ± 1 8 ± 1 5 ± 1  11 ± 1 

Spread 
Hexadecane  27.5  23 ± 1 5 ± 1 4 ± 1  5 ± 1 

Decane  23.8  13 ± 2 3 ± 2 10 ± 1  4 ± 2 

Octane  21.6  4 ± 2 Spread  4 ± 1 
a:  Surface tension data of all the test liquid were obtained from http://www.surface-tension.de/.  
b:  For water sliding angle measurement, 15 µL water droplets were used.  For other values in Table 
S2, the used droplet size of the test liquids was always 5 µL. 
 

 

        However, the sliding angles decreased progressing from the GPOSS to the NP-GLIDE GPOSS 

coating.  Tests liquids with room-temperature surface tensions g > ~ 22 mN/m cleanly and readily 

glided off the NP-GLIDE GPOSS coating at low substrate tilting angles (Table 2.2).  For example, 5 

µL droplets of methanol (g = 22.7 mN/m) and decane (g = 23.8 mN/m) had sliding angles (SAs) of 8 

± 1° and 3 ± 2°, respectively, on the coating.  While only two test liquids, water and diiodomethane, 
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could slide cleanly on the GPOSS coating.  This improved sliding and reduced spreading was due to 

decreases in both the surface tension and friction coefficient of the surface after the grafting of PDMS.   

       The contact angles on the NP-GLIDE coating are generally much lower than those observed on 

superomniphobic coatings.  However, the sliding angles are low.  Thus, dynamic de-wetting was the 

main mechanism for liquid repellency.32, 33   

 Other trends that are analogous to those observed on NP-GLIDE PU coatings,38 for example, 

included: 1) that the sliding angles were generally higher for liquids that were incompatible with 

PDMS than those that were compatible with PDMS and 2) the existence of a critical surface tension 

of ~ 22 mN/m, below which a test liquid could no longer slide.  Since these trends were explained 

multiple times before,35, 38 the explanations are not repeated here. 

 A somewhat surprising observation was that water slid on the GPOSS base coating.  Indeed, 

water and diiodomethane droplets at the tested sizes did not slide on base polyurethane coatings that 

we have investigated before.35  Diiodomethane was seen to glide on another epoxy base coating.37  

The fact that both water and diiodomethane slid on the GPOSS base coating here may be an intrinsic 

property of the base coating.   

 Lastly, we emphasize that the NP-GLIDE GPOSS coating surfaces did not readily reconstruct.  

We allowed 15-µL water droplets to sit on a coating covered by a petrifying dish for 0, 15, and 30 

min before they were titled to determine the water sliding angle.  The values were 33 ± 1, 35 ± 1, and 

37 ± 1 o, respectively.  The values slightly increased and the small increases might be due to water 

evaporation.  Smaller droplets are known to have greater sliding angles due to their reduced 

gravitational force.   

2.3.12 Durability of Anti-Smudge Properties 

        The high wear resistance of the GPOSS base coating ensured that the NP-GLIDE GPOSS 

coating would possess robust anti-smudge properties.  Table 2.3 lists the SAs and contact angles 

(CAs) of water and hexadecane droplets on the NP-GLIDE GPOSS and NP-GLIDE PU coatings after 
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abrasion with steel wool for different durations at an average pressure of 13.0 kPa.  After 200 abrasion 

runs or 100 abrasion cycles, the SA of hexadecane barely changed on the NP-GLIDE GPOSS coating.  

In contrast, hexadecane lost its ability to cleanly slide but left a streak on the NP-GLIDE PU coating 

after the coating was abraded only 20 times.    

        In the case of water, the droplet was pinned by the NP-GLIDE PU coating after it had been 

subjected to only 30 abrasion runs.  In contrast, the NP-GLIDE GPOSS coating retained its water 

sliding capabilities after it was abraded 200 times. 

 

Table C Changes in the contact angles and sliding angles of water and hexadecane droplets on NP-
GLIDE PU and GPOSS coatings as a function of the abrasion cycles with steel wool. 

 

Abr. 

Runs 

Water CA (°) a Hexadecane CA (°) a Water SA (°) b Hexadecane SA (°) a 

PU GPOSS PU GPOSS PU GPOSS PU GPOSS 

0 101 ± 1 99 ± 2 33 ±1 30 ± 1 23 ± 1 28 ± 1 2 ± 1 10 ± 2 

10 100 ± 1 98 ± 2 33 ±1 32 ± 1 42 ± 2 30 ± 2 3 ± 1 10 ± 1 

20 98 ± 1 96 ± 1 - 32 ± 1 46 ± 1 32 ± 2 spread 8 ± 2 

30 - 94 ± 2 - 30 ± 1 pinned 32 ± 2 - 10 ± 1 

100 - 85 ± 2 - 25 ± 2 - 36 ± 2 - 10 ± 2 

200 - 78 ± 2 - 21 ± 2 - 45 ± 2 - 10 ± 2 
a: Measured using a droplet volume of 5 µL.  b: Measured using a droplet volume of 15 µL. 
 
 
 
 The initial CAs were higher and the SA angles were lower on the NP-GLIDE PU coating than 

on the NP-GLIDE GPOSS coating because both the molecular weight and the mass fraction of the 

low-surface-tension PDMS polymer used in the PU coating were higher.  At a higher molecular 

weight of 5.0 kDa and a higher bulk mass fraction of 6.0% (m/m) for PDMS, the surface of the PU 

coating should be better covered by PDMS.  Despite this difference, the NP-GLIDE GPOSS coating 

possessed superior repellency against ink and paint.   
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 We further tested the effect of coating flexing on its anti-smudge properties.  A square section 

of the coating on a PET film was folded into a shape possessing a U cross-section and an end-to-end 

distance of ~ 0.8 cm (Figure 2.9a) and released.  After this bending cycle was repeated 500 times, no 

noticeable degradation in ink contraction capabilities was observed.  Thus, the anti-smudge properties 

were not affected by the bending of the coating.   

2.4 Conclusions 

        In conclusion, we have demonstrated the high flexibility and wear resistance of a coating that 

was prepared from a commercial precursor GPOSS.  The coating can be photocured in one step within 

5 min.  Through the incorporation of PDMS into the coating via the use of GPOSS-g-PDMS2k, an 

NP-GLIDE coating was produced.  At a thickness of 100 µm, this coating had a transmittance of 98 

± 1% at 500 nm.  Test liquids such as decane and methanol with surface tensions higher than ~ 22 

mN/m readily and cleanly glided off this coating at low substrate tilt angles.  Meanwhile, complex 

liquids such as ink and paint readily contracted on this surface.  The coating bore no wearing tracks 

observable by SEM after it was abraded with steel wool for 20 times at an average pressure of 13.0 

kPa and this film retained its liquid sliding properties even after being abraded 200 times with steel 

wool.  The anti-smudge properties were not affected after it was subjected to 500 cycles of a bending 

test involving folding a square coating on a PET substrate into a shape with a U cross section.  Such 

wear resistance is unprecedented among prior examples of NP-GLIDE coatings.  While the design 

principle may be extended for the development of coatings from other types of organic/inorganic 

nanoclusters,42 the current coating may already have practical applications.  

2.5 Notes and References 

 

The main work described in this chapter has been published as: 

Zhang, K., Huang, S., Wang, J., Liu, G.* Transparent omniphobic coating with glass-like wear 

resistance and polymer-like bendability, Angew. Chem. Int. Ed. 10.1002/anie.201904210. 
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Chapter 3 

Heat-Curable Omniphobic Epoxy Coatings with Flexible, Hard and 

Transparent Properties 

3.1 Introduction 

     Eye-catching flexible displays have been applied in e-readers, OLED-based televisions, and 

recently launched foldable smartphones such as the Samsung Galaxy Fold and the Huawei Mate X.  

Due to the development of flexible display technology, flexible and hard protective coatings have 

become highly desirable1, 2  Traditional toughened glass has distinctive optical properties, hardness, 

and durability, but its inherent brittleness can limit its applicability on foldable displays.  

Unfortunately, it has been difficult to prepare transparent coatings that combine highly desirable yet 

seemingly mutually exclusive features, such as high hardness and plastic-like flexibility, using a 

single-component material.  Organic coatings are normally flexible, but they lack the hardness and 

scratch-resistance of inorganic materials.3  Meanwhile, inorganic coatings are typically hard and 

abrasion-resistant, but they are also opaque and fragile.3  

     One strategy to simultaneously achieve flexibility, hardness, and optical transparency with a single 

coating material is to form inorganic-organic hybrid materials,4, 5 in which the inorganic component 

serves to enhance the mechanical durability, while the organic component can hold the inorganic 

component together with strong covalent bonds.  Unlike non-covalent interactions, covalent bonds 

can firmly bind different incompatible phases with each other, thus preventing the propagation of 

cracks under pressure.  Recently, Bea and coworkers designed a transparent flexible and hard coating 

based on ladder-like epoxy-silane hybrid molecules.6  This ladder-like hybrid molecule was formed 

via a sol-gel reaction involving [2-(3,4-epoxycyclohexyl)ethyl]trimethoxysilane.  The resultant 

coating was flexible while also resisting abrasion by steel wool.  The unique properties of this coating 
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were attributed to the hybrid nature of this material, the molecular level hybridization, and the highly 

cross-linked network between the inorganic and organic phases.7-10 

     It is more challenging when anti-smudge properties are further introduced to such a flexible hard 

coating without sacrificing the glass-like wear-resistance and plastic-like flexibility.  In efforts to 

develop anti-smudge systems, superomniphobic surfaces with high contact angles (CAs, typically > 

150º) and low sliding angles (< 10º) for both water and low surface tension organic solvents have 

been extensively studied.11  Most of the superomniphobic coatings combine various features, such as 

nano- and microscale (or hierarchical) roughness, re-entrant surface structures, along with low surface 

tension components (e.g., long-chain perfluorinated compounds).12-14  However, textured surfaces 

exhibit poor optical performance, limited durability under physical stress and abrasion, and they 

require complex preparation processes.  Consequently, these materials are poor candidates for the 

fabrication of commercially viable flexible and hard anti-smudge coatings.   

     An alternative approach to prepare omniphobic surfaces is to create a slippery and smooth surface.  

This can be achieved by fabricating a slippery liquid-infused porous surface (SLIPS) or by grafting a 

liquid-like monolayer onto a smooth matrix.  SLIPS coatings are based on nano/microstructured 

porous materials that are infused with low surface tension lubricants,15-17 which are usually fluorinated 

liquids that are incompatible with the test liquids (such as water or organic liquids).  Therefore, the 

test liquids can readily slide off the smooth surface without leaving any traces behind.  However, the 

durability of SLIPS coatings is the main concern in practical applications because the liquid moieties 

are physically-infused into the coating matrix.  The consumption and contamination of these liquid 

moieties can thus cause SLIPS coatings to lose their omoniphobicity.18  To address this problem, a 

grafted liquid-like monolayer system has been developed by covalently grafting a liquid-like polymer, 

polydimethylsiloxane (PDMS), onto a smooth surface.19-21  The liquid-like layer offers superior liquid 

sliding performance even for the compatible test liquids.  However, this system requires the tailoring 

of chemistry depending on the substrate to be coated and the anti-smudge properties are gone once 
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the monolayer is worn off.  It is also difficult to endow this kind of coating with scratch resistance 

and plastic-like flexibility because these properties are highly reliant on the substrate. 

     We have previously reported smooth and transparent anti-smudge NP-GLIDE (nanopools of a 

grafted liquid ingredient for dewetting enablement) polyurethane- and epoxy-based coatings.22-26  The 

low surface tension components such as polydimethylsiloxane (PDMS) or perfluorinated polyether 

(PFPE) are covalently grafted into the coating matrix to form the nanopools that undergo self-

enrichment onto the coating surface to sustain the dynamic anti-wetting properties.  However, the 

hardness of the coating is limited by the polymer coating matrices and the best hardness that is 

achieved for an NP-GLIDE coating is typically around 3H, which leaves the coating vulnerable to 

scratches and abrasion.  Despite this, NP-GLIDE system may still provide promising candidates for 

mechanical durable anti-smudge coatings by increasing the wear resistance of the base coating, 

because the anti-smudge properties can be achieved by incorporating only a small amount of low 

surface tension moieties.  Consequently, the liquid-like additive can have only a minimal influence 

on the mechanical properties of the overall coating matrix. 

     In this report, a transparent flexible and hard coating has been prepared by thermally curing the 

blends of synthetic cycloaliphatic epoxy-functionalized oligosiloxanes (CEOS) and poly(ethylene-

alt-maleic anhydride) (PEMA).  The CEOS components are ladder-like structures consisting of an 

inorganic network bearing organic cycloaliphatic epoxy groups, which can be used to enhance the 

mechanical properties as well as enable further crosslinking reaction.  Compared with the expensive 

commercial available GPOSS in chapter 2, the CEOS could be synthesized directly from a low cost 

precursor of [2-(3,4-epoxycyclohexyl)ethyl]trimethoxysilane.6  The anti-smudge properties are 

achieved via the incorporation of a low surface tension liquid polymer (PDMS) into the coating 

matrices.  However, the poor compatibility between CEOS and PDMS causes macrophase separation 

to occur in the coating matrix.  To improve the compatibility between PDMS and CEOS, a 
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commercially available copolymer PEMA with a high glass transition temperature (Tg = 235°C) was 

selected as a backbone onto which PDMS side-chains were grafted. 

     The GPOSS-g-PDMS omniphobic coatings reported in Chapter 2 exhibited superior wear-

resistance, but the coating can only be bended inwards.27  Once this coating was bended outwards, it 

cracked, thus was likely resulting from the limited stretch properties of the crosslinked GPOSS.  

Therefore, PEMA are expected to enhance the flexibility of the final coating since the repeat units of 

ethylene groups on the backbone of PEMA may increase the chain mobilities.  In addition, the 

numerous maleic anhydride groups present in PEMA ensured that it was suitable for chemical 

modification by low surface tension PDMS chains and enabled subsequent crosslinking with the 

cycloaliphatic epoxide groups of CEOS.  

     A highly crosslinked NP-GLIDE CEOS coating consisting of CEOS and PEMA-g-PDMS was 

formed, and its proposed structure is depicted in Figure 3.1c.  The strongest linkage between the 

organic and inorganic phases can be achieved via covalent bonding between the maleic anhydride 

groups of PEMA and the cycloaliphatic epoxy groups of CEOS sols.  The resultant hybrid coatings 

can achieve a hardness of 9H with high transparency and flexibility.  Water can readily slide off the 

surface without leaving behind a residue.  Marker ink can contract and are readily wiped off the 

coating surface without contamination.  This coating formulation is a promising candidate for use on 

foldable displays as a hard, flexible, and transparent anti-smudge coating. 
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Figure 3.1 Schematic diagram of the coating process (a-c) and NP-GLIDE CEOS coating structure 
(c).  

3.2 Experimental Section 

3.2.1 Materials   

     Poly(ethylene-alt-maleic anhydride) (PEMA, average Mw = 100-500 kDa) was purchased from 

Aldrich.  Monoaminopropyl-terminated polydimethylsiloxane (PDMS-NH2, 95%, Mn = 2.0 kDa) and 

[2-(3,4-epoxycyclohexyl)ethyl]trimethoxysilane (ECTMS) were purchased from Gelest.  N-Methyl-

2-pyrrolidone (NMP), acetone, and hexanes were purchased from Aldrich.  Glass microscope slides 

(Fisherbrand® 7.62 cm × 2.54 cm) were cut into squares with dimensions of 2.54 cm × 2.54 cm prior 

to use.    

3.2.2 Preparation of the CEOS   

     The CEOS was synthesized via a sol-gel reaction involving ECTMS, which was conducted 

according to a modified literature procedure.6  Typically, ECTMS (2.0 g, 8.1 mmol) and a 2.0 M 

NH3×H2O aqueous solution (0.11 mL) were stirred under vigorous stirring at 80 °C for 18 h.  CEOS 
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was subsequently obtained, by the hydrolysis and condensation reaction of ECTMS, as a clear and 

highly viscous liquid. 

3.2.3 Preparation of PEMA-g-PDMS   

     Poly(ethylene-alt-maleic anhydride) or PEMA (1.8 g, 14 mmol anhydrides) was dried under 

vacuum for 4 h, and it was subsequently dissolved in 18 mL of acetone at 40 °C.  PDMS-NH2 (0.20 

g, 0.10 mmol) was dispersed in 2.0 mL of acetone, and it was then added to the PEMA solution in a 

dropwise manner at 25 °C before the mixture was heated to 55 °C for 18 h.  The reaction mixture was 

subsequently vacuum filtered over filter paper, and the filtrate was precipitated from 200 mL of 

hexanes prior to centrifugation at 8.50 × 103 rpm or 1.06 × 104 × g.  The precipitate was then collected 

and dried under vacuum overnight at room temperature.  The graft copolymer PEMA-g-PDMS was 

obtained at an 86% yield.  From the 1H NMR spectra, the PDMS content in the final PEMA-g-PDMS 

copolymer was 8.4 wt%. 

3.2.4 Preparation of NP-GLIDE CEOS Coatings  

     The flexible hard NP-GLIDE CEOS coating was fabricated through the formation of covalent 

bonds between PEMA-g-PDMS and the CEOS resin via a ring-opening reaction of the cycloaliphatic 

epoxy moieties with the carboxylic anhydride groups of PEMA during the thermal curing stage.  

Typically, PEMA-g-PDMS (52 mg, 4.4 mg PDMS) was dissolved in 1.5 mL of acetone, it was then 

mixed with CEOS resin (100 mg, 0.37 mmol) in 1.5 mL of N-methyl-2-pyrrolidone (NMP), and 

subsequently stirred for 10 min to yield a homogeneous solution containing PEMA-g-PDMS 

micelles.  To prepare a coating with a thickness of 32 µm, 0.50 mL of the above coating solution was 

cast onto a 1.0 inch × 1.0 inch glass slide.  After most of the solvent had evaporated overnight at 40 

°C under a gentle nitrogen flow, the coating sample was thermally cured at 120 °C for 24 h.  Coatings 

with various thicknesses were obtained by casting the corresponding mass of the solution onto the 

1.0 inch × 1.0 inch glass slides. 
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3.2.5 Coating Curing Kinetics  

     The progress of the curing treatment leading to the hard epoxy coating was monitored using an 

ALPHA-Bruker attenuated total reflectance infrared (ATR-IR) spectrometer.  After deposition of the 

coating onto a glass substrate and solvent evaporation at 40 °C overnight, the coating samples were 

then heated in an oven at 120 °C for 24 h and collected for ATR-IR analyses.  

3.2.6 NMR Spectroscopy  

     1H NMR spectra were obtained using a Bruker Advance 300 MHz spectrometer with a relaxation 

delay of 3 s.  Acetone-d6 was used as the solvent.  

3.2.7 AFM Analyses   

     The cross-section of the hard epoxy coating was analyzed via AFM in the tapping mode.  This 

characterization was performed using a Veeco multimode instrument that was equipped with a 

Nanoscope IIIa controller.  To characterize the cross-sections of the samples, the coating was 

detached from glass plates using a surgical blade, and it was then placed between two polystyrene 

plates that had been previously softened in an oven at 120 °C.  The embedded specimens were then 

sliced with a diamond knife that was mounted on a Leica ultra-microtoming machine.  The thin 

section was subsequently picked up by the mica plates and then analyzed by AFM.  Besides the cross-

section of the coating samples, the coating surface was measured directly by AFM without further 

treatment. 

3.2.8 Pencil Hardness Tests 

     The hardness of the NP-GLIDE CEOS coating was tested according to the ASTM D3363 protocol.  

Pencils (Derwent’s) with hardness values ranging from the softest to the hardest in the order from 9B 

to 8B, 7B, 6B, 5B, 4B, 3B, 2B, B, FB, F, H, 2H, 3H, 4H, 5H, 6H, 7H, 8H, and to 9H were used to 

evaluate the hardness of the epoxy coating.  Prior to the testing, all of the pencils were sharpened and 

then flattened via rubbing on abrasive paper vertically to create a flat, smooth and circular cross-

section.  The pencil was subsequently held against the coating surface and pushed away from the 



 

 

71 

coating with a 45° angle using an Elecometer 501 Pencil Hardness Tester.  Starting with the hardest 

pencil, if the scratch was not found on the sample, the pencil that used at that time was the same 

hardness of the test coating.  

3.2.9 Optical Transmittance Measurements   

     The transmittance T of the coated glass plates at 500 nm was measured using a Varian CARY 300 

Bio UV-Visible spectrometer with uncoated glass serving as the reference.  Each reported optical 

transmission value represented the average of at least 5 measurements at different spots on the coating 

sample.  Transmission spectra of the coated glass plates in the range of 300-800 nm were also 

recorded.  

3.2.10 Omniphobicity   

     The static and dynamic anti-wetting properties were measured using a DataPhysics OCA 15 Pro 

Optical instrument.  The static contact angles (CAs) were measured at 20 ± 2 °C and a 15% relative 

humidity.  Each reported value represented the average of at least 5 measurements performed at 

different locations with a 5 µL droplet volume.  To measure the sliding angles (SAs), the coated glass 

slide was first bound to the sample mount with double-sided adhesive tape.  The test liquid was 

subsequently dropped onto the coating surface.  The sliding angle was defined as a critical tilting 

angle at which the test liquids began to slide as the tilting angle of the sample table (with respect to 

the horizontal plane) was increased from 0o at a rate of 0.38 °/s.  The reported sliding angle of each 

coating sample also corresponded to the average value obtained from at least 3 measurements at 

different positions on the film. The volume of the water droplets was 15 µL.  

3.2.11 Flexibility Tests    

     Commercial polyester film (PET) with a thickness of 100 µm was used as a flexible substrate, 

which was pre-treated for 5 min in a 100 W Harrick PDC-32G plasma cleaner (with air pressure set 

at 600 millitorrs and its RF coil set at a direct current density of 15 mA, a voltage of 700 V, and a 
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power of 10.5 W).  The formulated coating solution was drop cast onto a PET film immediately after 

the plasma treatment.  The solvent was allowed to evaporate and the film was thermally cured for 24 

hours. 

3.3 Results and Discussion 

3.3.1 Coating Formation   

     To prepare the flexible hard NP-GLIDE coatings, the highly condensed cycloaliphatic epoxy-

functionalized oligosiloxanes (CEOS) were first prepared via a literature method.6  Base-catalyzed 

(ammonia) hydrolysis and condensation reactions involving [2-(3,4-

epoxycyclohexyl)ethyl)]trimethoxysilane were performed at 80 °C for 18 h.  The dominant 

component of CEOS were ladder-like silsesquioxanes (Figure 3.2, structure 1), which contain 

cycloaliphatic epoxy functional groups as reactive side-chains as well as inorganic components that 

provide the enhanced mechanical properties.  A small number of cages and partial cages structures 

(Figure 3.2, structures 2 and 3) of CEOS were also present, and these structures had been previously 

reported in the literature.6  
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Figure 3.2 The representative molecular structures of the cycloaliphatic epoxy-functionalized 
oligosiloxanes (CEOS), which include: (1) ladder-like, (2) cage-like, and (3) partial cage structures. 

 

     PEMA was selected as the crosslinker because it was commercially available and since its maleic 

anhydride groups readily reacted with the cycloaliphatic epoxy groups of CEOS during the curing 

stage, such that the organic and inorganic phase can be covalently bonded together without 

undergoing macrophase separation.  In addition, the ethylene in the backbone of PEMA provides 

desirable flexibility. 

     The liquid-like polymer PDMS was chosen to impart the anti-smudge properties to this coating 

due to its low surface energy and low glass transition temperature (Tg = -127 °C).28  Although PDMS 

was incompatible with the coating matrix, grafting PDMS onto the PEMA copolymer enforced the 

compatibility of the PDMS with the coating matrix and prevented phase separation.   

     The protocol of the grafting reaction involved reacting PDMS-NH2 (denoting a PDMS chain 

bearing a terminal amine group) with the excess anhydride groups of PEMA (Figure 3.3), at a weight 

ratio of 1.0/9.0 to yield PEMA-g-PDMS.   
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Figure 3.3 The synthetic pathway toward PEMA-g-PDMS. 

 

     The 1H NMR spectra of PEMA and the synthesized PEMA-g-PDMS graft copolymer are 

presented in Figure 3.4 for comparison.  The appearance of the PDMS peak at a chemical shift of 0.0-

0.5 ppm (br, 6H, CH3 of PDMS) indicates that the PDMS side-chains were successfully grafted onto 

the PEMA backbone, and the final PDMS content was calculated to be 8.4 wt% after the purification 

of the graft copolymer. 
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Figure 3.4 1H NMR spectra of PEMA and PEMA-g-PDMS measured in acetone-d6. 

 

     The last step during the preparation of the coating involved mixing the solutions of PEMA-g-

PDMS and CEOS (Figure 3.1 a).  The molar quantity of the cyclohexyl epoxide groups equaled those 

of the anhydride and carboxyl groups in PEMA-g-PDMS.  The mixture was then cast onto a glass 

substrate and cured at 120 °C for 24 h.  The content of CEOS in the final coating was 65.8 wt%.  

3.3.2 Curing Treatment   

     The curing of the PEMA-g-PDMS and CEOS was monitored by ATR-IR Spectroscopy as shown 

in Figure 3.5.  PEMA shows characteristic absorbance bands at 1300-900 cm-1 corresponding to the 

C-O groups as well as at 1780 and 1721 cm-1 that represent the C=O groups of cyclic anhydride.29  In 

addition, the epoxy ring vibration observed at 883 cm-1 is a characteristic absorbance band 
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corresponding to CEOS.  After 24 h of thermal curing, the intensity of the broad peak centered near 

3467 cm-1 increases, which corresponds to the hydroxyl groups that are generated from the ring 

opening of the cyclohexyl epoxy groups.  A significantly enhanced absorption at 1778 cm-1 indicates 

that more ester moieties are formed during the crosslinking reaction.  Moreover, the peak initially 

observed at around 883 cm-1 almost disappears after the thermal curing treatment, implying the 

completion of the curing reaction due to the consumption of the cyclohexyl epoxy groups.  The peak 

at 883 cm-1 was weak even before high temperature curing process, because the epoxy ring was 

opened (or crosslinking reaction occurs) during the solvent evaporation stage.  

 

Figure 3.5 Comparison of the IR spectra of PEMA-g-PDMS-CEOS coatings before (0 h) and after 
thermal curing (24 h). 

 
 

    The surface hardness of the coating was explored as the function of the thermal curing time, as 

shown in Figure 3.6.  As the thermal curing treatment progressed, the hardness of the coating 

increased dramatically.  Figure 3.6 shows that the hardness of the coating has reached 4H when it had 

not received the thermal curing treatment (at 120 °C), which indicates that the curing reaction had 
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occurred during the solvent evaporation stage.  The hardness of the coating eventually reached the 

highest pencil hardness (9H) after it had been subjected to thermal curing for 24 h due to the complete 

crosslinking of the coating matrix.  

 

 

Figure 3.6 Variation in the static water contact angles (5 µL) and water sliding angles (15 µL) 
observed on the PEMA-g-PDMS-CEOS coating as functions of the thermal curing time.  Also 

shown is the surface hardness variation of the coating (with a thickness of 40 µm on a glass 
substrate) as a function of the curing time. 

 
 

     The wetting behavior of the surface was affected by the crosslinking density of the coating.  Figure 

3.6 plots the changes in the water contact angles as a function of the coating curing time.  As the 

coating’s hardness or crosslinking density increases, the water contact angle (CA) declines slightly 

from 108 ± 1° to 105 ± 1°.  However, the water sliding angle (SA) drops significantly from 26 ± 1° 

to 7 ± 2° after 24 h of thermal curing with the water droplet size of 15 µL.   

     The coating that has been fully cured shows good anti-smudge performance.  For example, marker 

ink can readily contract on the NP-GLIDE CEOS coating (Figure 3.7b).  Dry Kimwipes can be used 
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to wipe off the remaining ink easily without the assistance of soapy water.  This ink contraction 

performance provides further evidence of the sufficient crosslinking degree, which is consistent with 

previous studies.26, 30  In contrast, due to the high adhesion force between the marker ink and the 

hydrophilic glass slide, the marker ink spread evenly on the glass surface (Figure 3.7a) and was 

difficult to remove this ink even with the assistance of soapy water or organic solvents.    

 

 

Figure 3.7 Comparison of the marker ink resistance of (a) uncoated glass and (b) PEMA-g-PDMS-
CEOS-coated glass. 

 

3.3.3 Optical Transparency and Hardness   

     The PEMA-g-PDMS-CEOS coating was transparent in the visible region, and had transmission 

values exceeding 95% at 500 nm with a thickness of 10 µm.  The transparency of the coatings 

decreased slightly with an increasing thickness.  However, it still remained highly transparent (90 %) 

when the thickness of coating had been increased to 33 µm, as shown in Figure 3.8.  

     The scratch resistance of the NP-GLIDE CEOS coating on glass slides was evaluated through 

pencil hardness tests and the results are shown in Figure 3.8.  The hardness of the coating was 

enhanced with an increasing coating thickness.  It was noteworthy that the coating with the thickness 

of 24 µm reached the pencil hardness of 9H, the highest value on the pencil hardness scale.  The 

dependence of the measured hardness on the thickness of the hybrid coating is consistent with a 

previous report.6  Our hypothesis is that the external force applied during the hardness test is more 

easily dissipated by the bulk matrix of thicker coating, while the relative weaker adhesison force at 
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the interface between the matrix and substrate in the thinner coating might be creat a negative effect 

on the measured hardness.  

 

 

Figure 3.8 A plot of the pencil hardness and transmittance of the PEMA-g-PDMS coatings with 
various coating thicknesses. 

 

     The high transparency can be attributed to the absence of macrophase separation in the coating 

matrix.  Figure 6 compares the atomic force microscopy (AFM) topography images showing cross-

sections of PEMA-CEOS (Figure 3.9a) and PEMA-g-PDMS-CEOS (Figure 3.9b) coatings, 

respectively.  In the PEMA-g-PDMS-CEOS coating, more nanopools exist in the coating matrix.  The 

diameter of the nanopools was ~ 10 nm, and thus very little light was scattered so that the film 

remained transparent.  The PDMS nanodomain images were photographed by AFM for two primary 

reasons.  First, the liquid-like PDMS chains offered little resistance to the penetration by the AFM 

tips.  Second, once the coating matrix had been sliced, the PDMS would self-enrich on the surface 
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again to cover as much of the coating surface as possible.  It resulted in a self-healing surface for 

retaining the omniphobic property.     

 

Figure 3.9 AFM phase images of (a) PEMA-CEOS coatings and (b) PEMA-g-PDMS-CEOS 
coatings.  

 

 

3.3.4 Flexibility 

     Aside from the hardness, the NP-GLIDE CEOS coating was cast onto the PET film to evaluate its 

flexibility (Figure 3.10).  The coating samples were bended with hand inward and outward into 

a semicircle with a diameter of ~ 1 cm for certain cycles.  The resultant film withstood more 

than 100 folding-unfolding cycles without forming cracks.  Moreover, the anti-smudge properties, 

hardness, as well as the transparency of the film were retained.  
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Figure 3.10 Photograph demonstrating the flexibility of the coating on a PET substrate. 

 

3.4 Conclusions 

     In summary, we have demonstrated a flexible, hard, and transparent anti-smudge coating based on 

an organic-inorganic composite material that incorporated a minimal amount of PDMS as the de-

wetting agent.  The coating was prepared by thermally curing a homogeneous mixture of CEOS and 

PEMA-g-PDMS.  Only 4.2 wt% of PDMS was covalently attached to the coating formulation.  

Thanks to the compatibility between CEOS and PEMA, as well as the microphase separation that 

occurs between PDMS and the coating matrix, the prepared coating does not undergo macrophase-

separation.  Consequently, it is not susceptible to light scattering and provides a highly clear coating 

with a transparency of 98.2% at 500 nm.  The coating can also reach a pencil hardness scale value of 

9H due to the mechanical enhancement provided by the ladder-like silsesquioxane core of CEOS.  

The coating is also flexible so that it can thus survive more than 100 bending test cycles without 

sacrificing its anti-smudge properties.  Various types of contaminants such as water and marker ink 

can either glide off the omniphobic surface without leaving any traces or can readily contract on the 

surface.   

     In comparison with traditional NP-GLIDE coatings, this flexible hard coating is more abrasion 

resistant, and can remain intact on the surface to thus provide robust anti-smudge properties.  This 
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type of formulation may inspire the development of more anti-smudge coatings with glass-like wear 

resistance and plastic-like flexibility.  Moreover, this coating is inexpensive and easy to manufacture, 

and thus it may have potential applications as a protective coating for flexible displays. 
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Chapter 4 

Conclusion and Future Work 

4.1 Conclusions 

        This thesis describes the design and fabrication of flexible, hard, and transparent omniphobic 

coatings.1  In summary, the hard and flexible properties can be achieved simultaneously by the design 

of organic-inorganic hybrid materials through two key principles.  Firstly, the volume ratios of the 

organic and inorganic components must be optimized to balance the plastic-like flexibility and glass-

like wear resistance, which are respectively controlled by the organic and the inorganic components.  

Secondly, the macrophase separation between the organic and inorganic phases should be avoided, 

and the two phases should be covalently bound together at the nanometer length scale to avoid crack 

formation and propagation.2  According to these principles, the organic component can be composed 

of a crosslinked polymer network that is responsible for absorbing the impact energy, while the 

inorganic component can be selected from various silsesquioxanes that prevent the spreading of 

cracks.   

        An omniphobic surface that repels a wide variety of liquids has numerous potential applications 

including use as self-cleaning or anti-fouling surfaces, for corrosion prevention, and energy 

conservation.  However, the reported omniphobic surfaces, such as superomniphobic films, SLIPS, 

and grafted monolayers, are not suitable for the preparation of transparent coating systems that are 

both hard and flexible.  The existing coatings all suffer from poor mechanical properties that have 

limited their applicability in harsh environments.  For example, superomniphobic coatings lack 

optical transparency and durability.  Their delicate micro- and nanoscale textures are so fragile that 

cracks can readily form and propagate on the outermost surface once the surfaces are deformed.3  

Meanwhile, the omniphobicity is lost when the surface textures are destroyed.4  SLIPS rely on liquid-

like low surface tension moieties, but these liquid-like moieties are physically held by the porous 
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substrates.  SLIPS inherently lacks hardness as its surface is filled by the liquid phase.5  In addition, 

the consumption of the lubricants limits the durability of the SLIPS.  Grafted monolayers also possess 

a liquid-based surface, and there are no flexible and hard substrates available that are compatible with 

this kind of coating.6  In contrast with the coating systems mentioned above, NP-GLIDE coatings are 

promising candidates for the fabrication of a flexible, hard, and transparent coatings.  In this system, 

only a limited amount (less than 5.0 wt%) of the anti-wetting agent is grafted onto the coating matrix 

to impart the omniphobicity.7, 8  Meanwhile, the mechanical and bending properties of the NP-GLIDE 

coating matrices are virtually unaffected.   

        In Chapter 2, a transparent and flexible coating with anti-smudge performance and resistance 

against wear by steel wool is described.  This coating was readily prepared by photolyzing a mixture 

consisting of a commercial precursor glycidyloxypropyl polyhedral oligomeric silsesquioxane 

(GPOSS) and GPOSS-g-PDMS (which denotes GPOSS bearing polydimethylsiloxane side-chain) 

for 5 to 10 min.  While the silica core of GPOSS imparted the coating with the desired hardness, the 

crosslinked glycidylxoypropyl organic network rendered the flexibility.  To endow the desired 

omniphobicity without adversely affecting the coating’s transparency, flexibility, or wear resistance, 

a limited amount of the anti-smudge agent poly(dimethyl siloxane) (PDMS) was incorporated into 

the coating matrix.  The test liquids with surface tensions above ~ 22 mN/m readily and cleanly glided 

off the coating at low tilting angles while complex fluids such as ink and paint readily contracted on 

this surface.  These properties were retained after a coating sample on a poly(ethylene terephthalate) 

film was subjected to 500 bending cycles or was abraded with steel wool.  The NP-GLIDE GPOSS 

material is a very promising candidate for use in protective coatings that requiring both wear-

resistance and flexibility. 

        Unfortunately, polyhedral oligomeric silsesquioxane (POSS) is currently an expensive material 

at the research and development level.  For mass production, the high cost of POSS may limit its 

applicability unless it is used in high performance or value-added products.  The use of inexpensive 
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starting reagents may significantly reduce the cost of production and expand the scope of applications 

for this innovative coating.  In Chapter 3, a new formulation was developed to fabricate an 

omniphobic coating combined hardness, flexibility and transparency.  The coating matrix was 

prepared via the thermal curing of poly(ethylene-alt-maleic anhydride) (PEMA) and cycloaliphatic 

epoxy-functionalized oligosiloxanes (CEOS).  The ladder-like CEOS nanobricks were prepared via 

the sol-gel process using an inexpensive reagent.  Subsequently, the coating matrix was formed by 

covalently linking the cycloaliphatic epoxy functional groups of CEOS with the maleic anhydride 

groups of PEMA by thermal curing.  In addition, PDMS was covalently grafted onto the PEMA 

backbone to prevent macrophase separation with other components of the coating matrix.  Water can 

readily slide off the omniphobic surface without leaving a residue.  In addition, marker ink can readily 

contract on the surface and can be conveniently wiped away without the assistance of soapy water or 

organic solvents.  The coating reaches up to 9H on the pencil hardness scale, and can undergo 100 

bending cycles without forming cracks.   

4.2 Future Work 

        As mentioned in Chapter 2, the UV-curable coating was fabricated via cationic photo-

polymerization through the epoxy ring opening reaction.  With only a few minutes of UV irradiation, 

the coating matrix could be fully crosslinked and exhibits a glass-like hardness as well as plastic-like 

flexibility.  Cationic photopolymerization is an efficient way to fabricate UV-curable coatings, but in 

actual industrial production, free radical UV-curable resins also are highly desirable as versatile 

monomeric and oligomeric materials.  The POSS core, as the smallest silica particles, can be 

covalently functionalized with various reactive functionalities to accommodate free radical 

polymerization reactions.   

        In comparison with cationic photo-polymerization, free radical photo-polymerization has many 

advantages, such as short irradiation times and a rich variety of compatible functional groups.  

Consequently, the latter technique is widely used in industry.  Due to the similar structures with 
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GPOSS in Chapter 2, the free-radical reactive functionalized POSS, bearing substituents such as 

methacrylate and vinyl functional groups, may provide potential building blocks for the fabrication 

of UV-curable flexible and hard coatings. 

4.2.1 UV-Curable Flexible Hard Omniphobic Coatings by Vinyl POSS 

        UV-curable hard coatings can be synthesized via free radical photo-polymerization with the use 

of vinyl POSS as a precursor (Figure 4.1).   The anti-smudge properties can be obtained through the 

covalent grafting of a PDMS chain onto POSS.  One way to achieve this coating is to first synthesize 

POSS-g-PDMS via a hydrosilylation reaction, through which monohydride-terminated 

polydimethylsiloxane (PDMS-SiH) is reacted with vinyl POSS.  This reaction is catalyzed by a Pt-

(0)(DVTMS) (platinum divinyltetramethyldisiloxane complex) catalyst.  Because only one vinyl 

group is consumed during the grafting reaction, the resultant POSS-g-PDMS can mix with vinyl 

POSS to undergo further crosslinking reactions with a photo-initiator under UV irradiation.  The 

compatibility of POSS-g-PDMS with vinyl POSS might be better than that of the GPOSS system due 

to the low polarity difference between the non-polar vinyl groups of POSS and non-polar PDMS. 

 

 

Figure 4.1 Synthetic pathway toward vinyl POSS-g-PDMS. 
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4.2.2 UV-Curable Flexible Hard Omniphobic Coatings Based on Methacrylate-Functionalized 

POSS 

        The other way to prepare flexible and hard anti-smudge coatings is by directly mixing the PDMS 

macromer with a methacrylate-functionalized POSS cage.  The compatibility between the two 

components mentioned above might be poor due to their differing polarities.  Therefore, the resultant 

film might undergo macrophase separation, resulting in an opaque film.  However, the undesired 

macrophase separation could be prevented via a pre-reaction between these two components through 

a photo-initiated reaction.  The reaction mixture could then be cast onto a glass slide to allow the 

solvent to evaporate, and the resultant film could then be subsequently subjected to a photo-curing 

treatment once the coating is dry.  

 

Figure 4.2 Chemical structure of a methacrylate-functionalized POSS cage. 
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Appendix A- Optimization of the Grafting Reaction of PDMS onto 

GPOSS and the Coating Formulations  

A1. The Grafting Reaction of PDMS1k-NH2 onto GPOSS 

   PDMS1k-NH2 (with a number average molecular weight of 1.0 kDa and with one end 

bearing an amine group) was chosen as the starting reagent to explore the experimental 

conditions of the grafting reaction.  To obtain the maximum grafting yield while preventing 

the epoxy groups from undergoing unnecessary ring-opening reactions, the temperature, time 

and solvent were varied to identify the optimized grafting conditions. 

The molar ratio (n/n) and weight ratio between PDMS1k and GPOSS was 1/8 and 43/57, 

respectively.  The grafting reaction was performed via the procedure described in Chapter 2, 

Section 2.2.2, with some modifications.  The experimental details and the calculated yield of 

epoxy ring-opening reaction are shown in Table A1.  The grafting reaction was monitored 

via 1H NMR spectroscopy.   

    No grafting reaction was observed at 60 °C in chloroform after 18 h, but the reaction 

occurred when the temperature was increased.  When the reaction temperature was set at 110 

°C, the reaction proceeded for 3 h in butyl acetate, and the yield of epoxy ring-opening 

reaction was 30% degree as confirmed by 1H NMR spectroscopy.  To roughly check whether 

PDMS had fully reacted with GPOSS, ~0.10 mL of this resulting reaction mixture was drop-

cast onto a glass slide.  Macrophase separation did not occur in the coating after solvent 

evaporation, leading us to conclude that no unreacted PDMS remained after the reaction was 

performed under these experimental conditions. 
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Table A1 Summary of the recipes employed and corresponding results obtained for the grafting of 
PDMS1k-NH2 onto GPOSS. 

 
Temperature, °C  Solvent  Time, h  Epoxy ring-opening 

yield, % 
60 chloroform 3.0 0 
60 chloroform 6.0                   0 
60 chloroform 18  0 
80 butanone 18  35 
110 butyl acetate 3.0  30 

 

 

A2. PDMS1k-based NP-GLIDE GPOSS Coating Formulations  

     The resulting grafting mixture of GPOSS and PDMS1k was used directly for the coating 

formulation without further purification.  The grafted polymer is denoted as GPOSS-g-

PDMS1k(43%), where the % value indicates the weight percentage of PDMS in the grafted 

polymer. 

    To prepare PDMS1k-based NP GLIDE coatings, a mixture consisting of a GPOSS-g-

PDMS1k(43%) solution, GPOSS, a photoinitiator, butyl acetate, and propylene carbonate was 

drop-cast onto a glass slide.  The procedure that was utilized to fabricate these coatings is 

similar to that provided in Chapter 2, Section 2.2.3.  To prepare coatings with different PDMS 

contents, the weight ratio between GPOSS-g-PDMS1k(43%) and GPOSS was adjusted, but the 

total concentration of the coating formulation was kept constant.  

    Due to the incompatibility between PDMS and GPOSS, macrophase separation may occur, 

causing the resultant coatings to become opaque.  Grafting PDMS onto GPOSS is a method 

to avoid the macro-phase separation of GPOSS and PDMS.  However, grafting an 

excessively high PDMS content onto GPOSS may increase the incompatibility between 
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GPOSS-g-PDMS and GPOSS when GPOSS is added as the coating ingredient to adjust the 

PDMS content in the final coating. 

    Table A2 gives the protocols used to prepare various PDMS1k-based NP GLIDE GPOSS 

coatings.  Samples-I~IV were opaque after solvent evaporation due to the incompatibility 

between GPOSS-g-PDMS1k(43%) and GPOSS.  Sample-V did not exhibit macrophase 

separation as only GPOSS-g-PDMS1k(43%) was used to prepare this transparent coating.  

However, it was difficult to achieve complete photo-crosslinking of the GPOSS-g-

PDMS1k(43%) coating, and the pencil hardness of this coating was only 2H (after UV-curing 

for 1 h).  Moreover, marker ink would penetrate into the crosslinked GPOSS-g-PDMS1k(43%) 

coating matrix, and thus weaken its anti-smudge properties.  This can probably be attributed 

to the consumption of ~ 30% (n/n) of epoxy groups during the grafting reaction, so only a 

limited amount of epoxy groups remained available for the crosslinking reactions. 

 
Table A2. Recipes used to evaluate the macrophase separation of PDMS1k-based NP-GLIDE 

GPOSS coatings containing different PDMS mass fractions. 
 

Sample  PDMS1k, 
wt% 

 GPOSS-g-
PDMS1k(43%), mg 

 GPOSS, 
mg 

 Coating macro-
phase separation 

I 3.0 7.0 93 Yes 
II 5.1 12 88 Yes 
III 9.9 23 77 Yes 
IV 21 49 51 Yes 
V 43 100 0 No 

 

    

    To increase the crosslinking density of the PDMS1k-based GPOSS coating, the PDMS1k 

content in the grafting reaction should be low and the grafting reaction would need to be 

optimized.  New grafting reactions were designed, and the weight ratio between PDMS1k-

NH2 and GPOSS was decreased from 43/57 to 10/90, 5/95 and 2.5/97.5, respectively.  The 
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same grafting condition (110 °C for 1.5 h in butyl acetate) was adopted for the three protocols.  

Transparent coatings were obtained under these conditions.  However, these coatings were 

brittle after they had been subjected to UV-crosslinking treatment.  Moreover, the adhesion 

between the coating and the glass substrate was weak for the samples prepared at the 10/90 

and 5/95 weight ratios.   

    We suspect that the poor mechanical properties resulted from the consumption of epoxy 

groups during the grafting reaction, and the low adhesion may have been due to the high 

PDMS content in the coating.  To address the issue, GPOSS was added to the coating 

formulation to provide more epoxy groups as well as to increase the adhesion.  The GPOSS-

g-PDMS1k(5%) /GPOSS weight ratio was set to 1/1.  Based on this recipe, the UV-cured 

coating could resist steel wool abrasion.  Moreover, the adhesion was dramatically improved. 

 

A3. Effect of Varying the PDMS Chain Length on the Grafting Reaction 

    The effect of the PDMS chain length on the grafting reaction was systematically 

investigated.  The molecular weight of the PDMS was changed from 1.0 to 2.0, and to 5.0 

kDa, respectively.  Various polymers including PDMS1k-NH2, PDMS2k-NH2, and PDMS5k-

OH (consisting of a PDMS chain with a number average molecular weight of 5.0 kDa with 

one end terminated with a hydroxyl group) were used for the grafting reaction.  PDMS5k-OH 

was used instead of PDMS5k-NH2 for the grafting reaction, because the latter was not 

commercially available. 

    The experimental details regarding the grafting of PDMS2K-NH2 onto GPOSS are 

described in Chapter 2, Section 2.2.2.  The grafting reactions involving PDMS1K-NH2 and 
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PDMS5K-OH were also performed via this procedure.  The PDMS/GPOSS weight ratio was 

kept at 5/95.  

    In the case of the PDMS5k-OH grafting reaction, no PDMS side chains were present in the 

grafted GPOSS after purification.  Consequently, we concluded that PDMS5k-OH did not 

readily undergo grafting onto GPOSS.   

 

A4. De-wetting Behavior of Different Test Liquids on PDMS1k-based and PDMS2k-

based GPOSS coatings 

    The effects of the PDMS chain length on the anti-smudge and mechanical properties of 

NP-GLIDE GPOSS coatings were systematically investigated.  Coatings containing ~2.1 wt% 

PDMS were prepared using GPOSS-g-PDMS1k and GPOSS-g-PDMS2k as the de-wetting 

agents.  The de-wetting performances of both surfaces against three test liquids were 

evaluated based on the values of liquids’ contact angles (CA), sliding angles (SA) and contact 

angle hysteresis (Dq).  Table A3 shows the data collected for the NP-GLIDE GPOSS coatings 

containing PDMS1k and PDMS2k. 

 
Table A3. Effect of varying the molecular weight of PDMS on the contact angle (CA), sliding 

angle (a), and contact angle hysteresis (Dq) values of three test liquids on coatings containing ~2.1 
wt% PDMS. 

 
Test liquid  CA (°)  a (°)  Dq (°) 

PDMS1k PDMS2k PDMS1k PDMS2k PDMS1k PDMS2k 
water 97 ± 1 99 ± 2 36 ± 1 30 ± 2 18 ± 1 10 ± 2 

diiodomethane 68 ± 1 70 ± 1 12 ± 1 9 ± 1 10 ± 1 5 ± 1 
hexadecane 24 ± 1 23 ± 1 8 ± 1 5 ± 1 7 ± 1 4 ± 1 

      For the water sliding angle measurements, 15 µL water droplets were used.  For the other values 
shown in Table A3, the droplet volume used for the test liquids was always 5 µL.  
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    The PDMS2k-based coating shows better de-wetting properties compared to the PDMS1k-

based coating, as the former features lower a and Dq values for all of the three test liquids.  

This can be attributed to the viscosity and configurational entropy differences of the liquid-

like nature of the grafted PDMS layer.1 

 

A5. Ink Resistance of PDMS1k- and PDMS2k-based GPOSS Coatings  

   The NP-GLIDE GPOSS coatings containing ~2.1% (m/m) of PDMS with molecular 

weights of 1.0 and 2.0 kDa were subjected to marker ink resistance tests.  During these tests, 

a red Sharpie permanent marker was drawn across each coating, and left different ink marks 

on the test coating surfaces, as shown in Figure A1.  The ink did not shrink or contract on the 

uncoated glass slide (Figure A1a), leaving a spread marker ink behind.  Meanwhile, an 

unevenly contracted ink trace was seen on the PDMS1k-based GPOSS coating (Figure A1b).  

The best marker contraction was observed on the PDMS2k-based GPOSS coating (Figure 

A1c), where the ink “beaded-up” into small patches.   

 

 

Figure A1. Photographs showing the effect of the PDMS chain length on the marker ink 
contraction of NP GLIDE GPOSS coatings.  Marker ink (a) spreads on the glass substrate, (b) 

shrinks on a PDMS1k-based GPOSS coating, and (c) beads up on a PDMS2k-based GPOSS coating. 
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Appendix B- The Requirement for Coating Transparency 

   Light scattering is one of the reasons that a coating can appear opaque.  Light does not 

become scattered when it travels through a medium with a constant refractive index, such as 

a vacuum or pure water.  Taking NP-GLIDE GPOSS coating as an example, the reflective 

indices of GPOSS and PDMS are 1.41 and 1.50, respectively.2,3  Although these reflective 

indices are very close in value, the coating will still become cloudy if free PDMS exists in 

the coating matrix.  To minimize the light scattering, PDMS was covalently grafted onto the 

GPOSS precursor.  The grafted PDMS will undergo microphase separation to form 

nanopools with diameters that are usually less than 20 nm.   The diameter of each nanopool 

is much smaller than 100 nm and hence is not comparable to the wavelength of light, so that 

light scattering does not occur.  Moreover, the surface of the NP-GLIDE GPOSS coating is 

highly smooth, which also helps to minimize light scattering. 



 

 

99 

Appendix C- The Mechanism of the Cationic Photo-initiated Reaction     

 

    Photoinitiators are composed of triarylsulfonium cationic and hexafluoroantimonate 

anionic components. The cationic component is used for the absorption of UV radiation.  A 

simplified mechanism of photodecomposition is shown in Figure C1.  First, an excited singlet 

state species was formed by photoexcitation of a triarylsulfonium salt.  Cations and radical 

fragments were subsequently formed by heterolytic and hemolytic cleavages of the resulting 

singlet state intermediate.  These species reacted further with monomers to generate a strong 

acid, which can then initiate cationic polymerization.4  

 

Figure C1. Photo-decompositon of the photoinitiator. 

    The cationic polymerization mechanism is depicted in Figure C2.  The cationic 

polymerization involves various stages, including chain initiation, propagation, and 

termination reactions.  First, ethylene oxide was protonated by a strong acid (HSbF6).  Second, 

the ring-opening of the reactive monomer induced a charge transfer to an adjacent epoxy 

group.  Third, chain growth reaction continued to form a polymer until the monomer was 

exhausted or termination and chain transfer occurred.   
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Appendix D- Comparison of the GPOSS-based and CEOS-based NP-

GLIDE coatings 

  

Table D1. Properties of the GPOSS-based and CEOS-based NP-GLIDE Coatings. 
 

Properties   Coatings 
NP-GLIDE GPOSS  NP-GLIDE CEOS 

 
 

Mechanical 

 Pencil hardness 9H 9H 
HIT 0.70 GPa 0.52 GPa 

Steel-wool-
resistance* 

 
Yes 

 
No 

Bending** Inward Inward & Outward 
 
 

Anti-
Smudge 

Water (a) 30 ± 2 ° 23 ± 1 ° 
Water (Dq) 10 ± 1 ° 8 ± 1 ° 

Hexadecane (a) 5 ± 1 ° 4 ± 1 ° 
Hexadecane (Dq) 4 ± 1 ° 3 ± 1 ° 

Marker ink Contracted Contracted 
Paint ink Contracted Contracted 

* The details regarding the steel wool resistance test are presented in Chapter 2, Section 2.2.5.5. 
** The bending test method for the NP-GLIDE GPOSS coating is described in Chapter 2, Section 
2.2.5.7.   The bending test for the NP-GLIDE CEOS coating is presented in Chapter 3, Section 
3.2.11.  
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