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INVESTIGATION OF OPTICAL AND WETTABILITY PROPERTIES OF
POLYMER COATINGS

SUMMARY

Controlling wettability is an important property and highly desired by industry due to
its wide range of advantages, such as; anti-bacterial, anti-ice and self-cleaning.
Obtaining such advantages through engineering surface coatings presents highly
challenging environment because, for example, one need to design highly porous
surface for a chemically hydrophobic polymer coating to obtain anti-icing or self
cleaning properties but porosity decreases light propagation and made the material
opaque. Real struggle, and the most desired by industry, is finding the Goldilock Zone
for such coatings, if not the perfect one.

Controlling liquid behaviour is an ancient dream for us sapiens. We crafted cups to
hold, canals to channel even built dams to harness the power within. Over the years,
despite getting better at capturing the liquid, we were unable to prevent its harmful or
undesirable effects after a certain point. It has been recently emphasized that nature is
in fact very successful about avoiding its harmful effects with presenting liquid
repellent properties. Water striders, a bug which have the ability to stand on water
using its superhydrophobic legs, and water lilies (lotus) with self cleaning properties
can be given as natural examples due to their unique water repellent properties.
Learning the ways of nature about how to deal hazardous environment or how to
enhance our inventions is the best key for success in engineering.

Water repellent surfaces attracts many attention from industry with not only their self
cleaning properties but also anti-fouling, drag reduction and many properties that were
mentioned above. Two heading of water repellent surfaces can be mentioned as
focussed in this thesis; hydrophobic surfaces and superhydrophobic surfaces where
surfaces that have water contact angles larger than 90° called hydrophobic and larger
than 150° called superhydrophobic. Main reason for the focus on these topics is their
potential on marine enhancement properties. Drag reduction would be reduce carbon
emissions in tremendous amounts when considered that the global shipping sector is
responsible for approximately %2 of global greenhouse gas emissions which can be
comparable for even countries. Anti-ice property could make working conditions on
ships over cold climates better and increase the life expectancy of ships. Direct effect
of water repellent properties will most likely be on hull applications as presenting anti-
fouling properties and substituting present poisonous coatings with non-poisonous
superhydrophobic coatings.
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The aim of this study is to create a knowledge basis of further studies and marine
applications based on water repellent surfaces. High density polyethylene (HDPE),
low density polyethylene (LDPE), polypropylene (PP), polyproplyne-polyethylene
copolymer (PPPE), polyvinyl alcohol (PVOH), nylon 6 (N6), nylon 6,6 (N66),
polystyrene (PS), poly(methyl methacrylate) (PMMA) and polyvinyl acetate (PVAc)
coatings were tested for surface and optical properties. Surface free energy studies
were conducted and correlations were presented. Great deal of data were obtained in
order to understand polymer surface behaviours as well as how to enhance the
properties.

Last study was performed using dispersed SiO2 nanoparticles in order to create surface
roughness. Polystyrene was chosen for this study for its adequate properties such as,
high contact angle value, relatively low surface energy and easy to work under room
conditions as well as high transmittance. As a result of this study, superhydrophobic
SiO2 nanoparticle dispersed polystyrene coatings were obtained. Extensive
correlations were derived between surface and optical properties with respect to the
nanoparticle content.
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POLIMER KAPLAMALARIN OPTIK VE ISLANABILIRLIK
OZELLIKLERININ ARASTIRILMASI

OZET

Yiizey i1slanabilirliginin kontrolii, sagladigi sayisiz avantaj sebebiyle endiistri
tarafindan gittikge artan bir ilginin odak merkezi konumundadir. Ozellikle sundugu
kendini temizleme, buzlanma 6nleyici, anti bakteriyel, siiriiklenme azaltic1 ve denizel
kirlenme Onleyici gibi sayisiz 6zelliginden dolay1 endiistriyel uygulama alanlar
oldukeca genistir. Fakat her ne kadar elde edilebilecek 6zellikler cok biiyiik avantajlar
barindirsa da bu yiizeylerin iiretilmesi kendi zorluklarini da beraberinde getirmektedir.
Ornegin; kendini temizleyen su tutmayan siiperhidrofobik yiizeylerin yapilmasi igin
yiizeyin enerjisinin diisiik olmasi ve piiriizliiliikk barindirmasi gerekir fakat piiriizliiliik
151k gecisinin azalmasina sebep olmaktadir. Eger bu ve benzeri ylizeyler {iretilecekse
birden fazla parameter birlikte diistiniilerek, genis yelpazede malzeme kullanimi gz
ontinde bulundurulmal1 ve yiizey davranislari iizerine hakimiyet yiiksek olmalidir.

Insanlik tarihin ilk zamanlarindan beri sivilarm, 6zellikle de suyun, kontolii ve
zararlarmin  Onlenebilmesi icin ¢alisti. Iginde tutabilmek icin kupalar, enerji
iiretebilmek i¢in barajlar, lizerinde durabilmek i¢in gemiler ve bir ¢ok makine igin
borular tasarlandi. Birgogunda tasarimlar dogadan alinirken bir¢ogunda da dogaya
kars1 diisliniilebilen her tiirlii sekilde kars1 koymaya calisilmistir. Gegtigimiz yillarla
beraber siviy1 belirli alanlarda kontrol edebilme becerimiz her ne kadar artsa da
sivilarin zararli ve istenmeyen etkilerine karst koyma konusunda ¢ok da basarili
olunamamistir. Yakin zamanlarda anlasilmistir ki, doga bu zararl etkilerden uzak
durma veya kontrol etme konusunda, insanligin tiim c¢abalarina ragmen, teknolojik
ilerlememizi golgede birakacak nitelikte oldukca etkili ve cesitli yontemler
gelistirmistir. Ornegin, bir bocek tiirii olan Aquarius remigis, sahip oldugu
stiperhidrofobik bacaklar sayesinde havay1 paketler halinde hapsederek su iizerinde
rahatlikla durabiliyor ve bunu o kadar etkili yapiyor ki her bir bacaginin suda ortaya
koydugu kaldirma kuvveti bacagin kendi agirliginin 300 katina kadar ulagabiliyor. En
bilinen ve kendini temizleme etkisine (lotus effect) ismini veren niliifer ¢icekleri,
kendilerini  temizleyebilen yiizeyleri sayesinde kirleticilerden  kolaylikla
kurtulabiliyorlar. Doganin su ile bag etme ¢esitliligi, insanligin heniiz karsilagsmadigi
problemlerine dahi ¢oziimler barindirdigi géz 6niinde tutuldugunda, bu konudaki
endiistriyel ilerlememizin anahtari konumundadir.

Su itici ylizeylerin iki énemli alt basligi bu tezin odak noktasi olarak gosterilebilir;
hidrofobik ve siiperhidrofobik yiizeyler. Yiizey su temas acilar1 90°’den fazla olan
yiizeyler hidrofobik yiizey, 150°°den fazla olanlar ise siiperhidrofobik yiizey olarak
adlandirilirlar. Bu c¢alismada bu alanlara odaklanilmasinin asil sebebi denizcilik
alaninda sahip olduklar1 yiiksek potansiyeldir. Siiperhidrofobik yiizeyler yiiksek su
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itici ozellikleri sayesinde deniz tasitlarinin su ile temasini barindirdiklari hava paketleri
sayesinde minimuma indirerek dnemli avantajlar sunabilir, 6rnegin; yiiksek stirtliinme
direnci diisiisti saglayabilir, gemi izini (wake) azaltarak gemilerin uzak mesafelerden
tespitini  zorlagtirarak askeriyede yiiksek avantaj saglayabilir, sahip oldugu
antibakteriyel 6zellik gemilerin yiizeylerinde mikroskopik canlilarin tutunmasini ve
birikmesini Onleyerek simdilik kacinilmaz olan performans diislisiinii engelleyebilir,
buz olusumunu dnlemesi sayesinde soguk bolgelerde faliyet gdsteren deniz yapilari ve
tagitlarinin performanslarini ve giiverte giivenligini oldukga yiiksek oranda arttirabilir
ve gemilerin boru sistemlerinde ve hatta ballast tanklarinin igerisinde kullanilarak
bir¢ok problemin dniine gegilebilir. Ayrica mevcut zehirli govde kaplamalarinin yerini
alabilme potansiyeli denizlerin de kirletilmesini 6nlemek acisindan oldukca 6nemlidir.
Uluslararasi denizcilik diizenlemelerinin bu konuda aldig1 kararlar da diisiiniildiigiinde
bunun ekonomik sonuglar1 da gdz 6niinde bulundurulmalidir. Ozellikle siirtiinme
direnci lizerinden gemilerin karbon ayak izlerini azaltmasi en biiyiik etkisi olacaktir.
Diinyadaki gemi tasimacilifinin tiim diinya karbon emisyonu miktarinin yaklagik
%?2’sinden sorumlu oldugu diisiiniildiiglinde bu orandaki herhangi bir azalmann
diinyaya etkisi bir iilke ile kiyaslanabilecek dl¢iide biiylik olacaktir. Buna ek olarak,
gemilerde yaratacagi performans artis1 ve maliyet diistisleri tasimacilik maliyetini de
azaltacagi icin gemi tagimaciligina yonelimi ve hatta kapasitesini arttiracaktir. Karbon
ayak izi acisindan, birim yiik i¢in mevcut en verimli tasimacilik gemi tasimaciligi
oldugu diisiiniildiigiinde dolayli olarak da diinyadaki karbon izinin azalmasin
saglayacaktir.

Siiperhidrofobik yiizeylerin tretimi simdiye kadar farkli malzeme ve metodlarla
ulasilmis olsa da interdisipliner ¢alisma ile bu ylizeylerin gercek ¢iktilarinin iiretimi
her zaman problemli olmustur. Yiizey davranigi {izerine hakimiyet her ne kadar
olduk¢a Onemli olsa da, iiretim sirasinda ayni zamanda bu yiizeylerin pratik
uygulamalan i¢in de hakimiyet sahibi olunmalidir. Gemilerin gévde tamirleri igin
mevcut optimum iisreler diisiiniildiigiinde ¢ok daha hizli s6kiilecek bir kaplama kendi
avantajlarini ortadan kaldiracaktir. Diger taraftan bakilirsa, sadece deniz araglarinin
cetin kosullarina hakim olanursa ihtiya¢ duyulan ¢6ziim konusunda ufuk smirh
kalabilir ve sadece mevcut durum tekrarlanir. Bu calismanin sonucunda ulasilmasi
amagclanan nokta, belirtilen iki alan1 birlestirecek bir ortak zemin yaratmak ve ilerideki
calismalar i¢in ortak bir hakimiyet olusturmaktir.

Bu ¢alismanin ana hedefi gemicilik alanindaki uygulamalar1 ve sonraki ¢aligmalar igin
bilgi zemini olusturmaktir. Buradan yola ¢ikarak yapilacak caligmalar ile yukarida
bahsedilen gelismelere ulagsmak olduk¢a miimkiindiir. Bu ¢aligmada, yliksek
molekiiler agirlikli polietilen (HDPE), diisiik molekiiler agirlikli polietilen (LDPE),
polipropilen (PP), polipropilen-polyetilen kopolimer (PPPE), polivinil alkol(PVOH),
naylon 6 (N6), naylon 6,6 (N66), polistiren (PS), polimetilmetakrilat (PMMA) ve
polivinilasetat (PVAc) polimer yiizeyler sahip olduklar1 yiizey davranislari, optik
karakteristikler ve 1slanabilirlik 6zellikleri {izerine incelenmistir. Polimer ¢esidi genis

XXVi



tutularak optik ve 1slanaiblirlik 6zellikleri arasindaki gecislerin hangi parametrelerle
miimkiin oldugu gosterilmeye calisilmistir. Yiizey enerji hesaplamalar1 yapilmis ve
sahip olduklar1 karakteristik ozellikleri arasinda bagmtilar kurularak ayrintili
karakterizasyon verileri sunulmustur.

Son calismada nanoboyutlu SiO» pargacik dispersiyonu yiizey piirtizliiliigii yaratmak
icin kullanilmistir. Calisma igin polistiren polimeri se¢ilmis olup sahip oldugu yiiksek
su tema agis1, oda sartlarinda kolay ¢alisabilirligi, yiiksek optik gecirgenligi ve gorece
diisiik yiizey enerjisi gibi 6zellikleri bu calismada segilmesi icin etkili olmustur.
Nanoparcaciklar politirene icerisinde tanitilmadan 6nce sonic homojenizator ile
polistirenin ¢oziildiigii ¢oziiclide dagitilmis ardindan polimerle beraber tekrar
homojenizatér ile isleme sokulmustur. Ornekler spin kaplama teknigi ile
hazirlanmistir. Elde edilen kaplamalar hidrofobikten siiperhidrofobige kadar ulasan
genis bir skala sunmustur. Orneklerin incelenmesi i¢in ayrintili temas acis1 lgiimleri
ile 1slanabilirligi incelenmis optik karakterizasyonu ile de aralarinda bagintilar
kurulmustur.

Ulagilan 6rneklerin olusturdugu yelpaze ayni zamanda SiO» miktarinin doygunlugunu
gostermesi agisindan da yardimci olmustur. Optik karakterizasyon sonuglari ile
orneklerin temas agilar arasinda korelasyon kuruldugunda, belirli bir noktadan sonra
temas agis1 agisindan bir avantaj yaratmadigi gibi optik gecirgenliginin de diistiigii
gOriilmiistiir.

Yapilan ¢aligmalar ile siiperhidrofobik yiizeylere ulasilmis ve sonraki ¢aligmalara
zemin olugturmasi amaclanan interdisipliner hakimiyete ulasilmistir.
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1. INTRODUCTION

Controlling wettability is a critical for industry due to its wide range of advantages,
such as; anti-fouling, oil-water separation, anti-bacterial, anti-ice, self-cleaning and
flow enhancement [1-10]. Challenging environment for obtaining such highly
advantages surfaces is great especially impossible to obtain such surfaces without
answering conflictive requests. For example; superhydrophobic coatings are great for
surface protection in various ways and perfect for optical devices but
superhydrophobicity can not be obtained with absence of roughness. Because of the
surface roughness decreases light propagation engineering optimum property for such
surfaces is hard but mandatory. In order to control the wetting behaviour of the surface,
chemical structure and surface morphology need to be well understood and well

manipulated.

Measuring contact angle values of surfaces is a great method to obtain parameters such
as surface free energy, which is directly related with the water repellency of the
surface, as these values carry thermodynamic characteristics of the solid surfaces.
Several methods [11,12] are being used to quantify the surface characteristics of the
solid surfaces as calculating surface free energies. In general, most preferred
approaches are Van-Oss Good approach and Fowkes (later Owens/Wendt) geometric

mean method.

In this thesis, two main studies were performed. First of all, 10 polymer coatings
HDPE, LDPE, PP, PPPE, PVOH, N66, N6, PS, PMMA and PVAc thin films were
synthesized and investigated for their optical and wetting behaviours. Later, in order
to investigate surface behaviours of given polymer surfaces, surface energies of
samples were calculated using water, formamide, ethylene glycol and methylene
iodide as test liquids. CA decrease was found as a result of the increase in surface
energies of polymers because of higher adhesion interactions between the liquid drop
and the solid polymer surface. Then, optical absorption studies were performed and

increase in the band gap was found as well as correlations between optical and surface



behaviours of surface coatings were demonstrated. The maximum band gap was
achieved for PPPE and PMMA films and absorption of the films occurred in the
wavlengths below 300 nm. Above this point coatings diplay excellent transparency,
which is characteristic for wide band gap material [13,14]. This study created a strong
foundation for further studies. Also, results and correlations between HDPE, LDPE,
PP, PVOH and N66 polymer surfaces were published [15]. Second, superhydrophobic
surfaces were synthesized using SiO2 nanoparticles for its easy accessability and non-
toxicity. PS is used as polymer coating for this study because of our previous study
showed that PS demonstrates high water CA as having relatively low surface energy
as well as great transparency. Wide range of PS coatings with dispersed SiO:
nanoparticle content were prepared and characterizations performed extensively.
Later, atomic force microscopy (AFM) measurements were performed on 5 um? and
30 um? surface areas. AFM results showed roughness increase as nanoparticle content
increase as intended. Also, water contact angle measurements indicated that contact
angle values were increased as surface roughness increase and superhydrophobic
surfaces were obtained. On the other hand, some samples demonstrated CA increase
despite their surface roughness decrease. He et al. reported that formation of
nanoparticle aggregates is more important than Root-Mean-Square roughness (RMS)
[16]. This report explains and supports our results where CA increase occurred while
roughness value drop observed. This matter discussed in further sections. Last of all,
transmittance and reflectance values were measured and refractive index (n) and
extinction coefficient (k) values derived using NKD spectrophotometer software.

Using obtained data, band gap values were calculated using Tauc method [17,18].

The aim of this thesis is to create knowledge basis for further studies. In order to
advance in engineering on surface modification and control, foundations need to be
well studied if not completely understood. Behaviour differencies between flat and
rough coatings hold great value to understand and control surface properties. Obtaining
superhydrophobic coatings via relatively easy and cheap method was the final goal

which was achieved and characterizations were performed extensively.



2. SURFACE AND INTERFACE

2.1 Liquids

A liquid defined as a medium, which takes the shape of a container without necessarily
filling it while fluid refers collectively to solids and liquids [19]. Difference between
liquid and gas state are usually described with their density, mobility and
immiscibility. Liquid state have higher cohesive force (intermolecular forces such as
hydrogen bonding and Van der Waals forces) and liquid molecules have somewhat
limited mobility. When compared with gases, liquid molecules have shorter mean free
path than gas molecules. The distance between molecules in a liquid is so small it is
roughly equal to the molecular diameter, and the effect of intermolecular forces is
correspondingly so large that the properties of liquids depend on the forces acting

between the molecules [19-22].

Liquids demonstrate higher resistance to compression due to the small space between
their molecules when compared with solids. This also gives a possibility to separate
liquid from solid by their response; while solids behave elastically, liquids behave

inelastic under pressure.

2.2 Solids

Solids can be categorized into two types according to their wetting behaviour; solids
which contain high energy and low energy. High energy solids have chemical bonds
contain high energy that keeps them together, low energy solids have lesser energy in
their bonds, essentially physical forces (van der Waals). Breaking the latter bonds are
relatively easier. However, transition is possible between high and low energy surfaces
and changeable dynamic surfaces have been reported during the years [13—15] which

can be performed via photon-driven surface energy changes.

Mobility of the solid surface molecules are highly limited. Unlike other surfaces, like

liquid surfaces, their position is fixed; neither their molecules can move to another



place nor spontaneously contract to minimize their surface area. This leads to a non-
equilibrium surface for solids, contradict to liquid surface which immediately forms
equilibrium surface due to its high mobile surface molecules. This does not mean
surface tension is missing in solids; inward pull of the solid atoms and surface tension
are exist. Problematic part is; procedure of the solid surface measurement is obscure
and indirect measurements are preferable. The main reason is having much less surface

mobility compared to the liquids [19-22].

Most solid materials, at certain temperatures, deform elastically and may recover to
their original size. When applied force increased, specimen will break but the breaking
force never equal to the cohesion forces between solid molecules. Weak points, defects

and previously occurred cracks are the cause of breaking.

Solids are tend to be contaminated with substances and these contaminants form a thin
layer at their surfaces without protection. Without protection, solid surface would be
coated with a film or a greasy material in a short time. Surface contamination, even if
the contaminated surface formation is monolayer, will affect the characterization
processes considerably. Given the fact that the surface tension measurement is in a
direct relation with solid surface, surface composition is highly important for surface

tension measurements.

Overall, ideal surface is assumed flat and chemically homogenous. Other than the
absolute zero (0 K), extreme uneven surfaces often present at solid surfaces. Higher
temperature leads more defects. These uneven surface characteristics of solid surfaces

create surface roughness due to the varying length scales [19-22].

On the other hand, chemically homogeneous surface can be obtained if the surface
consists of the same chemical groups. Otherwise it is called chemically heterogeneous.
Chemical structure of the top layers of solids determine the surface properties. It is
important to consider chemical structure because the surface affects adhesion,
adsorption, wettability, biocompatibility, printability, and lubrication behaviour of

surface [22-26]



2.3 Surface/Interfacial Tension

The surface tension is the force which tend to minimize the area of the surface and
direction of the surface tension is inwards from surface, perpendicularly (Figure 2.1).
Responsible for phenomenon of surface tension is the process of cohesion which can
be described as attractive forces between molecules of liquids. Surface tension is
dimensionally equivalent to surface free energy, but they have conceptual differences
and surface tension can be regarded as a two dimensional negative pressure due to its
two-dimensional analogue of the bulk pressure unit (N/m?). Also definition of surface
free energy for solids is the work spent in the forming a unit area of the solid surface
[19] which is same for the liquids. However this definition indicates that the surface
free energy is not equal to the surface tension for solids though they are numerically

equal.
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Figure 2.1 : Surface tension of a water.

In order to consider surface tension between two immiscible phases, we refer to as the
interfacial tension. It is important to measure interfacial tensions (solid-vapour and
solid-liquid) but direct measurement is difficult especially when a solid phase
involvement present. Contact angle measurement [27-31] is the simplest way to
determine the solid surface tension as an indirect approach. In liquids, cohesive forces
are the cause of surface tension. Inside the bulk of the liquid, particles are surrounded
with same particles and this results a net force of zero. On the other hand, at the surface,

partially surrounded particles are being pulled inward as shown in Figure 2.1 [27].



This creates an internal pressure which is the reason of the surface tendency to

minimize its area.

2.4 Factors Affecting Surface Tension

As mentioned above, surface tension is in a direct relation with the molecular
interaction of the bulk, henceforth any factor that affects this interaction also affect

surface tension.

When the temperature is increased, kinetic agitation and evaporation increases. As a
result, inward pull may be expected to become less, thus weakening the molecular

interactions, and the surface tension almost invariably decreases [19-22].

Non pure liquids have different surface tension, therefore adding chemicals to a liquid

changes the surface tension characteristic of the liquid.

The presence of impurities on the surface of a substance directly affects the surface
tension of the liquid. Surface impurities decreases contact angle value due to their

interaction with the liquid.

2.5 Liquid Surface/Interfacial Tension Measurement Methods

There are several methods to measure liquid surface tension. Equipment based on the
ring and Wilhelmy plate detachment methods are commonly used and these can easily
be applied to pure liquids, solutions and interfacial tension between two liquids.
Capillary rise, drop volume and maximum bubble pressure are also commonly used
and many cutting-edge instruments have been developed for their application. The
optical drop shape determination and video image digitization method compares the
optically determined contour of a pendant or sessile drop image with theoretical
contour, which can be predicted by the Young-Laplace equation [19-22]. There are
also dynamic methods, such as oscillating plate and capillary wave methods which are

used to determine changes in surface tension with systems that are not in equilibrium.



3. CONTACT ANGLE

When a liquid drop on solid surface is considered, the drop is at an equilibrium state
balanced by three forces; interfacial tensions between solid and liquid (SL), between
liquid and vapour (LV), and between solid and vapour (SV) which can be observed
from Figure 3.1. The contact angle, 6, is the angle formed by a liquid drop at the three-
phase boundary where a liquid, gas and solid intersect, and it is included between the
tangent plane to the surface of the liquid and the tangent plane to the surface of the

solid, at the point of intersection [32, 33].

[
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Figure 3.1 : Three-phase boundary where liquid, gas and solid intersect. ysv yLv YsL
are interfacial tensions and 0. is the contact angle.

First description of contact angle equilibrium was made by T. Young in 1805 [34]. The

vectoral summation of three-phase contact angle;

Ysv = Vs, + Vv cos@ 3.1

Where vy is the interfacial tension namely between solid-vapour (ysv), solid-liquid
(YsL), liquid-vapour (YLv) and 0 is the contact angle. From equation; if Ysv > YsL + YLv
this corresponds to a high surface energy solid and 6 is equals to 0 which means

complete spreading of the liquid occurs. yLvsin® completes the vector forces of yLv

and — yLvsin® balancing it which corresponds the stain force on surface..



Contact angle is a quantitative measure of wetting and every liquid, with low viscosity,
can be used as for the drop unless the liquid is very volatile. Contact angle value
indicates characteristics of solid-liquid interactions; if the 0 value is high that indicates
low solid-liquid interaction while low values mean high interaction. If the contact
angle is lower than 90°, then the liquid is said to be wetting (or partially) the solid. If

the contact angle is equal to 0°, this represents complete wetting.

If the water contact angle exceeds 90°, then the surface began to demonstrate
hydrophobic properties. This happens when the energy of the solid surface falls behind
the liquid molecules’ attraction one another [19,22]. That means; if the force between
molecules inside the liquid surpass the force between liquid surface and the solid, then

contact angles which are exceed 90° can be observed.

If surface roughness and chemical heterogeneity exceed in a position that demonstrates
water contact angle more than 150° and tilt angle less than 10°, the surface than called
superhydrophobic. Superhydrophobic surfaces should also have lower contact angle

hysteresis values.

3.1 Contact Angle Measurement

Contact angle measurement appear manageable, but there are few key parameters that
must be considered in order to avoid thermodynamically wrong results and
assumptions. These key parameters must be considered not only at measurement stage
but also pre-measurement; ultra-clean substrate preparation, ultra-pure liquids for drop
formation, drop evaporation (measurement needs to be fast in order to prevent
evaporation), needle location inside the drop, and obtaining very sharp image. Less
than perfect conditions would have an impact on to which leads to thermodynamically
wrong results. Obviously perfect conditions are impossible but maintaining as perfect

conditions as possible is mandatory.

There are two popular measurement techniques today; static contact angle
measurement of a sessile drop via video recorder with high frame rate and dynamic

contact angle measurement method using tensiometry.



3.1.1 Static contact angle measurement

Using video recorder with high frame rate is more popular and widely used in order to
measure contact angle of a sessile drop than using goniometer-microscope. To apply
this method, sample stage with precise controls and cold light source are also needed
beside video camera as can be seen from Figure 3.2 :. This technique works with
captured sharp image of the sessile drop resting on substrate. Tangent of the drop at
the three-phase point is drawn at the captured drop frame which determines the contact

angle. Using software analysis prevents subjective errors.

Figure 3.2 : Video recorder with high frame rate for contact angle measurement.

3.1.2 Dynamic contact angle measurement

Young equation (Eq. 3.1) assumes that the solid surface is ideal surface, suffers from
absence of imperfections. However, ideal, absolute flat and chemically homogeneous
surface does not exist. These imperfections inhibit one equilibrium contact angle of
solid surfaces but create a range of contact angles [33-35]. Experimentally, only two

types of contact angle measurement techniques are standardized [19,37];

1. Advancing contact angle, 0a, is said to represent by the measured angle when
a liquid drop is formed by injecting the liquid from a needle connected to a
syringe onto a substrate surface (Figure 3.3). Liquid drop is allowed to advance
on the fresh solid surface [19]. For each liquid-solid system there is a maximum

value of advancing contact angle before three phase line is broken. The force



from needle and its material characteristic (such as water may climb onto some
materials due to its wettability characteristics) while applying liquid may affect
measurement, taking precaution is important. For example, coating the needle
surface with paraftin wax or using Teflon or polypropylene needles can prevent
climbing problems but also keeping the needle in the middle of the drop is

needed in order to minimize the liquid applying force to drag three-phase line.

2. Receding contact angle, 6r, can be measured when a previously formed sessile
drop on the surface is contracted by applying a suction of the drop liquid

through the needle (Figure 3.3) [19].

l T
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Figure 3.3 : Liquid injection and extraction inside the drop during (a) advancing (b)
receding contact angle measurements.

Evaporation for liquids during contact angle measurement is undesirable, and it is
unavoidable unless measurement is being done inside a closed chamber. On the other
hand, evaporation can be used to obtain more reliable receding contact angle results,
compared to needle-syringe sessile drop method. Evaporation enables minimum rate
of withdrawal from the drop which minimizes the linear rate of retreat of the drop on
the substrate [32]. Evaporation starts with decreasing contact angle and fixed contact
radius began to shrink. Minimized withdrawal rate provides more reliable contact
radius decrease which means more reliable contact angle values, compared to static

needle-syringe drop method.

Precise advancing and receding contact angle measurements are extremely difficult as
a result of their extreme sensitivity of surface chemical heterogeneity, the surface
roughness and evaporation effect. Determination between +2° is easy but it is merely
impossible to reduce relative error of £0.5°. The difference between 0a and Or gives

the contact angle hysteresis (CAH).
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3.1.3 Contact angle hysteresis

There are some problems with this dynamic contact angle measurement method; first,
extracting and receiving rate of liquid while measurement of receding and advancing
contact angle is a problem, because linear rate of change of the liquid drop does not
correspond at the liquid surface accordingly [30,32]. An appropriate rate is the order
0f 0.01 - 0.10 mm.min-1, which is very precise and slow, linear advance or retreat by
using a motor-driven syringe. Second, there can be some deterioration caused by the
needle which was used for introducing liquid. In order to prevent this, the needle

should be positioned at the middle of the drop.
Overall there are several reasons for contact angle hysteresis;
I.  Surface roughness,
II.  Chemical heterogeneity,
III.  Drop size effect,
IV. Molecular reorientation and deformation on solid surfaces,
V.  Liquid absorption.

However surface roughness and chemical heterogeneity are the main and considered

reasons for contact angle hysteresis.

3.1.3.1 Effect of surface roughness on contact angle hysteresis

Rough surface means actual surface area is greater than the plan surface area and this
enhances liquid solid interaction. If the contact angle of a liquid drop on a flat surface
is more than 90° then surface roughness increases this value even further. If the contact
angle is lower than 90°, surface roughness decreases the contact angle value of the

surface.

First Wenzel, in 1936, created a relation between contact angle and surface roughness
by an assumption which indicates the drop liquids fills up the grooves on rough surface

as can be seen in Equation 3.2. Wenzel introduced a roughness factor and his equation
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combined with Young’s equation enables us to right contact angle on a rough surface
[37,19]:
cos@] =r,cosbi =, (M) 3.2)
Yiv
Where, rw, is the ratio of real surface area and plan surface area, &7 is the equilibrium
contact angle of the real solid (rough surface) and 6; is the equilibrium contact angle
on a flat, smooth surface. In order to apply this equation surface roughness has to be

at least in microscopic scale.
3.1.3.2 Effect of chemical heterogeneity on contact angle hysteresis

Contact angle hysteresis is a result on an atomically smooth surface if the surface
demonstrates chemical heterogeneity. Heterogeneous surfaces possess different
regions which demonstrate different contact angles. Due to the heterogeneity,
hydrophobic regions will pin the motion of the contact line as the liquid advances thus
increasing the contact angles [19, 35, 38]. While receding hydrophilic regions will hold

back, therefore heterogeneity will increase contact angle hysteresis.

Cassie-Baxter tried to explain contact angle hysteresis for smooth surfaces possess

varying heterogeneity with derivation of an equation in 1944 [39].

cos 8, = f; cos B, + f, cos b, 3.3)

Where fi and f are the fractional area of the surface with contact angle of 6; and 6>
[39]. When air pockets are represented on a rough surface and when the second

component of the surface is assumed as air in which contact angle is equal to 180°;
cos6} = f,cosb; — (1 —f;) = fs(cos O, +1) — 1 (3.4)

This equation found useful for heterogeneous surfaces, but cannot explained some
problems which lead to CAH. This indicates that, in spite of the knowledge we gather
around to understand the CAH, it is very complex to be able to fully understand for

now.
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4. SURFACE TENSION CALCULATIONS FROM STATIC CONTACT
ANGLE

Contact angle carries the thermodynamic characteristics of the measured solid
surfaces. Measuring contact angles of a series of liquids produces parameters (surface
free energy (SFE), surface tension, critical surface tension etc.) which therefore

quantifies the solid surface’s wettability characteristics.

4.1 Fowkes (and Later Owens and Wendt’s) Method

In 1964, Fowkes proposed that work of adhesion, Wa, and work of cohesion, W¢, can
be separated into their dispersion (d), polar (p), induction (I), and hydrogen-bonding
(h) components [40]. The dispersion component of the work of adhesion between a

solid and a liquid could be expressed as;

Wit = (s =2 Jrivty @D

And the interfacial tension for a solid-liquid system interacting by London dispersion

forces alone can be given as;

Vs. = Vs + Vv — 2 /VS({VLdV 4.2)

Where y& is dispersion component and s is surface tension from Fowkes method.

Fowkes-Young equation was obtained by combining (4.2) and (2.1);

YsLcos8 = —yy + 2 /V;VLdV — VYsv (4.3)

In 1969, Owen and Wendt proposed a new expression by dividing the surface tension

into two new components, dispersive £, and polar }’;p based on Fowkes equation [30].

W, = Z(JygVyLdV + \]VSPVVLPV) 4.4)
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Which based on these assumptions;

vi=vi+y? (4.5)

YsL =Vsv t Vv — Z(J Y& Ve + \/ VS?VyfV) (4.6)

By combining them with Young equation;

Yir(1+ cos6,)) = Z(Jysdvyﬁv ; Jys”vn”v) @7

Owen and Wendt used only two liquids to solve this equation’s unknown parameters
¥& and v&,. v, = 21.8 and v}, = 51.0 for water and yf}, = 49.55 and y}, =1.3
mJm™! for methylene iodide were used in order to calculate unknowns, using measured
contact angle values on polymers. After that it would be easy to calculate total surface

tension of the polymer from the (yg, = y&, + yfv) equation.

4.2 Van-Oss Good Approach

Based on the Lifshitz theory of attraction between macroscopic bodies, van Oss, Good
and Chaudhury [41] developed a more advanced approach after 1985 to estimate the
free energy of adhesion between two condensed phases [42]. Their suggestion was
dividing solid surface components under two terms; first is Lifshitz-van der waals
interactions, yLw, which containing dispersion, dipolar and induction interaction, and
the second one is the acid-base interaction term, ya, which containing electron donor-
acceptor interactions, such as hydrogen bonding. It was thought that, Lifshitz
calculations yield yow which is the result of all the electromagnetic interactions taken
together. Lifshitz-van der Waals also includes the interactions of pairs, triplets,
quadruplets etc. of molecules within each phase, in all the actual configurations that

are taken on when they interact.

Corresponding components of work of adhesions;
—W, = AGg, = AGEY + AGLE 4.8)

And the combining rule for LW components is given as;
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AGEY = /AGSLWAGLLW 4.9)

This equation is in accordance with Fowkes approach and it has been experimentally

demonstrated [42,43] that when only dispersion interaction forces are available

between two phase materials, the interfacial tension,y* can be written as;

vst =vsy +vi" =2 i " (4.10)
or

it =(/V5LW— )2 (4.11)

This is referred as Good-Girifalko-Fowkes combining rule [44,45].

The free energy of interaction between materials (solid-liquid) in vacuum can be

interpreted with surface tensions of these materials by the Dupré equation [46].
—0Gs =y + " — vl (4.12)
By combining them;
—AGH =2 [y (4.13)

Which suggest that energy of interaction is negative and interaction between two

purely polar condensed phases always attractive.

However van Oss and Good adopted Small’s combining rule because previous
combining rule is not acceptable to acid-base interactions, it was very simple, which

is not a geometric mean;

—AGEE = 2(Jystve + |vitvh) (4.14)

Combining these equations with LW component the total interfacial free energy of

adhesion can be obtained as;
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—AGg, = Z(J v v + \]V5+VL_ + \] 70, 4.15)

Combining this equation with Young-Dupré equation, for negligible spreading

pressure, general contact angle equation can be given as;

Yy (1 + cos@) = Z(JySLWyLLW + \/y;yL_ + \/ys‘y:) (4.16)

In order to obtain contact angle data, we need a set of values of y:",y; and ys for
reference liquids. Van Oss and Good introduced an arbitrary relation for water. It was
assumed that y;, = yy, for water, and y48 for water is known, y; = vy =

25.5mjm™2 can be calculated from equation;

—AGYP = 2(\/)/5*)/[ + \/y;n*) 4.17)

Which can be rewritten for single phase;

yiP =2 /Vﬁ/f (4.18)

since;

—AGHB = 2y/B 4.19)

After finding reference values, polymer surface values y&", y-and yo can be

calculated either solving simultaneously using three different liquids or y£" can be
determined by using a nonpolar liquid first, then two other polar liquids are used to
determine y< and y= (Table 4.1 [47,48]). Latter method sometimes produce negative

square roots of ¥= and ¥ and this attracts objections to this theory.

Table 4.1 : Test liquids surface tension values.

Liquid Yiv Yiv | Yw | Y | Y | Yiv | Yw
Water 728 | 21843 | 51.0 | 218 | 51.0 | 255 | 255
Ethylene glycol = 48.0 ; - 17290 190 | 192 | 470
Formamide 58.0 | 39.5+7 185 395 | 19.0 @ 228 @ 396
Methylene 50.8 | 48549 @ 23 | 50.8 0 0 0
iodide
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5. SPECTROSCOPY

The transmittance and reflectance values of the deposited films were measured by

spectrophotometer analyses over the spectral range of 300-1000 nm.

5.1 Calculation of the Optical Constants and Band Gap

Tauc method was used in order to determine the band gap values using absorption
coefficient [17,18]. Related data, refractive index (n) and extinction coefficient (k),
was calculated using the theory of reflectivity of light. According to this theory, the
reflectance of light from a film can be expressed in terms of Fresnel’s coefficient.

Reflectivity [17] can be given by;

_[(n=1)*+k?]
R = /[ (5.1)

(n+1)2 + k2]

The absorption coefficient (a);
a = 4mk/, (5.2)

Where A is the wavelength and k is the extinction coefficient. The extinction
coefficient k and refractive index n were calculated using the transmittance and

reflectance data, by the spectrophotometer software, ProOptix.

Empirical expressions for optical gap (Tauc gap) can be defined in terms of
extrapolation of the extended states. Tauc model is widely used to determine optical
gap in amorphous semiconductors where it is assumed square root distributions of
conduction and valance band states, and disorder characteristics of amorphous
semiconductors relaxes the momentum conservation, such that the momentum matrix
element is independent of photon energy, hv, Tauc, Grigorocivi and Vancu defined an
optical gap (Egrauc) that is widely used among experimentalists reporting on the optical

properties of films [17, 18]. Tauc relation [17] can be given as;
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V(@(hw)hv) = Crayc (hv — E jrauc) (5.2)

Where o is the absorption coefficient, hv is the photon energy, Crau is the Tauc
constant in this extrapolation, and EgTauc 1s the corresponding Tauc gap [17]. Necessary
data for calculation was provided by software which was used for optical
measurements. For the extrapolation method [17] by placing the calculated absorption
coefficient in the Tauc formula (ahv)'? and (chv)? graphs were drawn. With the
extrapolation of the linear parts of the graphs, band gaps of coatings are calculated and
can be seen from Figure 9.5:-Figure 9.12: for flat coated polymers and Figure 9.21:-
Figure 9.22: for superhydrophobic sample coating which has %70 SiO2 nanoparticle

content.
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6. THIN FILM OPTICS

In order to obtain the magnitude of light beam that propagates one or more medium,
boundary conditions apply to Maxwell Equation. These equations are so complicated
that needs complex solutions. Therefore, we used assumptions. In this section, brief

information about thin film optics is given.

6.1 Absorbing Mediums

Equation of propagating light in permeable medium can used in absorbing medium as
well, if we use refractive index as complex number. The imaginary part is related to
absorbance in medium. If we have a wave in a permeable medium that refractive index

n, towards (4, u, v) directions and rotational frequency w, so the field vector,

E = Eexpiw (t — M) 6.1)
Cc
where c is speed of light in vacuum.
In absorbing medium this equation evaluates,
AAx+puy +vz) iBA'x+pu'y+v'z
E = EQexpiw (t - ( aid ) + A Hy )> (6.2)
c c
where (1, u’,v") is the direction of maximum reduction (damping).
For a incident wave in normal direction,
n—ik)(Ax + py +vz
E = EOQexpiw <t - ( ) p aid )) (6.3)

o and B from Eq. (6.2) are related to the direction of propagation and angle of incidence

0).

19



a’-B? = n?-k? (6.4)

aficosp = nk 6.5)

sinf = asing (6.6)

Equation 6.4, 6.5 and 6.6 give the relation between 0, @, n and better detail than Snell

Law.

6.2 Transmittance and Reflectance in Permeable Medium

For an isotropic medium, electromagnetic laws represent these equations,

divD = &divE = 4mnp 6.7)
divB = pdivH = 0 (6.8)
uoE

= ——— 6.9

curlE e 6.9
4noE ¢€0E

curlH = -— (6.10)
c ot

Propagation of electromagnetic waves in uncharged medium represent with Maxwell

equations.

eW0%E  4mpo OE

- 4 = P2F 6.11
c? ot? c? ot (0.11)
EWO%E  4Ampo OH
= — =V2H 6.12
c? ot? + c? ot (6-12)
For non-conducting medium (¢ = 0);
OE _ pap (6.13)
c? at? )
eno%E
— — _ =TV2H 6.14
c? 0t? (0.14)
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Waves propagates at speed of ¢/+/pe. For almost every material, value of  is nearly
equals to unity at optical frequencies. Thus, the final speed turns into c/+/¢, where € is
the dielectric constant and n = +/¢ is obtained by using refractive index, n.. Finally,
transmittance and reflectance obtained by applying boundary conditions to Maxwell

equations. Coordinate system was given in Figure 6.1 :, where E(Tp and Eg, Eqp and
Eos, E1p and Eg; are the components of incident, reflected and transmitted waves,

respectively.

2mnyxsin 2mngzcos
expi (a)t — 0 Po _ 0 (p(,) (6.15)
A A
2mnyxsin 2mnyzcos
expi (a)t - 0 %o + 0 q)0> (6.16)
A A
However, the equation evaluates for propagating wave,
2nn xsin 2mnqzcos
expi (a)t _ ZMXSIPo _ 2 (p‘)) (6.17)
A A
where A is the wavelength in vacuum.
ViV,
Incident P-wave E
: S Transmitted PS
- - T N~~~ 2 o
Reflected PS _ _« = * :
~ :
E Transmitted P
Reflected PP E
Rif
Figure 6.1 : Incident, transmitted and reflected wave.
Eox = (Eafp + Eo'p)cosqu (6.18)
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EOy = E(-)'-s + Egs

Hox = no(—Eg, + Egp)cose

and for first medium,

If we apply boundary conditions for transmitted and reflected wave,

Hoy = no(Ed, + Ejp)

Ely = Efs
Hy, = —n Ef;cosp,
Hly = nyEf,

Eop _ MCoS®y —N1COSPy
Ef,  nocosg; +nicosgy "p
Ef, 3 2nyCcosQg B
Eg,  mnocosg; + njcos@, bap
Eos mngcospy —nqicoseq
El.  mocosgg +nicosp; M1
Ef 2nyCcosQ,

F = = t1s
Eys  mgcosey + nicoseq

(6.19)

(6.20)

(6.21)

(6.22)

(6.23)

(6.24)

(6.25)

(6.26)

(6.27)

(6.28)

(6.29)

Where 11y, 115 and tip, tis are the reflectance and transmittance coefficients of Fresnel,

respectively. We need these coefficients to solve multilayer systems. From Eq. (6.26)

to (6.29) we obtain,

tlp

1+ rlp

tls =1 + rils

and if no > ny, then tip and ts approach to 1.
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Poynting vector represents with S and if we apply energy conservation and Poynting

law,

IS| = E[EXH]
IS| = %n[E]Z
Therefore reflectance,
(Egp)® 7
s = (Eo® _

=r
(Eg?
and transmittance,

Tp _ nl(Ef_p)z _Etz
nO(E(-)'-p)Z No 1P

nl(EiItS‘)Z _ nl 2
T - 4u
nO(EJS)Z L) y

For an incident normal wave, transmittance and reflectance values are,

Ny — Nq\2
Rp=Rs:(0 1)
ng +ny
4nyn,
Tp = Ts = —————
P s (ny +ny)?

If we apply Snell Law, we obtain Fresnel coefficients,

tan(@; — @o)

rlp = ————

tan(@; + @o)

sin(@; — @)

rls = ———

sin(gq + @)

1y = 2s5ing,cos@,

P = sin(@y + @g)cos(p1 — @o)

2sin@,cos

s = @1 Po

sin(@; + @)
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(6.32)

(6.33)

(6.34)

(6.35)

(6.36)

(6.37)

(6.38)

(6.39)

(6.40)

(6.41)

(6.42)



These equations are very popular for a layer but not so much for multilayers.

6.3 Reflection at Surface of Absorbing Medium

We can obtain propagation equations in absorbing medium by using complex

refractive index as done in previous section. Thus, Eq. 6.26 to 6.29 evaluates,

NnySing,

Sinpl = (6.43)

n, — ik,
So ¢; becomes complex and does not represent refractive index unless ¢o = @; = 0.

This is a special condition that we can easily find Fresnel refractive coefficients.

e o= . = w (6.44)
p 7 ne +ny —iky )
(no —ny)? + k{

= 6.45
(ng +ny)? + k? (649

Rp = Rs

Except normal incident, reflection term becomes too complicated and needs
assumption. Major part of absorbing materials, especially metals, show n? +k? >>1 in

visible spectrum. With this assumption, equation 6.46 and 6.67 obtained;

_ (n® + k*)cos?py — 2ncospy + 1

= 6.46
P (n? + k?)cos?@y + 2ncospy + 1 (6.46)

(n? + k?) — 2ncos@, + cos? g, (6.47)

5= (n? + k?) + 2ncos@y + cos?@,

The Fresnel transmittance coefficients are non-effective by the interaction between the
amplitude of wave and propagation in absorbing medium. So complex Fresnel

transmittance coefficients are,
Ty = Opefw (6.48)

s = OgePis (6.49)

where 0, 0is are the amplitude of reflected waves and fi,, B, represent phase

transformation at the surface. o and f values represents as,
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1+ oe'f singytang,

B~ 6.50
1—oce®  [(n—ik)2—sin2¢py]1/? (6.50)

6.4 Transmittance and Reflectance of Single Layer

We can use results that obtained in Section (6.3) to evaluate transmittance coefficients
for non-absorbing single layer, which is limited by half infinitive non-absorbing
mediums at both sides. Incident light beam separates into reflected and transmitted
parts. We sum up both parts separately which is a useful method for single layer.

Results are represents via Fresnel coefficients.

Fresnel coefficients from Eq. 6.26 to 6.29 will be represented as 7, ¢; for propagation
no to ny; r{ and t; for propagation n; to ny. Since, these coefficients are comply with
both directions of polarization; it gives appropriate values to » and ¢. Thus, second
index (p or s) will be ignored. From Fresnel reflectance coefficients, we can evaluate

that r; equals to—7y. So, the amplitude of reflected consecutive rays are represented as

1, tityra, -titirrf, titirérs, ... and transmitted consecutive rays are represented as
tits, -titorira, titorfrZ, ... . 61 is the phase transition of transmitted rays,
2m
61 = 7n1d1COS<P1 (6.51)

s0, the reflected amplitude,
R = r1 + tltjr2e 2% — tl1tjrirfe *%1 + ... (6.52)

tit/r,e 201
R=r7r1+—22 —~ (6.53)
1+ tyt;re=2to1

This term is independent of time. For non-absorbing mediums, representing Fresnel
transmittance coefficients is easier with r; and r2 terms. From energy conservation and

Eq. (6.26) and (6.29),

ttl = —r2 (6.54)

so, Eq. (6.51) evaluates,
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+
R (6.55)
1+ ryre2id:
and the amplitude of transmitted rays
T = t1t2e "% — t1t2r1r2e 3101 + t1t2rfrie 5101 — ... (6.56)
£t e~id1
1t2€ (6.57)

1+ ryre2id:

Eq. (6.55) and (6.57) are general. For not normal incident, there are two possibilities
due to polarization of incident light. For parallel coefficient, Eq. (6.22) and (6.23) are
used; for perpendicular coefficient Eq. (6.24) and (6.25) are used.

If the layer is absorbing or is limited by absorbing mediums, we use complex values
for ng, n;, and n2. Thus, Fresnel coefficients become complex and calculating R and T’

values become complicated. The total energy of rays,

no(rZ + 2ry15,c0528; + %)

RR x =
Mo (1 + 21y 1yc0828; + r?rf)

(6.58)

nytits

n,TT * =
2 (1 + 2ry7yc0828; + 121)

(6.59)

Then reflectance and transmittance evaluates,

12 + 2ry15c0528; + 17
R = = (6.60)
1+ 2ryryc0826; + 1115

n, tit]
= — o) (6.61)
ng 1+ 2ryrycos28, + 11y
From Eq. (6.26) to (6.29) Fresnel coefficients,
_ Nng—n, _ 27’7.0
= —— andt; = S (6.62)
_mm _ 2y
r, = - and t, = - (6.63)

so, Eq. (6.56) and (6.57) becomes,

26



R = (ng —n1)(ny +ny)et %t + (g + ny)(ny — my)e™ (6.64)
(o +ny)(ng +nz)et % + (ng — ny)(ny —ny)e o

T = Aoy (6.65)
B (ng + ny)(ny +ny)etd + (ng —ny)(ny — ny)e~to1 )

and finally refrectance and transmittance is given by,

_ (g +n)(nf +nf) — dngnin, + (n§ — nf)(nf — nf)cos2s,

R = 6.9
(nZ + n¥)(n? + n3) + 4ngn?n, + (ng — n3)(n? — n3)cos26, (6.9)

8nynin,
T = 72 2 2 _ 2\ (n2 — 12 (6.9)
(n§ + n3)(nf + n3) + 4ngnin, + (n§ — n3)(nf — n3)cos26;

These terms can be evaluated for non-absorbing mediums. If the film or the limiting

mediums are absorbing, then we should change no, n; and n> values to n = n-ik.

In this section, we have tried to obtain optical constants of film by transmittance
relation. We have measured transmittance due to wavelength and we have already
known the refractive index of substrate and air, so we can calculate the refractive

index, absorbing and damping coefficients of film.
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7. MATERIALS AND METHODS

7.1 Polymers
7.1.1 Polyolefin
7.1.1.1 Polyethylene

Polyethylene [52] is the most common used plastic. It is a thermoplastic polymer
consisting of long hydrocarbon chains and Its primary use is in packaging (plastic bag,
plastic films, geomembranes, containers including bottles, etc.). Depending on the
crystallinity and molecular weight, a melting point and glass transition may or may not

be observable. Repeating unit of polyethylene can be seen in Figure 5.1 [53]

L
7T
H H/,

Figure 5.1 : Repeating unit of polyethylene.

For common commercial grades of medium- and high-density polyethylene the
melting point is typically in the range 120 to 180 °C. The melting point for average,
commercial, low- density polyethylene is typically 105 to 115 °C.

7.1.1.2 High density polyethylene

High-density polyethylene (HDPE) is a polyethylene thermoplastic made from
petroleum. It is also called linear polyethylene, it is normally produced with molecular
weights in the range of 200,000 to 500,000, but it can be made even higher. HDPE has
stronger intermolecular forces and tensile strength than LDPE cause of its lesser

branching. The density of HDPE can range from 0.93 to 0.97 g/cm3.The difference in
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strength exceeds the difference in density, giving HDPE a higher specific strength. It

is also harder and more opaque and can withstand somewhat higher temperatures.

7.1.1.3 Low density polyethylene

Low-density polyethylene (LDPE) is a thermoplastic made from the monomer
ethylene. It was the first grade of polyethylene, produced by using a high pressure

process via free radical polymerization.

LDPE is defined by a density range of 0.910-0.940 g/cm3. It can withstand
temperatures of 80 °C continuously and 95 °C for a short time. Made in translucent or

opaque variations, it is quite flexible, and tough but breakable.

LDPE has more branching (on about 2% of the carbon atoms) than HDPE, so its
intermolecular forces (instantaneous-dipole induced-dipole attraction) are weaker, its

tensile strength is lower, and its resilience is higher.

7.1.1.4 Polypropylene

Polypropylene (PP) is a type of thermoplastic polymer. It is manufactured from
propylene gas, the chemical designation of polypropylene is (C3H6)n . This material
can be used in a wide variety of applications; it serves both as a plastic and as a fibre,
including packaging and labelling, textiles (e.g., ropes, thermal underwear and
carpets), reusable containers of various types, laboratory equipment, loudspeakers,
automotive components, and polymer banknotes. An addition polymer made from the
monomer propylene, it is rugged and unusually resistant to many chemical solvents,

bases and acids [51]. Repeating unit of polypropylene can be seen in Figure 5.2 [52].

CHs

I
C H - C H 2
n
Figure 5.2 : Repeating unit of polypropylene.

Polypropylene has good resistance to fatigue. The melting point of polypropylene
occurs at a range, so a melting point is determined by finding the highest temperature

of a differential scanning calorimetry chart. Perfectly isotactic PP has a melting point
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of 171 °C (340 °F). Commercial isotactic PP has a melting point that ranges from 160
to 166 °C (320 to 331 °F), depending on atactic material and crystallinity. There are
three general types of polypropylene: homopolymer, random copolymer, and block

copolymer.

7.1.1.5 Polypropylene polyethylene copolymer

Polypropylene-polyethylene copolymer (PPPE) is the copolymerized form of
polypropylene and ethylene. Copolymerization of polypropylene results to be more
flexible and tough; allows to be used as an engineering plastic. Randomly polymerized
ethlyene monomer added to polypropylene homopolymer decreases the polymer

crystallinity, lowers the melting point and makes the polymer more transparent [53].
7.1.2 Polystyrene

Polystyrene (PS) is a synthetic aromatic polymer made from the monomer styrene.
Polystyrene can be solid or foamed. It is a rather poor barrier to oxygen and water
vapour and has a relatively low melting point. Repeating unit of polystyrene can be

seen in Figure 5.3 [54].

Figure 5.3 : Repeating unit of polystyrene.

As a thermoplastic polymer, polystyrene is in a solid (glassy) state at room temperature
but flows if heated above about 100 °C, its glass transition temperature. It becomes

rigid again when cooled.

Polystyrene is very slow to biodegrade and is therefore a focus of controversy. It is
often abundant as a form of litter in the outdoor environment, particularly along shores

and waterways, especially in its foam form.
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7.1.3 Poly (methyl methacrylate)

Poly (methyl methacrylate) (PMMA) is a transparent thermoplastic. It has a density of
1.17-1.20 g/cm3. PMMA ignites at 460 °C (860 °F) and burns, forming carbon
dioxide, water, carbon monoxide and low-molecular-weight compounds, including
formaldehyde [52]. Repeating unit of poly(methyl methacrylate) can be seen in Figure
5.4 [56].

CHs

AN
SN

CHs

= -n

Figure 5.4 : Repeating unit of poly(methyl methacrylate).

PMMA swells and dissolves in many organic solvents; it also has poor resistance to
many other chemicals on account of its easily hydrolyzed ester groups. Nevertheless,
its environmental stability is superior to most other plastics such as polystyrene and

polyethylene.
7.1.4 Polyamide

Polyamide is a macromolecule of repeating units linked by amide bonds. [57]
Polyamides occur both naturally and artificially. Examples of naturally occurring

polyamides are proteins, such as wool and silk.

Artificially made polyamides can be made through step-growth polymerization or
solid-phase synthesis yielding materials such as nylons, aramids, and sodium poly
(aspartate). Synthetic polyamides are commonly used in textiles, automotive
applications, carpets and sportswear due to their high durability and strength.

Repeating unit of polyamide can be seen in Figure 5.5 [58].
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Figure 5.5 : Repeating unit of polyamide.

7.1.5 Polyvinyl alcohol

Polyvinyl alcohol (PVOH, PVA, or PVAI) is a water-soluble synthetic polymer. It is
used in papermaking, textiles, and a variety of coatings. Polyvinyl alcohol has
excellent film forming, emulsifying and adhesive properties. It is also resistant to oil,
grease and solvents. It has high tensile strength and flexibility, as well as high oxygen
and aroma barrier properties. However these properties are dependent on humidity, in
other words, with higher humidity more water is absorbed. Repeating unit of polyvinyl

alcohol can be observed in Figure 5.6 [59].

OH

n
Figure 5.6 : Repeating unit of polyvinyl alcohol.

PVA has a melting point of 230 °C and 180-190 °C.

7.2 Thin Film Deposition

Thin films grow by the deposition of material atoms on any substrate. The thin film
growth exhibits the following features:
I.  Thin film growth of all materials starts with random nucleation process, which

followed by nucleation and growth process (Figure 7.1).
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II. The nucleation and growth stages are extremely dependent upon various
deposition conditions; such as growth temperature, growth rate, and substrate
surface chemistry.

III. External agencies, such as electron or ion bombardment, can modify
nucleation.

IV. Film microstructure that is associated with structure defect, and film stress
depend on the deposition condition of the nuclear stage.

V. Deposition conditions manage crystal phase and crystal orientation of the thin

films. [60].

Evaporated atom

A

(O Removing atom

Adsorb on substrate

3 4 Trapped atoms
Brownian motion

) Nucleation and
Substrate film growth

Figure 7.1 : The growth model of thin films.

Thin films show very different characteristic properties than bulk materials thus, to
gain control over how to alter the properties of thin films is crucial. Deposition
condition control, which can be achievable via vacuum chamber (Figure 7.2 [61]), can
be considered as the most useful and easy tool to alter basic properties of thin films,
such as film chemical composition, structural properties, film thickness, and different

thin film properties than bulk materials can be observed;

I.  Unique material properties depend on the atomic growth process on the
growing substrate.
II. By including quantum size effects; size effects characterized by crystal

orientation, thickness and multilayer aspects [60].

Generally, bulk materials are sintered from the powder of source material. Diameter
of the powder is of the order of 1 um. On the other hand, thin films are synthesized

from ultrafine particles like atoms or a cluster of atoms.
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Figure 7.2 : Typical thin film deposition system in vacuum.

There are two main categories for deposition process, physical and chemical as can be

seen in Figure 7.3 [62].

s Thermal Process

Laser

Sputtering

Physical Process &=

Arc vapor
deposition

lon plating

Thin film [

Plasma CVD ICBD

Chemical Process

i

Laser CVD

Figure 7.3 : Typical deposition methods of thin films.

Plating, chemical solution deposition, spin coating, dip coating, spray-up, chemical
vapor deposition and atomic layer deposition are chemical deposition techniques. On
the other hand, physical vapor deposition, sputtering, pulsed laser deposition, cathodic
arc deposition and electro hydrodynamic deposition are physical techniques for thin

film technology.

7.2.1 Dip coating

This relatively easy method, which the substrate vertically withdrawn from a desired

coating solution, causes a complex process involving gravitational draining with
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concurrent drying and continued condensation reactions. Environmental conditions
(temperature, humidity, airflow) are very important parameters as much as withdrawn
speed and must be monitored closely during experiments to gain total control over film
parameters. The formation of thin films occurs through solvent evaporation, which
concentrates nonvolatile species in the system, then leading to aggregation and

gelation (Figure 7.4). The resulting film depends on these parameters:

I.  Withdrawal speed
II.  Capillary pressure
III.  Size and structure of precursors

IV.  Condensation and evaporation rates

V.  Substrate surface [64]

It is the oldest and the most widely used deposition technique in industry because it is

easy to use, high coating quality, flexibility and cost efficiency [65].

Figure 7.4 : Schematic view of dip coating process.

7.2.2 Spin coating

It is the simplest method for fabricating a uniform film on a substrate. Spin coating is
a very practical way to deposit uniform thin films to flat substrate. The substrate is
rotated at high speed in order to spread coating material by centrifugal force. Film
thickness is managed by angular speed control: thinner films can be obtained with
higher angular speeds of substrate (figure 7.5). The final thickness also depends on the
concentration, surface tension and viscosity of the coating material. Even thicknesses

below 15 nm films can be produced using this method [66].
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Thin resist layers for photolithography are coated with this technique. Some of the

solvent is removed during spinning process due to evaporation and some by baking at

elevated temperatures. This technique is often used for planarization purposes because

it results relatively planar surfaces [67]. The advantages of spin coating:

L
II.
III.

Iv.

VI.

Fast process time,

Highly uniform surfaces even curved parts can be achieved,

Lenses with different curvatures can coated uniformly with minimal thickness
edge effects or variation,

Cost effective,

Sol is used once for each coating so avoiding contamination is easier then dip
coating,

Fewer amounts of sol is needed for experimental use which is better for

expensive materials [68].

\ \
pnbiee bl he ol b o

Figure 7.5 : Spin coating process; acceleration, dispensation, flow dominated and

evaporation dominated.

7.3 Atomic Force Microscopy

Atomic force microscopy (AFM) is also known as scanning force microscopy (SFM),

is a very high-resolution technique for scanning probe microscopy. Resolution can be

approximately in the range of nanometers. Scanning tunneling microscopy is the

precursor to the AFM. Interaction between mechanical probe and the surface gives

information about surface. Piezoelectric element moves very tiny but accurate and

precise for extremely precise scanning. It consists of a cantilever and a sharp tip
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(probe) that scans sample surface. When the probe and sample surface approximate
very closely, forces between them cause cantilever to deflect according to Hooke’s
Law. As can be seen from Figure 7.6 : reflection is measured by photodiodes that
detect laser spot reflected from the top surface of cantilever. Contact, tapping and non-

contact are the measurements types for AFM. It gives 3-dimensional surface profile.

A Atomic Force Microscope B AFM Imaging Modes
Laser Contact Mode
Segmented
Photodiode
\ Cantilever Tapping or
with Tip Non-contact Mode
/

Sample

Figure 7.6 : Schematic view of AFM.
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8. EXPERIMENTAL

8.1 Cleaning Glass Substrates

Glass slides were cleaned in chromic acid at room temperature, than rinsed with

distilled water and dried at 100°C.

8.2 Coating Materials and Methods

All polymers were used directly as received. PP, HDPE and PPPE polymers were
purchased from LyondellBasell, LDPE purchased from Honam Petrochemicals,

PVOH was purchased from Merck, PA was purchased from DuPont.

Merck grade xylene, m-cresol, water, toluene and chloroform were used as solvents

for the polymers.

Spin coatings were done by Cookson Electronics G3P-8 Spincoater. Samples were

spin coated using 2l of solution and 3000 rpm spin coating speed.

Dip coater was custom made with 10mm/min-1250mm/min withdraw capability and

process performed at Piri Reis University.

A polyepoxide layer was deposited on glass slides as primer coating to compensate for
the weak adherence of polymers onto glass substrates. Glass slides then dip coated at
room temperature with 67 mm/min withdraw rate in order to obtain flat and uniform

primer coating. Then coated samples were placed inside oven at 100°C for 1 hour to

dry.

PV Ac solutions were prepared using chloroform as solvent at room temperature and
40 mg/ml concentrations were used. Glass samples were coated using dip coating
method with 150 mm/min withdraw rate at room temperature. Coated samples were

left to dry at room temperature over night.
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Polyolefins; PP, LDPE, HDPE and PPPE, were prepared inside silicone bath in order
to achieve uniform solution temperature of 130°C using xylene. 10 mg/ml was the
concentration of polymer solutions and also coating processes were done under 130°C
temperature using dip coating method with 150 mm/min withdraw rate. Low withdraw
rate and high temperature is important for for flat film formation. Coated samples were

left to dry at room temperature over night.

PMMA and PS solutions were prepared at room temperature using toluen and 40
mg/ml concentrations were obtained. Glass samples were coated at room temperature
using dip coating method with 150 mm/min withdraw rate. Coated samples were left

to dry at room temperature over night.

PVOH solutions were prepared using water and 13.3 mg/ml concentration was
obtained. 600 ml pure water stirred as fast as creating vortex inside and then PVOH
was poured. Temperature set at 85°C after PVOH poured and water was added to
stabilise solution volume. Solution was then left at room temperature to cool down
after polymer completely dissolved. Glass samples were coated at room temperature
using dip coating method with 150 mm/min withdraw rate. Coated samples were left

to dry at room temperature over night.

PA solutions were prepared at room temperature using m-cresol and 10 mg/ml
concentrations were utilized. Glass samples were coated at room temperature using
dip coating method with 150 mm/min withdraw rate. Coated samples were left to dry

at room temperature over night.

Si0O2 nanoparticle dispersed PS coatings were prepared by using spin coating method.
HDK H18 hydrophobic pyrogenic silica, SiO2, nanoparticles were purchased from
WACKER Chemicals and dispersed in toluene as solvent by using Bandelin HD2200
ultrasonic homogenizer. SiO> dispersions in toluen were done using %90 amplitude
with 2 cycles for 15 seconds. Dispersed SiO2 poured inside the PS solution with same
volume then another sonication performed with same configuration. Glass slides were
coated by the resultant solutions using spin coating method with 3000 rpm spin and 2
ul solutions were poured on each glass slides for coating. Coated samples were left to

dry under room temperature over night.
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8.3 Characterization of Thin Films
8.3.1 Optical characterization

A NKD 7000 model (Figure 8.1) and UV—vis spectrophotometer (Figure 8.2, Aquila,
UK) has been used to measure the optical transmittance and reflectance of polymer
based thin films over the spectral range from 280 nm to 1000 nm at 30° angle of
incidence. The optical constants such as refractive indices (n) and the extinction

coefficients (k) of the films were calculated using the Pro-Optix software.

Figure 8.1 : NKD 7000 model UV-Vis spectrophotometer.

Agilent 8453 UV-Visible spectroscopy was used for optical characterization of
samples. Ultraviolet-visible spectroscopy uses light from near-UV range to near
infrared range (180nm-1200nm) and information about optical properties can be
obtain for different wavelengths. This technique is applied on transition metal ions,
highly conjugated organic compounds and biological macromolecules. Generally,
solutions are investigated but solids and gases may be also studied thus, UV-vis is not
exactly adequate method for characterization. Hydrogen or deuterium bulb is used for

UV measurements; tungsten bulb is used for visible region.
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Figure 8.2 :  Agilent 8453 UV-Vis spectroscopy.

8.3.2 Thickness measurement

Thichness measurements were performed by Veeco Dektak 150 Surface Profiler

(Figure 8.3). Thickness range of polymer coatings were between 90-250 nm.

e

° ° e
L}
|

Figure 8.3 : Veeco Dektak 150 Surface Profiler
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8.3.3 Surface characterization
8.3.3.1 Optical microscopy

Nikon LV150ND metal microscope was used to investigate the surface topographies
of samples (Figure 8.4). Figure 9.1: displays microscope images of dip coated PVAc,
PP, PPPE, HDPE, PVOH, LDPE, N66, N6, PS and PMMA polymer coatings with
200x and 500x magnification.

Figure 8.4 : Nikon LV 150 ND optical microscope.

8.3.3.2 Contact angle measurements

Water, ethylene glycol, formamide and diiodomethane (MERCK) liquids were used
for CA measurments on polymer films. KSV Attension Theta Optical Tensiometer
(Figure 3.2 :) was used to measure advancing (8.), receding (6;) and equilibrium (6.)
contact angles under air. Figure 8.5 displays drop image during contact angle
measurement. Computer controlled needle was used to adjust drop volume. 5pul drop
volume was used for 6. measurements and drop volume was increased from 3pl to 7pl

during 6, measurements, afterwards drop volume was decreased to 3l to measure 6.
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The needle was kept within the droplet during both advancing and receding
measurements. Three different CA measurements were done on each polymer film
surface and average CA values were reported with standard deviations of +2. CA

values of water, formamide and diiodomethane were also used in surface free energy

calculations by using Fowkes and van Oss-Good-Chaudhury methods which were

previously mentioned.

Figure 8.5 : Drop image obtained using Theta Optical Tensiometer.

8.3.3.3 AFM measurements

Nanosurf Easycan 2 AFM was used to investigate surface properties of SiO» dispersed
PS coatings (Figure 8.6). Samples which are contain %10, %20, %40, %50, %60, %80
and %100 SiO; relative to the PS content were investigated. Measured areas were 30

um for each sample. No preparation was needed before measurement.

Figure 8.6 : Nanosurf Easycan 2 Atomic Force Microscopy.
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9. RESULTS AND DISCUSSION

9.1 Flat Polymer Coatings

Surface free energy calculations were done by utilizing two methods; Fowkes and
Van-Oss Good approaches [69]. Calculated surface energy values are given on Table
9.3. Test liquid (methylene iodide, ethylene iodide, formamide and water) contact
angle values were needed, therefore all polymer surface water and test liquid contact
angle values were measured by using KSV Attension Theta Optical Tensiometer and

measurement values can be seen on Table 9.1 and 9.2.

Table 9.1 : Water contact angle values of coated polymer surfaces.

Polymer Oe 0a Or CAH
PVAc 62 81 32 49
PP 101 113 83 30
PPPE 95 104 65 39
HDPE 98 98 88 9
PVOH 48 64 37 31
LDPE 80 91 77 16
N6 61 64 26 38
N66 65 65 25 38
PS 96 95 81 14
PMMA 70 73 56 17
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Table 9.2: Methylene iodide (Mel»), ethylene glycol (EG) and formamide (FA)
contact angle values of polymer coatings.

Polymer Omen2 OrFa Oec
PVAc 39 68 77
PP 55 72 83
PPPE 51 73 80
HDPE 43 67 76
PVOH 37 16 26
LDPE 36 63 70
N6 32 39 44
N66 32 74 68
PS 30 74 68
PMMA 35 53 56
Table 9.3 :  Surface free energy values of polymer coatings.
Polymer g:(s)t)GZ:(;l- (ytot) fowkes
PVAc 40.026 47.335
PP 31.919 32.094
PPPE 33.644 34.201
HDPE 38.070 39.194
PVOH 48.483 54.310
LDPE 41.564 41.943
N6 45.582 48.427
N66 43.373 47.233
PS 44.130 44.736
PMMA 41.940 44.226

Contact angle measurements were done by using KSV Attension Theta Optical
Tensiometer and surface topography of flat polymer coatings examined by using
Nikon LV150ND Metal microscope. Microscope and water droplet images for every

polymer surface with 200x and 500x magnification were given in Figure 9.1:.
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Figure 9.1: Microscope images of polymer coatings with 200x and 500x
magnifications.

The transmittance (taken from both UV—Vis and NKD spectrophotometer) and
reflectance values of the deposited films were measured by spectrophotometer
analyses over the spectral range of 280-1000 nm. Figure 9.2: demonstrates
transmittance values with respect to the energy of given wavelength of UV-Vis
spectrophotometry results and Figure 9.3: and Figure 9.4: demonstrate transmittance
and reflectance results with respect to the given spectral range of NKD
spectrophotometer. It can be seen from these figures, transmittance and reflectance
values changes dramatically with the polymer types for approximately same coating
thicknesses, between 90nm and 210nm. Spectral transmittance values of HDPE and
LDPE are the lowest ones. HDPE films decrease the transmission of the films in the
visible range. These films are opaque and absorb light well. HDPE has ~2%

reflectance, ~65% transmittance and ~30% absorbance at the visible range. Although
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HDPE film has a very low transmittance value in the visible range, the transmittance
value of this film shows a tendency to increase in the infrared region. The average
transmittance values of PVOH, N66, N6, PS, PMMA, PP, PS and PVAc films ranged
from ~70% to ~90% in the visible range. It can be concluded that polymer based films
can be switched between opaque to transparent states through changing the polymer
especially in the visible range, since absorption edges of the films are shifted to lower
wavelength with HDPE polymer. In addition, a large difference of optical properties
was observed, from over 90% to almost 15% for transmittance values of uniformly
coated films. This indicates that; in choosen conditions, it is possible to synthesize

reflective/antireflective and protective coatings for different applications.

100

Transmittance (%)

T T T T T
1 2 3 4
E (hc/lambda)

Figure 9.2: Transmittance values of polymer coatings with respect to the energy.
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Figure 9.3: Transmittance values of polymer coatings.
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Figure 9.4: Reflectance values of polymer coatings.
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Band gap of polymers were calculated using Tauc relation [70] which was presented
in Equation 5.2. The needed data was calculated by the spectrometer software. For the
extrapolation method [69] by placing the calculated absorption coefficient in the Tauc
formula (ahv) and hv graphs were drawn (Figure 9.5-9.12). With the extrapolation of
the linear parts of the graphs, band gaps of coatings are calculated and can be seen on
Table 9.4 :. As can be seen on Table 9.4 :; LDPE films, which were deposited using
xylene as solution, had lower band gap values due to higher roughness. Optical
absorption studies indicated an increase in the band gap for the films deposited from
about 2.3 eV to 3.5 eV. The maximum band gap achieved by PMMA and PPPE film.

The band gap values are in good agreement with the literature. [71-78].

Table 9.4 :  Bandgap values of polymer coatings.

Sample Ba(r:\i}g)ap
PP 3.4
PPPE 4
HDPE 3.3
PVOH 3.5
LDPE 2.3
N66 3
PS 3.8
PMMA 3.9
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Figure 9.5: PP band gap, calculated using Tauc method.
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Figure 9.6: HDPE band gap, calculated using Tauc method.

51



LDPE
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Figure 9.7: LDPE band gap, calculated using Tauc method.
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Figure 9.8: PPPE copolymer band gap, calculated using Tauc method.
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Figure 9.9: PMMA band gap, calculated using Tauc method.
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Figure 9.10: PVOH band gap, calculated using Tauc method.

53



NG6

1.2x10™*
1.0x10™
— 8.0x10°
>
NGJ
§  6.0x10°
=
S
~  4.0x10°
2.0x10°
0.0 : : : : :
1.0 15 20 25 3.0 35 4.0 45
hv (eV)
Figure 9.11: N66 band gap, calculated using Tauc method.
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Figure 9.12: PS band gap, calculated using Tauc method.
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Figure 9.13: and Figure 9.14: demonstrate correlations between equilibrium contact
angle, CAH and calculated surface energies by using Fowkes approach. According to
Fowkes dispersion component of surface free energy related with the London
interactions resulted from the electron dipole fluctuations due to the attraction between
the atoms and molecules of the matter [43]. Fowkes approach is valid for dispersive
forces of nonpolar solid (ys = y&) and the liquid (v, = ¥{). According to Fowkes
(later Owens and Wendt) geometric mean method beside the dispersive contribution
of surface free energy, polar contribution should also be taken into account. Fowkes
proposed that work of adhesion, W,, and work of cohesion, W¢, can be separated into
their dispersion, d, polar, p, induction, I, and hydrogen bonding, h components [71,69].
Eq. 4.6 was attained in order to calculate the polar and dispersive components of
surface free energy, and the total surface free energy value of the solid surface.
Combining Eq. 4.6 with Young Equation (Eq. 3.1) gives the Eq. 4.7 which express the
relationship between the contact angle and surface free energy values of solid, liquid
and also their polar (yfvyfv) and dispersive (y&,y%,) components. Eq. 4.7 exhibits two
unknowns; y&, and y&, which are dispersive and polar components of free energy for
solid-vapour interface. In order to obtain results at least two test liquids have to be
chosen for the calculation. Owen and Wendt, used water and methylene iodide in order
to calculate unknown parameters, using measured contact angle of polymers [30]. As
a test liquid, water and methylene iodide are the most preferred ones for the aim of

calculation the surface free energy with Fowkes method [79].
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Contact angle measurement results of these test liquids were given in 0 and Table 9.1
: Lower polar component with respect to the dispersive component of PP, HDPE and
PPPE indicates hydrophobicity behaviour and their CA values support that result as
having contact angles above 90°. PVAc, N6, N66 and PVOH demonstrate higher polar
characters and have higher surface free energy values but PVOH has approximately
the same polar and dispersive component but demonstrates the highest total surface
free energy value.. Therefore, PVOH has the lowest CA value with respect to the
highest surface free energy value. PS and PMMA demonstrate the same surface free
energy values but PMMA has higher polar component, thus, has higher water
interaction and lower CA which can be seen Figure 9.13:. It can be seen from Figure
9.13: that increase in y*' caused a decrease in equilibirum water contact angle values
of polymers and it should also be noted that a similar trend have been observed by the
other studies [31,80]. Surface chemical heterogeneity and also roughness caused
contact angle hysteresis (CAH) on polymer surface. All CAH values of polymer
surfaces were calculated and high CAH values were found except HDPE, LDPE, PS
and PMMA coated surfaces. HDPE, LDPE, PS and PMMA coated surfaces
demonstrated low CAH values due to their low polar characteristics and flat
morphologies. However, PP and PPPE coated surfaces demonstrate low polar
components but presented larger CAH values which are the results of the roughness
and impurities on polymer surfaces. Decrease in Or values of polymers, such as PVAc,
PVOH, N6, and N66, which is the result of the pinning of the droplet on surface,
caused to calculate larger CAH values. High polar characteristics of PVAc, PVOH,
N6 and N66 also made contribution to the pinning of the droplet on surface, however,
low polar characteristics of the HDPE, LDPE, PS, PMMA, PP and PPPE coated
surfaces are the cause of relatively high 8r values with respect to their 0, values which
results low CAH values except PP and PPPE coated surface. As mentioned before, PP
and PPPE surfaces demonstrate low polar components however, large CAH values
were calculated because of the impurities and roughness on their surfaces. CAH values
of polymer coatings were demonstrated in Table 9.1 : and can be seen from Figure
9.14:. In general, hydrophobic surfaces demonstrate low CAH and hydrophilic

surfaces low CAH.

Figure 9.15: and Figure 9.16: demonstrate correlations between equilibrium contact

angle, CAH and calculated surface energies using Van-Oss Good approach. Van Oss,
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Chaudhury and Good introduced the components of the surface free energy of solid
(ys) such like y:W and y£8. Where yW refers to Lifshits-Van der Waals component
which is concerning long range interactions dominated by dispersion, dipolar and
induction forces and y&Z refers to acid-base component related with short range
interactions such as hydrogen bonding. According to Van-Oss Good approach y&?
component is divided into two subcomponent yg which is Lewis acidic parameter and
ys which is Lewis basic parameter. In order to calculate surface free energy data from
Eq. 4.16 we need set of values for three unknowns of the material; y-" , y; and y; .
At least three liquids should be used for reference liquids. The equation indicates that
measureing reference values, polymer surface values can be calculated or y£" can be
determined by using a nonpolar liquid first, then two other polar liquids are used to
determine y{ and yg . Latter method sometimes produce negative square roots of

Lewis acidic and basic parameter and this attracts objections [19].
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Figure 9.15: Relationship between equilibrium contact angle and surface energies
of polymers; calculated using Van-Oss Good approach.
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Figure 9.16: Relationship between CAH and surface energies of polymers;
calculated using Van-Oss Good approach.

When surface free energy of a solid increases, the adhesion interactions between the
solid surface and the waterdroplet also increase due to the high surface tension value
of water. As a result of this, water CA values decrease which can also be seen from
Figure 9.15: that increase in y*°' caused a decrease in equilibirum water contact angle
values of polymers and it can be stated that this trend have been also reported by the
other studies [31,80]. Lower polar component values of PP, HDPE and PPPE with
respect to their dispersive component and lower surface free energy values indicate
hydrophobic behaviour and it can be seen from Figure 9.15: that polymer coatings
demonstrate contact angle values higher than 90°. PVAc, LDPE, PMMA, N66, N6 and
PVOH demonstrates lower CA values as having high surface free energy values which
can seen in Figure 9.15:. Having higher surface free energy values caused lower CA
angle values due to the higher surface-water interaction of LDPE, PMMA, N66, N6,
PVAc and PVOH polymer surfaces. Also, PVOH coated surface demonstrated the
lowest contact angle value due to the highest polar characteristic of PVOH coatings
amongst polymer coatings used in this study. Surface chemical heterogeneity and
roughness caused contact angle hysteresis (CAH) on polymer surfaces. All CAH

values of polymer surfaces were calculated and high CAH values were found except
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HDPE, LDPE, PS and PMMA coated surfaces. Calculated CAH values of HDPE,
LDPE, PS and PMMA coated surfaces present low CAH values due to their low polar
and thus hydrophobic characteristics and flat morphologies. However, PP and PPPE
coated surfaces demonstrate larger CAH values despite having low polar components
which is a result of the roughness and impurities on these polymer surfaces. Decrease
in Or values of polymers, such as PVOH, PVAc and N6, which is the result of the
pinning of the droplet on surface, caused to calculate larger CAH values and low polar
characteristics of the HDPE, LDPE, PS, PMMA, PP and PPPE coated surfaces are the
cause of relatively high 08r values with respect to their 6, and 6. values which resulted
in low CAH values except PP and PPPE coated surface. As mentioned before, PP and
PPPE coated surfaces indicated low polar components, however, large CAH values
were calculated because of the impurities and roughness on their surfaces. CAH values
and correlation between surface free energy values which were calculated using Van-

Oss Good approach are presented on Table 9.1 : and Figure 9.16:, respectively.

Surface free energy values of PVAc coated surfaces was found 40.026 mJ/m? using
Van-Oss Good approach and 47,335 mJ/m? using fowkes method (Table 9.3 :). These
results indicate close similarity with literature for both fowkes method [81] and Van-
Oss Good approach [80]. In this thesis, high polar characteristics of PVAc coatings
and low CA values according to polar characteristisc of PVAc surfaces were found
which are also in accordance with the literature for both fowkes and Van-Oss Good

approach [80,81].

PMMA coated surface characterization results show high surface free energy values,
41.940 mJ/m? using Van-Oss Good approach and 44.226 mJ/m? using fowkes method,
also low CA values as having high surface free energy values which consistent with
theory [19]. According to literature values, PMMA surfaces demonstrate high surface
free energy values and low CA values [82] which supports findings of this study.

Surface free energy results of PVOH coated surfaces are 48.483 mJ/m? using Van-Oss
Good approach and 54.310 mJ/m? using fowkes method, also surfaces demonstrate
low CA values as having high surface free energy values with high polar component.
In literature [82,83], low CA values associated with high surface free energy values
were reported and high polar characteristic of PVOH coated surfaces was also noted

which support our findings.
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Surface free energy calculations of PS coated surfaces indicated 44.130 mJ/m? using
Van-Oss Good approach and 44.736 mJ/m? using fowkes method. CA measurements
show hydrophobic behaviour as having high contact angle values which is a result of
very low surface free energy values with little to no polar component. Low polar
component of PS coated surfaces and high CA values are in well accordance with the

literature [84].

Surface free energy calculations of Nylon 6 and Nylon 6,6 coated surfaces demonstrate
45.582 mJ/m? and 43.373 mJ/m? using Van-Oss Good approach and 48.427 mJ/m? and
47.233 mJ/m? using fowkes method, respectively. One of the lowest CA values were
measured along with PVAc and PVOH coated surfaces which is in a direct relation of
high polar components of coated Nylon surfaces, especially the results of fowkes
method. High polar characteristics and low CA values of Nylon surfaces were reported

[85] which coherent with this study.

Polyolefins; PP, HDPE, LDPE and PPPE are hydrophobic by their nature [86] and
demonstrate low surface energy values with very little interest in water. High
temperature working conditions for preparing polyolefin coatings make the process
difficult however, results are indicate good hydrophobic characteristics which is
favourable for water repellent surface studies. CA values were in the order of
PP>HDPE>PPPE>LDPE however, surface free energy values were in the order of
LDPE>HDPE>PPPE>PP. HDPE demonstrate lower surface free energy value but
higher CA than PPPE and even HDPE coated surfaces demonstrated higher polar
component using fowkes method. It can be speculated that HDPE coated surfaces
contain higher roughness which enhances surface behaviour towards liquid, further

studies are needed.

PP coated surfaces show surface free energy values of 31.919 mJ/m? using Van-Oss
Good approach and 32.094 mJ/m? using fowkes method which were the lowest
calculated surface free energy values in this study. Also, PP surfaces demonstrated the
highest contact angle values which is a result of the lowest surface free energy among
studied coated surfaces. Literature also reported [87,83,84] low surface free energy

values associated with high contact angle which is in accordance with this study.
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Surface free energy studies of HDPE coated surfaces demonstrate 38.070 mJ/m? using
Van-Oss Good approach and 39.194 mJ/m? using fowkes method which indicates CA
values should be high. CA measurements demonstrated high values which in
accordance with surface free energy calculations. In literature it was also reported that
HDPE coated surfaces have low surface free energy values with high dispersive

component and high CA values [81,86], as this study indicates.

PPPE coated surfaces indicated 33.644 mJ/m? using Van-Oss Good approach and
34.201 mJ/m? using fowkes method as surface free energy values with high dispersive
component. High CA values were measured which is in accordance with the surface
free energy values. In literature [86] low surface free energy values with high

dispersive components and high CA values were reported as this study indicates.

LDPE coated surfaces show 41.564 mJ/m? using Van-Oss Good approach and 41.943
mJ/m? using fowkes method as surface free energy values which were the highest
values amongst polyolefin coated surfaces. Having the highest surface free energy
values amongst polyolefin coated surfaces should lead to the lowest CA measurement
results because of the high surface-liquid molecular interaction where measurement
results of this study demonstrated expected CA value drop amongst polyolefin
surfaces. In literature [86], low CA values of LDPE surfaces with flat morphologies,
relative to polyolefin surfaces, were reported which shows well concordance with

findings of this study.

9.2 Superhydrophobic Coatings

Contact angle values of PS coated surfaces with the dispersed SiO» nanoparticle
content increase can be seen in Table 9.5 :. CAH values are equal to the subtraction of
Or from Ba. Acos6 values are also indicate contact angle hysteresis and calculated with

using Acos 6 = cos 6, — cos 8, formula.
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Table 9.5 : CA values of PS coatings with varying SiO» nanoparticle content.

Sample

CAH (0a-

%Si03 wt% SiO2 Oe 0a or or) Acos0
%S5 0.277 95 100 81 19 0.330
%10 0.552 96 102 82 20 0.347
%15 0.826 96 103 79 24 0.415
%20 1.098 98 109 76 33 0.567
%25 1.369 98 110 77 33 0.566
%30 1.639 101 117 74 43 0.729
%35 1.907 108 121 70 51 0.857
%40 2.173 121 127 68 59 0.976
%45 2.439 123 128 62 66 1.085
%50 2.702 148 160 124 36 0.380
%55 2.964 168 171 152 19 0.104
%60 3.225 169 170 152 18 0.101
%65 3.485 169 171 153 18 0.096
%70 3.743 172 173 162 11 0.041
%75 4.000 171 171 169 2 0.006
%80 4.255 171 170 166 4 0.014
%85 4.509 171 172 167 5 0.015
%90 4.761 171 171 165 6 0.021
%95 5.013 170 170 164 6 0.023
%100 5.263 170 170 165 5 0.018

63




Figure 9.17: demonstrates 3D topographies of SiO» nanoparticle dispersed PS coatings

with 30um? measurement area. From Figure 9.17: it can be stated that samples

demonstrate homogeneous roughness for all coated surfaces.
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Figure 9.17: AFM images of PS coatings with varying SiO> nanoparticle content,

with 30um? measured area.
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Figure 9.18 demonstrates transmittance values with respect to the energy, measured
by UV-Vis spectrophotometer. As can be seen transmittance values drop as

nanoparticle content increases. This is also in concordance with NKD results.
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Figure 9.18: Transmittance values of PS coatings with varying SiO> nanoparticle
content with respect to the energy (eV), measured by UV-vis spectrophotometer.

Figure 9.19: and Figure 9.20: demonstrates transmittance and reflectance values of
SiO2 nanoparticle dispersed PS coatings. As can be seen; reflectance and transmittance
values decreases in respect to their SiO2 content increase. After a certain point, relative

difference of values between samples are decreases.
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Figure 9.19: Transmittance values of PS coatings with varying SiO> nanoparticle
content, using NKD spectrophotometer.
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Figure 9.20: Reflectance values of PS coatings with varying SiO nanoparticle
content, using NKD spectrophotometer.

Band gap values of PS coatings with varying SiO2 nanoparticle content were calculated
using Tauc method and can be seen on Table 9.6. From Figure 9.21 and Figure 9.22,

extrapolation method on sample with %70 SiO2 content can be observed.
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Table 9.6 :  Direct and Indirect bandgap values of PS coatings with varying
SiO2 nanoparticle content.

%21;1())1: Direct(g?)n dgap Indirect Bandgap (eV)
%S5 3.883 3.668
%10 3.834 3.427
%15 3.779 3.338
%20 3.793 3.344
%25 3.806 3.344
%30 3.806 3.110
%35 3.806 3.165
%40 3.841 3.124
%45 3.800 3.041
%50 3.655 2.924
%55 3.724 3.144
%60 3.786 3.137
%65 3.786 3.158
%70 3.814 3.062
%75 3.745 3.055
%80 3.821 3.034
%85 3.668 2.744
%90 3.841 3.206
%95 3.806 3.089

%100 3.848 3.055

68



%70 SiO,

0.010

0.008
—~  0.006 -
(3Y]
>
(0]
N
£
L 0.004 1
N
>
S
— X=3,8

0.002

0.000

— 77
1.0 15 2.0 25 3.0 35 4.0 45
hv (eV)

Figure 9.21: Direct band gap calculation of PS coatings with %70 SiO> content
using Tauc method.
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Figure 9.22: Indirect band gap calculation of PS coatings with %70 SiO2 content
using Tauc method.
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Direct and Indirect Bandgap values of SiO: nanoparticle dispersed PS coatings,
calculated using Tauc method are displayed in Figure 9.23:. Samples demonstrate wide

bandgaps and our results in well accordance with literature [88].
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Figure 9.23: Direct and Indirect bandgap values of PS coatings with varying SiO»
nanoparticle content, calculated using Tauc method.

Figure 9.24: presents the relationship between roughness values and SiO> content of
PS coatings. Sample values demonstrate roughness increase with respect to the
nanoparticle content increase, although, samples which have %25, %50, %60 and
%100 SiO; nanoparticle content show roughness decrease regardless of the fact that

their nanoparticle content were increased.
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Figure 9.24: Roughness values of PS coatings with varying SiO> nanoparticle
content.

Contrary to expectations, CA values of samples which have %25, %50, %60 and %100
SiO2 nanoparticle content show no reduction. Table 9.5 : shows that; CA values
indicate no reduction between samples with %10 and %25 content despite the
roughness decrease. In spite of the fact that the samples with %40 and %100 content
have similar roughness values however, %40 demonstrates hydrophobic behaviour
and %100 demonstrates superhydrophobic behaviour with regard to their CA values.
Without any roughness increase some factor must be favouring this contact angle
increase. According to these results, it can be speculate that, networks of nanoparticle
aggregates are more influential for the samples with %25, %50, %60 and %100
nanoparticle content which have also been reported in literature [16]. Homogeneus
distribution of SiO2 nanoparticles and aggregation can be observed in Figure 9.17: and
the correlation between contact angle values and surface roughess can be observed

from Figure 9.29:.
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Figure 9.25: Equilibrium CA (0e) values of PS coatings with varying SiO»
nanoparticle content.

Figure 9.25: demonstrates water equilibrium contact angle values of surfaces with
varying SiO2 nanoparticle content. Graph indicates that every sample demonstrates
hydrophobic behaviour as every CA value is above 90°; however, starting from %40
SiO2 nanoparticle content contact angle values start to increase and reach saturation
point at %55 as having the highest contact angle point and demonstrate
superhydrophobic behaviour with contact angle exceed 150°. From that point

nanoparticle content increase did not affect much to the contact angle increase.

Figure 9.26: and Figure 9.27: demonstrate dynamic contact angle values; 6a and 6,
respectively. Samples which have less nanoparticle content than %45 indicate 0a
increase in Figure 9.26: and 0, decrease in Figure 9.27:. This indicates a CAH increase,

as their difference increase, which demonstrated in Figure 9.28:.
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Figure 9.26: Advancing CA (8a) values of PS coatings with varying SiO»
nanoparticle content.
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Figure 9.27: Receding CA (6a) values of PS coatings with varying SiO2
nanoparticle content.

73




1.2

0.8

0.6

AcosO

0.4 * .

0.2

0 20 40 60 80 100
Si02 (%)

Figure 9.28: Contact angle hysteresis values (calculated with using cos 8, —
cos 6,.) of PS coatings with varying SiO» nanoparticle content.

Figure 9.28: shows contact angle hysteresis values, Acos, which are calculated from
subtraction of sample cos 8, values from cos @, values. Figure 9.28: indicates a
contact angle hysteresis increase associated with increasing SiO» nanoparticle content
until the sample with %50 SiO: nanoparticle content. From that point CAH values
drop and it can also be seen from Table 9.5 : that samples show superhydrophobic
behaviour as their contact angle values started to exceed 150°. According to the theory,
superhydrophobic surfaces should have low CAH and roll off angles [89] which
supports results of this study.

In Figure 9.29:, 6e values and surface roughess values were displayed. Roughness
value increase as nanoparticle content increase is significant, especially at %60 and
%80. They are also show the highest contact angle values beside samples which have

%100 nanoparticle content.
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Figure 9.29: Relationship between equilibrium contact angle and surface roughness
values of PS coatings with varying SiO2 nanoparticle content.

%100 and %10 have the same roughness but %100 has the higher contact angle value.
It was speculated before that formation of more perfect networks of nanoparticle
aggregates is more important [16]. The sample which have %100 nanoparticle content
have higher amount of SiO> content and it can be assumed that this sample, alongside
with the sample which have %40 SiO: content, having more perfect networks of
nanoparticle aggregates than the sample which have %10 SiO2 nanoparticle content.
Also this assumption can be extended for between the samples with %10 and %25
nanoparticle content which have similar contact angle values but the sample with %25
nanoparticle content demonstrates significantly higher roughness. According to the
assumption, the sample with %25 nanoparticle content have higher roughness but
demonstrate not as great networks of nanoparticle aggregate as the sample with %10
nanoparticle content. Also %55 has lower roughness than %25 but demonstrates higher

contact angle, which indicates greater networks of nanoparticle aggregates.

Figure 9.30: and Figure 9.31: demonstrates 8.,, CAH and roughness correlation of
coated films with respect to the %SiO: content increase. From Figure 9.30: it can easily
be seen advancing contact angle value increase as SiO2 content also increases. On the

other hand Figure 9.31: demonstrates CAH value decrease as SiO» content increase,
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starting from the sample with %50 SiO; content. It is in well accordance with the
theory as superhydrophobic surfaces demonstrates high 6, and 8: values and low CAH
[89].
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Figure 9.30: Relationship between 0, and roughness values of PS coatings with
varying SiOz nanoparticle content.
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Figure 9.31: Relationship between CAH and roughness values of PS coatings with
varying SiOz nanoparticle content, with respect to the %SiO2 content increase.
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Nanoparticle content must have an equilibrium point which there would be no
significant contact angle increase and/or would be more relative transmittance
decrease after that point. Figure 9.32: and Figure 9.33: display transmittance and
reflectance values of coated surfaces at 650nm which demonstrate superhydrophobic

behaviour, respectively.
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Figure 9.32: Relationship between 0. and transmittance values of PS coatings with
varying SiO2 nanoparticle content, which demonstrate superhydrophobic
behaviour.
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Figure 9.33: Relationship between 0. and reflectance values of PS coatings with
varying SiO» nanoparticle content, which demonstrates superhydrophobic
behaviour.

According to these figures, the samples which demonstrate higher light propagation
than %67 and higher CA value than 170° indicate this equilibrium point as these 3
samples have the highest CA values while having the highest transmittance values.
Transmittance and CA values of these samples can also be seen from Table 9.5 : and
Figure 9.19: where the sample with contain %70 nanoparticle has the highest CA but
%80 has the highest transmittance while having a slightly less CA and %70 has same
CA with %80 but demonstrates less light propagation. On the other hand, samples with
higher nanoparticle content; %85, %90, %95 and %100 indicate less transmittance
than any other superhydrophobic samples. Namely, %85 has the lowest and %95 has
the highest transmittance inside this localised group of samples. However they present
higher CA values than the samples with %65, %60 and %355 nanoparticle content
which indicate the lowest CA values among superhydrophobic samples but somewhat
higher transmittance values due to the lesser nanoparticle content. These results
indicate that using %80 nanoparticle content to achieve superhydrophobicity with
polystyrene coatings is meaningless because of the increase SiO» nanoparticle content
decrease the light propagation and CA values. If the transmittance is more vital for the
product or study, SiO2 content can even be decreased in order to obtain more water

repellency, as can be seen from Figure 9.32: %70 has higher CA than %80.
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10. CONCLUSION

In this thesis, flat coatings of polypropylene, high density polyethylene, low density
polyethylene, polypropylene-polyethylene copolymer, poly(methyl methacrylate),
polystyrene, Nylon 6, Nylon 6.6, polyvinyl acetate and polyvinyl alcohol flat polymers
and PS polymers with varying SiO2 nanoparticle contents were prepared. Surface and
optic characterizations were conducted and correlations were derived. It was found
and demonstrated that contact angle is highly dependent on both surface morphology

and chemical properties of surfaces.

We found from study of flat polymer coatings that transmittance and reflectance values
changes dramatically with the polymer types for approximately same coating
thicknesses. Transmittance and reflectance measurements were conducted and
concluded that polymer based films can be switched between opaque to transparent
states through changing the polymer especially in the visible range. It was also found
that, it is possible to synthesize reflective/antireflective and protective coatings for
different applications as polymer coatings demonstrated a great range of transmittance

values from %15 to %90 of uniformly coated films.

Surface fre energy calculations were done using Fowkes and Van-Oss Good approach.
Test liquids were used to calculate the unknown components; water, methylene iodide,
ethylene glycol and formamide. It was found that PP, HDPE, PS and PPPE coated
polymer surfaces indicate low polar components and demonstrate hydrophobic
behaviour as having higher contact angle values than 90°. As having low polar
characteristics, PP, HDPE, PS and PPPE coated surfaces demonstrate low liquid-solid
molecular interaction which resulted in hydrophobic behaviour. On the other hand
polymer surfaces which have low polar components but high total surface energies,
such as LDPE, did not demonstrate hydrophobicity as a result of high adhesion
interaction between surface-water molecules. It was found that contact angle value
decreases as a result of the surface energy increase and dominance between polar-

dispersive components have a direct effect on hydrophobic behaviour of polymer
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surfaces. Van-Oss Good approach and Fowkes method results demonstrated well

accordance between two methods.

PS surfaces with varying SiO2 contents were also prepared. AFM measurements of
samples indicated even distribution of nanoparticles through the polymer coatings.
AFM measurements also indicated that surface roughness values show increase with

respect to the nanoparticle content increase, as expected.

CA measurements were conducted and it was found that CA values increase with
nanoparticle content as well as roughness increase. CAH calculations were indicated
that superhydrophobic samples which have more than %50 SiO; nanoparticle content,
demonstrate low CAH values as a result of their high advancing and receding contact

angle values.

It was also found that samples of %10 and %25 as well as %40 and %100 which
demonstrate roughness decrease despite their nanoparticle content increase,
demonstrate no CA reduction. However CA results were either same or higher. From
these results, it was speculated that, formation of more perfect networks of
nanoparticles aggregates is more important for these samples therefore, higher CA

values had obtained.

Transmittance values of PS-SiO> show decrase as nanoparticle contact increase but
relative difference between samples were getting smaller therefore, from optical
characterizations of samples it was assumed that there has to be some equilibrium point
where there would be no significant CA increase and/or would be more relative
transmittance decrease after that point. It was found that after %80 SiO» additive is
meaningles as beyond that point transmittance and CA values begin to drop indicating
%380 is the saturation point for PS-SiOz coatings. Even decresing nanoparticle content

can lead to CA increase with a cost of transmittance loss.
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