FABRICATION OF SUPERHYDROPHOBIC GOLD FILM ON POLYMER SUBSTRATES

Miss Siriwan Boonmeewiriya

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science in Petrochemistry and Polymer Science
Field of Study of Petrochemistry and Polymer Science
Faculty of Science
Chulalongkorn University
Academic Year 2018

Copyright of Chulalongkorn University



Msas1iauneIA iUl g19898IA UUN DAL STUALHSA

W.A.A3I90 yrydlitey

3%81ﬁwuﬁ‘5ﬂudauwﬁwaamiﬁﬂmmwé’ﬂqmﬂ%m@ﬁwmmamumﬁ’msﬁm
aMvUlasediuazinerrmaninedmes a1 Ulnsaluazineimansnoames
ANEINIANERS PAINTUUNTINESY
Unsfinwn 2561

AUAVISURIPAINTAUN TN



Thesis Title FABRICATION OF SUPERHYDROPHOBIC GOLD FILM ON
POLYMER SUBSTRATES

By Miss Siriwan Boonmeewiriya
Field of Study Petrochemistry and Polymer Science
Thesis Advisor Associate Professor KANET WONGRAVEE, Ph.D.

Accepted by the Faculty of Science, Chulalongkorn University in Partial

Fulfillment of the Requirement for the Master of Science

(Professor POLKIT SANGVANICH, Ph.D.)

Dean of the Faculty of Science

THESIS COMMITTEE

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Chairman
(Professor PATTARAPAN PRASASSARAKICH, Ph.D.)
__________________________________________________________ Thesis Advisor
(Associate Professor KANET WONGRAVEE, Ph.D.)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Examiner
(Associate Professor NAPIDA HINCHIRANAN, Ph.D.)
External Examiner

(Suwussa Bamrungsap, Ph.D.)



Assa yaiises | nsadsiidunesdliveuthegvieenuuwedueiiua
L3159 ( FABRICATION OF SUPERHYDROPHOBIC GOLD FILM ON POLYMER

=

SUBSTRATES) 8.71USnw1van : 5. A5.ALA 15y

At ildnvifousziiaueisnisadsiiuimesdiifiamuautildve v
agndanuunedlauiadlawy lnsodeufiteddnduseninamsasaensnnaslsonin
wavansazanslufeunosuslunsdaaneioynanesisgiulilasiung lnsdiadeidos
mueslunsifniisendieldldiuimesmiifinuaudfldvouthessbenn Ao dndan
Tneluavesansiadiuuas sy sransiunuiuteseynianessuuiuinedlawiadla
U NE1INNTFUINNTIASNTEINEIRT LLTIdUInATIRARUA TR UL R NLAI Y
msmwi’mué’mﬁamawamfnuuﬁuﬁa (water contact angle, WCA) kagAULANA1YY

yuFuAave e lusEnI1IN1T3nrenllen LazN1TAINEAUINGU (contact angle

3

a a [ Y

hysteresis) WuAnENURMIN LY UNIBENEIINULNUEIILAANEIIINNTEUIUNITY

a A 1 1

aurulUuszezna 2 9l warliuuementuunuRadAININNTT 160 83f1 F937N

v v
1 Y- o e~

AAlglun1sasraiuRldeULaIUN50F5 19N URINDIA DT AL LFUNEYD IR AUIUUN IR

3
1%

I¢a9ila 164 091 wazAANLLANITB AR avmentURUATlusE e s Eneen
waznshameatingdy fefissud 2 03 uenaIndiiufanesiazgnasnaeudnumzves
Tassadne uazAnwidoyaieafunssuiuntsivantureseynemosduuiiuiianedla
windlawudiendosgansamididnaseuiuudeansin, wadanmadsnvuvesadiing
LUURY warBunsusnanningalnd mafnautifliveutmousiuiidunesidindtaiin
Mnnszuaumsiuaniuvemesflnetusnavdumsivonfureseunanesdmssnad
nszefogihunniuinogah 4 fu usrlasaiswemesdluduiiaesandueyme
nesiiidulassairsnuuddutuiingiliiuidanuvsusswardmaldiuiad audRld
youthegien auadesveslassadamassuuimdudugnuaaoy nudiuiadag
i Ulnsieduasinermanined  a1efoTofan o
HEGH

Unsfinen 2561 ANULDYD B.IAUSNEIIAN oo



# # 5972117923 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE
KEYWORD: Superhydrophobic surface, gold, polydimethylsiloxane, deposition
reaction
Siriwan Boonmeewiriya : FABRICATION OF SUPERHYDROPHOBIC GOLD FILM
ON POLYMER SUBSTRATES. Advisor: Assoc. Prof. KANET WONGRAVEE, Ph.D.

Superhydrophobic surface was fabricated by a reduction reaction between
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WCA > 160° and it could be up to 164.41° with a contact angle hysteresis of 1.93°
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CHAPTER 1
INTRODUCTION

Superhydrophobicity is the significant property of the surface which comes

with high Water Contact Angle (WCA) with 0>150°, low contact angle hysteresis and

low sliding angle’.

This non-wetting surface belongs with water repellent, self-
cleaning, anti-sticking and anti-contaminant. All beneficial properties are required for
several applications in industrial and biological field such as self-cleaning satellite
dishes, solar cell or outer architectural glass and waterproof surface for textiles and
blood vessel replacement. To express the non-wetting surface, the structure should
be a cooperation between roughness with special micro- or nano-structure?. In
nature, a basic and good example representing of superhydrophobic surface is Lotus
leaf but for the scientifically ways to create the superhydrophobic property on
surface are explained in two different ways involving one is to make roughness on
low surface energy materials and another is to modify a rough surface with low
surface energy materials®. Low surface materials usually are fluorocarbon, silicone,
polystylene, zinc oxide or titanium oxide etc. and there are many methods to obtain
roughness on surface such as lithography, etching, layer-by-layer, sol-gel processing,

electrospinning etc. Both ways to create the roughness could be generated to serve

the superhydrophobic property on surface are as follows.

Formation of roughness surface on low surface energy material

This technique is a formation of a rough surface from low surface energy
materials and the example which was created a rough surface with this method
showed in Figure 1.1. The materials of interest with low surface energy are

fluorocarbons, silicones, organic materials and inorganic materials.



Fluorocarbons have very low surface energy (22 mN/m). The major and
interesting material of fluorocarbon which are applied for superhydrophobic field is
poly(tetrafluoroethylene) or Teflon. It can used directly for the superhydrophobic
surface fabrication such as stretching film or treating surface with oxygen-plasmon®®.
Moreover, linking or blending fluorinated materials with other materials are
investigated” 8.

Silicones or polydimethylsiloxane (PDMS) is a polymer with low surface
energy. The superhydrophobic property from silicones occurred from treating or
making the roughness on surface by laser etching or nanocasting method”!!. On the
other hand, silicones are used as the block polymers by blending with polystyrene
(PS)12, 13-

Paraffinic hydrocarbons which are organic materials are proposed and
examined for superhydrophobic surface. Controlling the crystallization behavior of
polyethylene (PE) by adding cyclohexanone to making floral-like crystal
nanostructure can fabricate porous superhydrophobic surface with WCA 173%, The
other way to utilize the organic materials for superhydrophobic surface are
electrostatic ~ spinning and  spraying the polystyrene (PS) solution in
dimethylformamide to obtain porous micro-/nano-fiber'> ¢, Moreover, polyamide,
polycarbonate, alkylketene dimer or poly(alkylpyrrole) can be used into
superhydrophobic surface’”?.

Inorganic materials such as zinc oxide (ZnO) or titanium oxide (TiO,) produced
the superhydrophobic property. The ZnO nanorods in film can create roughness and
001 plane of nanorod is obviously the low surface energy?: % Similar with TiO,, the

superhydrophobic surface can achieve by making TiO, nanorod films?.



Figure 1. 1 SEM images of PS-PDMS surface cast from a micellar solution(A) and the
needle-like poly(alkylpyrrole) film by electrochemical polymerization(B) *¢

Formation of roughness and modifying surface on low surface energy material

The superhydrophobic surface can be fabricated by modifying a rough surface
with low surface energy material. Normally, it can classify the fabrication of a rough
surface into 2 categories: top-down and bottom-up approaches which can fabricated
by various strategies including Etching, Lithography, Sol-gel processing, Layer-by-layer,
Colloidal assembly, Electrochemical reaction and deposition, Electrospinning and
Chemical/physical vapor deposition.

Top-down approach

Top-down approach is referred to crave the materials with tools and lasers.
Etching and lithography have been used for the formation of superhydrophobic
surface. Etching is a simple and effective method to obtain the roughness on surface.
There have different ways to form roughness by etching such as plasma etching?,

laser etching® or chemical etching?® 2.

The cast of lithography such as
photolithography, electron beam lithography, X-ray lithography, soft lithography,
nanosphere lithography, etc is the technique to create micro-/nanopatterns on the

large-area®®*". Figure 1.2 showed the example of fabricated rough surfaces from top-

down approach.



Figure 1. 2 SEM images of nanopillars and nanopits on silicone by electron beam

lithography™

Bottom-up approach

Bottom-up approach is described as the generation of stable and more
complex structure by self-assembly of smaller building blocks. This approach has
been used for the generation of superhydrophobic surface in several methods as
shown in Figure 1.3 for example sol-cel processing, layer-by-layer deposition,
colloidal assembly and chemical deposition. Sol-gel processing is the method for the
gel forming by hydrolysis of the corresponding oxide in the large amount of solvent
and impregnation of the solvent in the system. The illustrations to apply this method
for superhydrophobic surface are to create porous sol-gel foam from organo-
triethoxysilanes® or to create the sol-gel film by using colloidal silica particles and
fluoroalkylsilane®’. For the layer-by-layer technique, it involves the electrostatic
charge interactions between the layers. It can apply for superhydrophobic surface

forming such as the generation of the honeycomb-like structure of poly(allylamine



hydrochloride)/poly(acrylic acid) (PAH/PAA) multilayer by acidic treatment®.
Chemical deposition is a chemical reaction and forming the product by self-assembly
and deposition on the substrates. It has several methods for this technique such as
chemical bath deposition, chemical vapor deposition or electrochemical deposition.
The lotus-like superhydrophobic metal surface from the electrochemical reaction
with sulfur gas and treatment of Cu/Cu-Sn alloy plated on steel sheets® is fabricated
by this technique. Moreover, the roughness on surface can be forming by the
combination of top-down and bottom-up approaches such as chemical vapor

deposition method*, micelles™ or electrospinning’?.

Figure 1. 3 SEM images of lotus-like superhydrophobic metal surface by the

electrochemical reaction with sulfur gas™

However, these methods are complicated and involve high-cost instruments
to generate the roughness pattern on the surface. Consequently, another method to
fabricate to superhydrophobic surface in a more simple, easier and lower cost is
deposition. This approach can be used in several types of substrate that they can be

either solid, metal or polymer substrates. Especially, deposition of micro- or nano-



particles on substrates was studied widely and it was applied in many applications®*"
* such as electronic, sensor, catalyst or surface enhance raman spectroscopy (SERS)
substrate. Abdelsalam et al.*® deposited the structure of gold on submicrometer

Llll

sphere template by electrochemical deposition. Cui et a constructed the

superhydrophobic surface by using chemical deposition of gold nanoflower on iron
foil and it obtained WCA up to 169°. Moreover, all kind of materials were used as a
substrate for deposited gold and polymer was the one of choices was studied about
deposition gold on the surface. In 2008, Ishida, et al.* deposited gold nanoparticles
directly on several types of polymer bead and performed to use them as a catalyst.

L43

Deore, et al.™ synthesized and coated gold nanoparticles on PVA sheet by using low

L% immersed the

energy electron radiation technique and recently, Ahmed et a
substrates such as glass or silicones into gold solution to deposit the gold
nanoparticles on those substrates and modified the surfaces to study about the
changing of wettability.

According to these methods, they can provide superhydrophobic property on
surface which water droplet should be roll off on this surface without any external
supervisions. One application which needs droplet controlling in microchannel with
homogeneous movement is called microfluidic, and it has been studied and
improved method to drive the droplet in many ways, especially driving the droplet
by using magnetism* “® (Figure 1.4) as this method requires only magnetic particles
inside the solution and external magnetic field to drive the droplet without high
pressure or any supervisions. Recently, there has been research about synthesized
the gold nanoparticles composite on PDMS to use in microfluidic systems*’. The film

has interesting properties which can be applied in optical devices, immunoassays and

other bioassays on PDMS-based microchips.



0'>0 6'<6
A .

@ THITHHY (b)

permanent
magnet

Diamagnetic droplet 0'<0 ;
permanen

magnet

wﬂmm IIIIIIIlIIIIIImaW!
Magnetic nanotubes
_‘

(c)

permanen permaneln/t-_’
magnet

(d) @

Figure 1. 4 Magnetowetting phenoma on different magnetic field (a,b), magnetic

hydrophobic
EJ particles

droplet on controllable surface (c) and ferrofluid droplet on surface (d,e)

This research is focused on modifying a rough gold film on low surface energy
substrate which is PDMS. Superhydrophobic surface was fabricated with rapid and
simple method by using chemical deposition of gold nanoparticles (AuNPs) on
polydimethylsiloxane (PDMS) The AuNPs were synthesized by reduction reaction with
only two chemicals were required in the process which were chloroauric acid
(HAuCly) and sodium formate (HCOONa). The whole reaction was prepared at room
temperature without special instruments. We studied about the homogeneity of the
surface by changing shape of fabricated gold film with using different volumes of
gold growth solution and pattern to create gold film. To obtain the
superhydrophobic property, the ratio of reactants and deposition time of gold
particles were investigated and optimized carefully. WCA and contact angle
hysteresis were measured to examine the superhydrophobicity. Furthermore, the
mechanism of gold particles deposition and the interaction between gold particles

and PDMS were proposed. Some special applications like magnetowetting to control



wettability on surface and a SERS substrate to detect PET in water were

demonstrated.

1.1 Objectives
1. To fabricate the superhydrophobic gold film on PDMS substrate using

simple and rapid chemical reactions

2. To investigate the deposition mechanism of gold particles on PDMS
surface in order to obtain the gold film with superhydrophobic property.

3. To control wettability on fabricated superhydrophobic gold film by using
magnetowetting method.

4. To examine the efficiency of the superhydrophobic gold film as a SERS

substrate.

1.2 Scope of this research

Superhydrophobic gold film was synthesized using chemical reduction
between chloroauric acid and sodium formate on only PDMS substrate. The mole
ratio of the reactants and reaction temperature are constrained. The
superhydrophobicity of the generated gold film was inspected by static and dynamic
water contract angle (WCA) measured by using in-house goniometer. Magnetowetting
method was used to access the controlled wettability of the gold films. The
efficiency of the gold film used as a powerful SERS substrate was examined for

detection of p-aminothiophenol (PATP).



CHAPTER 2
THEORETICAL BACKGROUND

2.1 Wetting and water contact angle

Every surface has surface energy which is the contractile forces for pulling on
the molecules of the surface. The surface energy is caused by the cohesive force
between the molecules on the surface. Molecules inside droplet are balanced by
neighboring molecules and have equal force in every direction so it has zero net
force. However, molecules on the surface are not surrounded with neighboring
molecules in every direction, so they have unbalanced force and form a higher
energy on the surface. To minimize the energy on surface, the water adjusts its shape
into the lowest surface energy and smallest surface area for a fixed volume with this
incidence water droplet is formed a spherical shape on solid surface as shown in

Figure 2.1, so it forms in spherical.

v
&«a&*ﬁé s

Figure 2. 1 Water droplet on solid surface, interaction between molecules inside the

droplet and interaction between the molecules on the surface.
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On the other hand, wetting is the ability to spread out of liquid on solid
surface®®. It is related to surface energy and refer to balance of intermolecular forces
which are adhesion force between solid surface and liquid and cohesion force
between molecules of liquid. When the water contacts on the surface, it formed
spherical cap and it deals with 3 phases of materials. Each of materials has

interphase between two phases and create the surface energy which shows in Figure

2.2
Ylv
. ‘
0 <35 5<O<90° 90 < B < 150° 6 > 150°
Superhydrophilic hydrophilic hydrophobic superhydrophobic

Figure 2. 2 Contact angle ( 0) and three vectors of surface energy between
interphases:surface energy between liquid and vapor (Y,,), surface energy between

solid and liquid (Y,) and surface energy between solid and vapor (Y,,) and types of

wettability on surface at different contact angle.

At the contact point, the interphase is referred to three-phase contact line. It
has interfacial surface tensions among solid (s), liquid (1) and vapor (v) which are
surface energy between liquid and vapor (Y},), surface energy between solid and
liquid (Y) and surface energy between solid and vapor (Y.,). The angle between
three phases is called contact angle (@ ). Three vectors can balance the force in x

direction (Eq.1) and rearrange to Young’s equation® (Eq.2).
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2Fx = YSL + Ylvcosé’— st =0 Eg.l
Yicos@=Y,, - Y, Eq.2
The degree of wetting on surface can be defined by the value of water

contact angle (WCA). The water pretends to spread out when the WCA is less than
90°.The water is rolled up and formed a spherical shape on the surface while the
contract angle (CA) is larger than 90°. Based on CA, type of surface can classify into 4
main  types: superhydrophilic (0<59), hydrophilic (5°<0<909), hydrophobic
(90°<0<150°) and superhydrophobic (0>1502) as shown in Figure 2.2.

For ideal flat surface, static contact angles (static CAs) are equal to 0 but the

observed contact angle on real surface is not equal to O because it is not just static
state. Liquid on the fresh surface is in the actual motion and the contact angle at the
three-phase contact line is called dynamic contact angle. The dynamic contact angle
can be measured in various speed during inserting and pulling off the tip though the

droplet which are called advancing contact angle (advancing CA, 0.) and receding

contact angle (receding CA, ) as shown in Figure 2.3

« —- — -

-« — - -

- — e -
Advancing CA Receding CA

Figure 2. 3 Pictures of droplet in advancing CA (Left) and receding CA (right) %
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If the dynamic CAs are measured in lower speed, the angle should be similar

to static CAs. The different angle between 6, and G is called as the hysteresis (H)
(Eq.3)
H=06,-6 Eq.3

50, 51 For

The surface with roughness or heterogeneity has the hysteresis
example, the droplet on hydrophobic surface is pinned at the contact point so the
CA leads to increase at advancing motion and decrease at receding motion in the
observed CA. However, it does not have the contact angle hysteresis on ideal flat
surface and the observed CA is Young’s angle.

For making the surface with superhydrophilic or superhydrophobic, it has 2
factors. First, it is surface chemistry that refers the surface has high or low surface
energy. In general, surface with low surface energy will provide the
superhydrophobicity. Second, it is surface roughness. The roughness on the surface

can strongly initiate the hydrophobicity. The higher roughness, the larger hydrophobic

of the surface occurs.

2.2 Superhydrophobic surface
The general way to determine the surface with superhydrophobic is WCA.

Superhydrophobic surface is defined by WCA over 1500, a low sliding angle and a
low contact angle hysteresis™ ®2. With a unique property of non-wetting surface such
as self-cleaning effect, anti-sticking and anti-contamination. Superhydrophobic surface
is of interesting in many applications including waterproofing textiles, blood vessel
replacement, satellite dishes and exterior architectural glass. Generally, there are
many hydrophobic surfaces in nature. Lotus leaf is a good example to express the
superhydrophobicity on the surface as well as the wings of butterflies and the leaf of

cabbage.



13

The surface with superhydrophobicity is typically rough in micro- or nano-
scale. While presence of water droplet, the drop is remained on the surface which
can be explained by two theories. The basic guideline for studying superhydrophobic
surface would be explained in 2 theories which are Wenzel’s theory>® and Cassie-

Baxter’s theory®* (Figure 2.4).

‘Wenzel’s model Cassie-Baxter’s model

Figure 2. 4 Water droplet on the rough surface: liquid infiltrate into the roughness
(Wenzel’s model; Left) and liquid suspends on the roughness (Cassie-Baxter’s

model; Right)

In Wenzel’s theory, the droplet can penetrate the roughness on surface. The
water completely contacts with the surface and no air bubble between the surface
and droplet. The calculation roughness in Wenzel’s theory is defined by ratio
between real surface area and projected surface area. In the real surface, every
surface has some roughness (no surface is completely smooth) so the roughness is
always more than 1. The Wenzel’s equation shows the linear relation between

roughness and apparent contact angle in Eq.4
Real surface energy

r= Eq.d

Projected surface energy

cos@ =r cos@ Eg.5

In Wenzel’s equation, the 6", O and r are referred to apparent contact angle,

equilibrium contact angle and roughness, respectively.
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When the roughness is greater than 1, the value of cos &* should be more

than cos@. In case of hydrophilic surface, 9*<9<90°, while value of 0%>0>90° for
case of hydrophobic surface. From Wenzel’s state?, the roughness on surface will
always enhance the CA. When the roughness is more than 1.7, the surface tends to
change from Wenzel’s model into Cassie-Baxter’s model. The surface possesses
more roughness and possibility to promote more air-fraction on the droplet of water.
At this stage, the drop can easily roll off on surface so that is useful for having water-

repellent and self-cleaning effect on surface.
In Cassie-Baxter’s model, &* depends on percent of solid that contacts with
the droplet (Eq.5). f is defined as solid fraction.
cos & = fl1+cos O) -1 Eq.6
When the droplet touches on the surface as small as possible or the droplet almost
suspends on the air pocket, the cos 6 reaches to -1 indicating that the 6" reaches

to 180° and f reaches to zero. It refers the surface is completely non-wetting.

2.3 In-house goniometer and imageJ program with dropsnake plug-in

For water contact angle measurement in this research, in-house goniometer
was built with 4 instruments in the same order as shown in Figure 2.5. LED light
source with diffuser filter was placed at the backside of droplet in order to gain the
highest contrast between droplet and background. Second section was a stage for
placing the sample which were always parallelized. Third was the water injector
composing of syringe and standing for dropping the water on a substrate. The last
part was Nikon D90 digital camera with macro lens used for capturing the pictures of
droplet on the surface. All instruments were parallelized in the same plane and were

controlled flat plane with leveler.



15

* Controlled plane \ !

1. LED light source 2. Sample state 3. Water injector 4. Camera with
macro lens

Figure 2. 5 Schematic shows each instrument of in-house goniometer

Photo of a droplet captured from the experiment were imported to the
program for WCA measurement. The contrast of photo initially was enhanced by shift
the color tone to black and white. Then, the WCA of a droplet were evaluated in
imageJ program with dropsnake plug-in by following these steps.

1. The imageJ program with dropsnake plug-in had to be set up and ready to
use. Then, picture of droplet was imported to the program as shown.

File Edt Image Process Analyze Plugins Window Help
Bolclo|l~4sNAlalal0) s o] 4] &

Flood Fill Tool

531x472 pixels, B-bit. 245K
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2. The dropsnake plugin was opened and then perform drop analysis and
drop analysis-dropsanke, respectively. The new window which is called final curves
will pop up. The information in new window will tell about the value of contact

angle of droplet on the left handside (CAgL) and on the right handside (CA;R)

File Edt Image Process Analyze Plugins Window Help
ele vear Bw & 37F &7

531x472 pixels; 8-bit, 245K File Edit Font

Drop [CANIL [CAIIR [Meridian Surf fnm2] *

3. Create knots around the droplet. Number of knots on droplet should be 5-
10 knots and the first and last knots should be pointed at the position which drop

was toughing on the surface. Optimized number of knots for this study was 7 knots.

File Edit Image Process Analyze Plugins Window Help

Mol | wEp| (Blw [a] (312 2]

(Fiji Is Just) ImageJ 2.0.0-rc-43/1.52e; Java 1.6.0_24 [64-bit]

[ 1CGjpg = ] X
531x472 pixels; 8-bit. 245K

Firstknot Last knot
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4. After knots were created around the droplet, clicking on the started knot

should be done and the initial spline will be observed.

File Edt Image Process Analyze Plugins Window Help
s vap (B (& (312 |¢?]

(Fij Is Just) ImageJ 2.0.0-rc-43/1.52¢; Java 1.6.0_24 [64-bit] |

1CGjpg - ] X
531x472 pixels; 8-bit 245K

CAlLeft=132.265 Right= 133.026

5. Run the fast snake actual curve on menu bar to improve the spline around
curvature on the droplet. The initial spline should be fit with the droplet curvature
and it showed the red line around the droplet. Otherwise, knots could be roughly

adjusted. If it is satisfied, then click on accept red snake.

File Edit Image Process Analyze Plugins Window Help
Wee| | w2 Bl | |21 ¢

Fast snake actual curve

| File Edit Image Process Analyze Plugins Window Help
Weje| | [wep| Bl Q) (3] &2

[Fij Is Just) ImageJ 2.0,0-rc-43/1.52e; Java 1.6.0_24 [64-bit]

1CGjpg
531x472 pixels. 8-bit; 245K

1CGjpg
531x472 pixels. 8-bit; 245K

CA Left= 132.265 Right= 133.026
AlLeft= 150513 Right= 150621

CA Left= 150513 Right= 150621
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6. Press snake the curve to evolve the curve on droplet, then WCA value will
be showed on the table and left- and right- contact angle (CAuL, CAyR) will be

observed.

File Edit Image Process Analyze Plugins Window Help
Weje | v |Blw [ |21 |2 ‘
Enter/Move knots |

Final curves 0
File Edit Font
CALeft= 150,513 Right= 150,621 Drop  [CA[]L [CA[jJR [Meridian Surf [n *
[1CGJpg 166961 163768 9.72E-1

531x472 pixels. 8-bit, 245K

| K I

2.4 Polydimethylsiloxane (PDMS) as a low surface energy material

H3C EHB CH3
Si S Si
- -
H3C/l \O/ \O/ \\CHS
HBC CH3 CH3
- Jdn

Figure 2. 6 Chemical Structure of polydimethylsiloxane (PDMS)

IUPAC name: Polydimethylsiloxane (PDMS)
Chemical formula: (C,HsOSi),

Density: 965 kg/m?>
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PDMS™ or silicones is the polymeric organosilicon compound which is a liquid
with clear, viscosity, inert, non-toxic and non-flammable. It’s applied in several
applications such as contact lenses, medical device, heat-resistant tiles, caulking,
antifoaming agent in food or material for making hair shiny and slippery in shampoos.
It can be formed in solid from cross-linked polymer chain by an organometallic

crosslinking reaction with trimethylsilyl chloride (showed in Eq.7)

Sl(CH3)3C CH3 zo n- 2 [Si CH3)20H SI(CH 20 n-2 Sl(CH3)2O Sl(CH ) ]2+2HCL Eq?

C|}H3 H3 H3 T CHg
Z ~si—o—s HSC_SI O—Sl O—!tl—CHa
lH?’ H3 H H3 R is usually CHj,

sometimes H

< g\
o H
H—SECHa Y ~s¢© Q‘CHg—Si;—)CHa
N N /on 3
YRS ) A
HaC 3 ! Pt-based H2C—Si—CH
3 . Hac—S\—CHa catalyst 8 vC 3
o HzC—S|—CHj3 H3C—S, Ha
S :
B o H—S{—CHs S <’ LCHZ—SS:H3
/) H3C Hs

-4,

Figure 2. 7 Organometallic crosslinking reaction of polydimethylsiloxane (PDMS)

The solid PDMS after curing is obviously clear and flexible. The backbone
structure of PDMS is formed the cross-linked structure with siloxane linkage. It
achieves the flexible molecular structure and it’s more flexible when molecular is
higher. The surface of solid PDMS presents the hydrophobic property. The aqueous
solvent can’t spread out easily on the PDMS surface unless the organic solvent

because it swells with organic solvent®® >’
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CHAPTER 3
EXPERIMENTAL SECTION

3.1 Chemicals and Materials
1. Gold (Il chloride trihydrate (HAUClg*3H,0, 299.9%) (Sigma-Aldrich Co. LLC.)
2. Sodium formate (HCOONa) (Sigma-Aldrich Co. LLC.)
3. Polydimethylsiloxane (PDMS) (DOW Corning corporation)
4. Iron oxide nanoparticles
5. p-Aminothiophenol (PATP)

6. Silver nanoparticles (AgNPs)

Gold (Ill) chloride trihydrate, sodium formate and polydimethylsiloxane were
analytical grade and used without further purification. Iron oxide nanoparticles were
obtained from Bawendi’s group®® and PET was obtained from recycle plastic glass.
Glassware and magnetic bars were always cleaned with liquid detergent and then
rinsed with deionized (DI) water before using.

Silver nanoparticles (AgNPs)59 was synthesized by starting the preparation of
sliver seed. Ultrapure water, sliver nitrate (AgNOs) and sodium citrate (C18H15Nag0O21)
were mixed in the flask and stirred in the ice bath for 30 min. Then, drop-wise of
freshly prepared sodium borohydride with ice-cold ultrapure water was added into
the mixture over 4 min. Ag solution was stirred on the ice bath for 2 min and color of
solution turned from colorless into bright yellow. Therefore, the spherical silver

nanoparticles colloids were obtained.
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3.2 Instruments

1. Scanning Electron Microscope (SEM), JEOL JSM-6510A

2. Built-in energy dispersive X-ray spectrometer (EDX), JEOL JSM-6510A

3. High performance optical microscope (OM), Axio Scope.Al

4. In-house goniometer

5. Portable fiber optics spectrometer, Oean Optics USB400

6. X-ray diffractometer (XRD), Rigaku Model: D/Max-2200

7. Infrared spectrophotometer, Thermo scientific Nicolet iS5

8. Raman microscope, Thermo scientific DXR with 532 nm as excitation laser
9. Ultrasonic bath, Elmasonic Model: P30H

10. Vacuum Chamber

3.3 Preparation of PDMS substrate

To prepare a PDMS substrate, Sylgard 184 silicone elastomer base and curing
agent were mixed in ratio 10:1 by weight®®. Silicone base was poured in plastic
container and then curing agent was immediately added. The liquid was mixed by
cleaned stirring rod until the large amount of bubbles were appeared (around 5
minutes). The mixture of PDMS liquid was poured into 8.5 cm diameter petri-dish
plastic and then was degassed in vacuum chamber until all of gas bubbles
disappeared. The curing process of PDMS elastomers was incubated under room
temperature for 12 hours. The stable and transparent PDMS film with 1 mm thickness
without liquid component was achieved and then was ready to be cut in a desired

shape. The scheme of PDMS preparation is illustrated in Figure 3.1.
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Added
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Figure 3. 1 Schematic drawing of the preparation of PDMS substrate by mixing of
silicone elastomer base and silicone elastomer curing agent with ratio 10:1 by

weight.

3.4 Fabrication of gold film on PDMS

Gold film on PDMS was fabricated by a simple wet chemical method using
HCOONa as a reducing agent and stabilizing agent with HAuCl, as gold ion sources.
The gold growth solution (AuGS) was freshly prepared by mixing HAuCl, (9.75 mL, 1M)
and HCOONa (0.24 mL, 0.5M). The mole ratio of gold ions and formate was kept at
1:80 and pH of AuGS was about 5.19. The procedure of fabrication gold film started
with drop of gold growth solution on PDMS with desired volume. The reduction and
deposition reactions continued 4 h with prevention the evaporation by adding some
water around PDMS substrate during the reaction, then the film was cleaned of
excess solution by DI water and dried in vacuum chamber as shown in Figure 3.2.
The deposited gold film was studied. The relative between dropped volume of AuGS
and film area, deposition time, deposition mechanism of gold particles on PDMS and

structure evolution of gold film at different time deposition.
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HAuCl,

0.5 M,0.24 mL

HCOONa Gold growth solution
1M, 9.75 mL 0.012 M, 10 mL

AuGS
0.012 M
1. Left
PDMS 2. Washed
3 3. Dried
. S . ~ | 5 . -® , . S

Controlled
humidity condition

Figure 3. 2 Schematic drawing of the preparation gold growth solution by using
chloroauric acid as metal ion source and sodium formate as reducing agent and

procedure of fabrication gold film on PDMS.

3.5 Magnetowetting applying on the surface

Magnetowetting method was applied with non-wetting gold film (Figure 3.3)

by using ferrofluid was received from iron oxide nanoparticles colloid. 10 UL droplet
of ferrofluid was handled the movement by external magnetic rod on planar surface
with 3 designed experiement. First, ferrofluid droplet was controlled movement all
along the planar surface. Second, changing angle of surface was adjusted during
moving drop on left and right. And third, particle pick-up of powder on gold surface

was examined on flat surface.
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Figure 3. 3 Schematic showed applying magnetowetting on fabricated

superhydrophobic surface.

3.6 Detection SERS spectra of PET on fabricated gold film
Another application of fabricated superhydrophobic gold film, it was applied

to use as a SERS substrate to detect p-Aminothiophenol (PATP). PATP solution was
prepared with 1 mM of concentration in alcohol. PDMS and fabricated gold film at 30
min, 2 h and 4 h were immersed in PATP solution overnight. Then, all films were
cleaned excess PATP with alcohol and kept its dried at room temperature. PATP on
fabricated gold films were detected by Raman spectrophotometer. SERS signals were
received by using 780 nm of the excitation wavelength, 1 mW of the laser power, 50
pum pinhole of the laser aperture, 1 second of the exposure time and 32 scans of the

number of exposures.
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3.7 Characterizations

The morphological structure of gold film was characterized by Scanning
Electron Microscope (SEM, JEOL JSM-6510A) operated at 20 kV under high vacuum
mode. The elemental analysis of the generated gold film was performed using
Energy Dispersive X-Ray Spectroscopy (EDX). Wettability of gold film on PDMS
substrate was evaluated by using Water contact angle (WCA) measured by in-house
goniometer. To obtain WCA, the digital images of 2 pyL DI water were captured by
Nikon D90 digital camera with Macro lens. LED light source (YN 600 Pro LED) with
diffuser filter was placed at the backside of droplet in order to gain the highest
contrast between droplet and backeround. The captured image was transferred to
the ImageJ) program (developed at the National Institutes of Health and the
Laboratory for Optical and Computational Instrumentation) with Dropsnake plugin®
for calculating WCA. The results of WCA from in-house goniometer weren’t
significantly different when compared with standard goniometer (rame’-hart
instrument 200-F1) (showed in table 3.1) X-ray diffraction patterns of PDMS and gold
film at different deposition time were collected by X-ray diffractometer (Rigaku
Model: D/Max-2200) with a scan rate of 0.02 deg/min, using Cu Ka irradiation (0.154
nm, 40 kV, 30 mA). The functional groups of PDMS and gold film on PDMS at
different deposition time was characterized by infrared spectrophotometer (Thermo
scientific Nicolet iS5) UV-Visible spectrophotometer was investigated spectrum of

gold particles on PDMS at different deposition time.



Tabel 3. 1 Comparison of Water contact angle measurement between standard

goniometer and in-house goniometer on bared PDMS and gold film on PDMS.

Sample Instruments Mean of WCA SD P-value
(degree)
Virgin PDMS standard 113.66 0.50 0.10
goniometer
in-house 111.20 2.96
goniometer
Gold film on standard 150.46 13.75 0.53
PDMS goniometer
in-house 15451 1.39
goniometer
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Substrates for fabrication superhydrophobic gold film

Gold films were fabricated on 3 different types of substrate which were glass
slide, acrylic and polydimethylsiloxane (PDMS). Substrates were cut in square shape

without any treatment on the surface. For fabrication of gold film, gold growth

solution (AuGS) was dropped in 200 ML on substrates. Then, the substrates with
AUGS were left undisturbed about 4 h at room temperature condition. After
deposition reaction finished, gold films were washed by DI water, dried in vacuum
chamber and then, gold films with circle shape were received on glass slide, acrylic
and PDMS in Figure 4.1(A2,B2,C2). All gold films were investigated wettability on the
surface by measuring WCA (Figure 4.1G). WCA of gold films on g¢lass slide and acrylic
were about 133% and 138° respectively but WCA of gold film on PDMS was up to
154% which meant it had a superhydrophobic property on the gold film surface.

Therefore, PDMS was chosen to be a substrate for this work.
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Figure 4. 1 Images of substrates, gold film with 200 UL of AUGS and: glass slide(A1,
A2), acrylic(B1, B2) and PDMS(C1,C2), images of water droplet on bared substrates
and gold films on substrates: ¢lass slide (D1,D02), acrylic (E1,E2) and PDMS (F1,F2) and
graph showed WCA on bared substrates and gold films on each substrate(G)

4.2 Fabrication of gold film on PDMS

In the study, gold microstructures were fabricated by one-pot synthesis using
a chemical reaction between chloroauric acid (HAuCl;) and sodium formate
(HCOONa) which acts as metal ion sources and reducing agent, respectively at room
temperature. From redox reactions, the generation of gold particles (Au®) is
spontaneous reaction due to the positive value of E%¢y s From the final reaction,
there is no chemical residual left on the surface of gold particles because only

protons with chloride ions and carbon dioxide gas are byproducts of the reaction.

[AuCly] + 3e — AW + 2CU E©  =+1.002V
[AUCL,] + 2e — [AUCL,] + 2CU E°  =+40926V
[AUCL] + e — AW + 2CU E°  =+1.154V
CO, + H + 2¢° — HCOO- E°  =-0225V
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[AuCly] + HCOO — [AUCL,] + 2CU + CO, + H* Foeus = +1.151V
2[AuCl,]” + HCOO — 2AU° + 4CU+ CO, + H* Foenz = +1.379 V
2[AuCly] + 3HCOO- — 2AW° + 8CLU + 3CO, + 3H* FOclls = +2.279 V

The generation of gold particles was monitored by using laser beams
iradiated though the solution with the transparent PDMS substrate was laid at the
bottom of the holder as shown in Figure 4.2. The appearance of laser beams for
investigation of tyndall effect in solution and color changes of PDMS substrate are
evidences to reveal the existence of gold particles. The formation pathway of gold
particles is discussed based on the reduction potential. At the first stage, the
reduction reaction of [AuCl,]” into Au’ are proposed that [AuCly] is possibly reduced
to either [AuCl,]” or Au® according to the positive reduction potential®’. These species
undergo by rapid electron transfer process which [AuCl,], Au® and CO, are produced.
However, the sodium formate is a mild reducing agent and it is rather formed as
formic acid in acidic condition, therefore, the reaction proceeds efficiently by firstly
reduced [AuCl,]” to [AuCL,J®". Then electron transfer occurs to produce Au’ and CO..
This phenomenon could be proved by investigating the color changes the gold
growth solution. At initial stage (0 - 20 min), the solution was in clear yellow pale
solution representing the characteristic color of [AuCly]” and the PDMS substrate was
still transparent. The yellow of the solution began to decrease after 20 minutes. This
observation suggests that the species of [AuCly]” decreases which express that the
reduction of [AuCly] (yellow) to [AuCl,]™ (colorless) is favorable. However, the laser
beam on solutions was clearly observed when the reaction was prolonged for 40
minutes with the solution color changes from yellow to violet. In this stage, [AuCls]
and [AuCl,]” are reduced into Au® atoms which later form nucleation of nanoparticles
spread all over the solution. Due to La Mer model®, the nucleation is moved to the

growth (aggregation) process to reduce the surface energy of the system, therefore,
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the nanoparticles were formed when the time reached 100 minutes then gold color
on holder appeared.

0 min 20 min 40 min 60 min 80 min 100 min 120 min

- CEEn

Figure 4. 2 Time lapse of growth solution with laser radiation (A) from 0-2 h with

interval of 20 minutes.

In previous studies* "

, most of the works used the method by incubating
a substrate in the growth solution. The method provided the uniform pattern of the
generated gold film. However, an enormous amount of the excess AuGS after the
reaction obtained. To design different patterns of gold films on the substrate, this
might involve the complicated step to architect the pattern on the substrate. To
reduce these weaknesses, the method for in-situ self-assembly of the gold
microparticles was applied on the free surface of PDMS using different volumes of
the AuUGS in order to determine the versatility of the proposed method. The AuGS
stock solution was freshly prepared by mixing the solution of [AuClg] and HCOO'". The
mole ratio of [AuCly]” and HCOO™ were optimized in order to obtain the smooth and
uniform gold film (Figure 4.3). The concentration of HCOONa was changed to
examine and fabricate the proper gold film which were 0.2, 1 and 5 M. In term of
hydrophobicity measured by water contact angle, the appropriate ratio (give the

maximum contract angle ~ 1599) is determined at 1:80 which will be used in further

experiments across this manuscript.
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WCA =110°

WCA =159°

WCA =144°

Figure 4. 3 Pictures of gold film, droplet of DI water and WCA and SEM images from
the reaction between [AuCl,] and HCOONa at different concentration of HCOONa :
0.2 M (A1, B1, C1-C2), 1 M (A2, B2, D1-D2) and 5 M (A3, B3, E1-E2) respectively.

In this section, the relative between volume of gold growth solution, radius of
gold film and morphology were investigated. Moreover, to confirm production of
pure gold particles on gold film, the proportion of chemical elements was detected
using EDX. Gold film was fabricated on a free standing PDMS substrate by varying
volume of the gold growth solution from 50 - 1,000 pL. A drop of gold growth
solution spread equally on the PDMS surface and circle shape of gold film was
obtained. Under prevented evaporation condition during the reaction, gold films
were received with homogeneous surface and the coffee ring effect was not
observed as shown in Figure 4.4A. When the reaction was incubated for 4 hours, the
solid gold color on the substrate was noticed instead of purple originated from
plasmonic phenomenon of gold nanoparticles. This suggests that gold film was

produced by self-assembly of gold particles in microscale and fully coverages the
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PDMS surface. Relationship between volume of gold growth solution and area of
gold film was investigated as shown in Figure 4.4B. It can be seen that the area of

gold film was linearly related to dropped volume (with slope of 1.17).
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Figure 4. 4 Images of gold film on free surface PDMS in different volume of AuGS (A):
50, 100, 200, 300, 400 and 1,000 pL (left-right), eraph shows the relative between
volume of gold growth solution and radius or area of ¢old films (B), SEM images of
deposited gold particles on PDMS (C), EDX mapping from g¢old film (D) and gold film
in different patterns (E).

After the gold particles deposited on substrate completely, to gain an insight
information of gold structure, the morphology of the generated gold film was deeply
investigated by using SEM as shown in Figure 4.4C. Figure 4.4C shows the structure of
deposited gold microstructure containing at least 2 different layers: First layer was
spherical gold particles with homogeneous deposition and second layer was a
secondary structure of gold particles. The film on PDMS was composed of gold
particles all the surface that was proved by EDS as shown in figure 4.4D. Moreover,
the different patterns of gold film with homogeneous and smooth surface was

received as shown in Figure 4.4E. This suggests that the area of gold film can be
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completely designed by controlling the dropped volume of the AUGS and this
method can create the different patterns of gold film

On bottom layer, the gold particles with irregular spherical shape were
uniformly deposited on PDMS surface. This suggests there is possibly interaction
between gold particles and functional groups of PDMS. Then, the functional groups
of gold film at 15 mins and 4 h deposition time and PDMS were characterized and
observed the functional group changing by Infrared spectroscopy. IR spectra including
the spectrum of bared PDMS, gold film at 15 min and 4 h deposition time and gold
film at 4 h deposition time which was removed some part of gold particles is shown
in Figure 4.5. The characteristic peaks of PDMS are clearly observed at 2950-2960 cm’
' 1260-1259 cm, 1020-1074 cm™ and 789-796 cm™ representing asymmetric CH,
stretching in Si-CHs, CH; deformation in Si-CHs, Si-O-Si stretching and —-CHj; rocking
and Si-C stretching in Si-CHs, respectively. In this case, the signal of Si-H group (2154
cm™) cannot be observed. The pattern of IR peaks from bare PDMS and PDMS of
gold film (4h) are robustly similar. The functional groups of PDMS substrate are
totally unchanged indicating that the gold particles were generated from only the
reduction of HAuCl, and formate ions. The generated gold ions/particles might be
interacted via electrostatic force with the functional group of Si-O-Si (1020-1074 cm
) on PDMS. Interestingly, the characteristic IR peaks of the sample with gold film
generated for 4 h are completely disappeared. This suggests that the light might not
iradiate though the thick gold film to reach the functional group of PDMS. However,
there is no IR peaks on the gold film suggesting that the gold film is very clean with

no chemical residuals after deposition process.
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Figure 4. 5 IR spectrum of bared PDMS and Au film at 15 min and 4 h deposition

time and Au film at 4 h deposition time with removed some gold particles on the

surface.
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The second layer involved the deposition process based on the self-assembly

of individual gold microparticles into secondary structure. Interestingly, the size and

shape of gold particles on first layer are totally different from the gold particles in

secondary structure on the second

layer. This observed phenomenon and
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mechanistic study of the deposition of Au microparticles onto the PDMS substrate
will be discussed in the later section. The elemental analysis of gold film was
performed by using SEM-EDX as shown in Figure 4.4D. It could be seen that only pure
gold particles were observed on EDS mapping suggesting that showed 58.24% atom
of Au, 26.88% atom of Si from PDMS substrate and the other elemental fractions

were in a few amounts of C and O atom (Figure 4.6).
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Figure 4. 6 EDX pattern and percent atom of elements obtains from the fabricated

cold film at 4 h deposition time.

Moreover, to confirm the crystalline structure of gold particles on film, XRD
pattern of gold film at different deposition time showed the spectra at 111, 200, 220,

71,72 as

311 and 222 that is a pattern of XRD spectra of face-center cubic gold particle
shown in Figure 4.7. At 30 min deposition time of gold film, it could observe the
pattern of PDMS because the gold particles were deposited for the first layer and
PDMS surface was not completely filled with gold particles. For the gold film at 2
and 4 h deposition time, XRD pattern showed the sharp peaks of gold particles with

face-center cubic structure.
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Figure 4. 7 XRD pattern of PDMS (A1) and fabricated gold film at different deposition
time: 30 min (A2), 2 h (A3) and 4 h (A4).

The average crystallite size of gold (d) was calculated in Table 4.1 by using

Debye-Scherrer formula in Eq.7

KA
BcosO

Eq.7

In Debye-Scherrer formular, K is normally valued as 0.89, Ais wavelength of X-ray

radiation source which is Cu source with 0.154 nm, B is referred to the width at half

maximum height of spectrum and @is come from 2theta of XRD spectrum.

From the table, it can be seen that the estimated size of particles was slightly
increased due to the early stage of the deposition time, while the estimated size of
particles was steady after 2 h of deposition time. This suggests that the particles

were initially grown in the first stage as the crystal size was slightly increased.
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However, the grown rate was stopped after 2 h of prolonged reaction because the
size was rarely changed. The observations suggest that the particles treads to
aggregate and to form as secondary structures. These results are in good agreement
with SEM images of the gold films as shown in Figure 4.4C.

Table 4. 1 Calculated average crystallite size of gold particles from of gold film at

different deposition time by using Debye-Scherrer formula.

30 min 33 24 63 39
2h 38 35 49 51
4h 39 36 59 43

4.2 Wettability of the gold film

From the previous section, uniform gold films were successfully fabricated on
PDMS surface. In this section, wettability and morphological structures of the
generated gold film at different deposition times (15 min - 24 hours) was deeply

investigated as shown in Figure 4.8.
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Figure 4. 8 Optical images, pictures of water droplet and SEM images of fabricated
gold film on 0.5x0.5 cm? PDMS at different deposition time (A) and graph shows

relative between WCA or roughness factor calculated using Wenzel’s equation and

deposition time (B) from 15 min-24 h (WCA on virgin PDMS = 108°)

It could be seen that the color of gold film initially appeared in purple after
30 min of the deposition time and changed to gold color when the deposition time
longer than 45 min. The color of gold film reflects to the size and density of gold
particles deposited on the surface. To obtain insight information of size of gold
particles, the UV-visible spectroscopic technique was performed on the gold films at
every deposition time with transmission mode. From UV-visible spectra (Figure 4.9),
the gold film at 30 min exhibits plasmon band at around 500-600 nm™ ™. The
intensity of the plasmon band of fabricated gold film increased with the baseline
shift when the deposition time increased. This suggests that the amount of gold
particles was increasingly deposited on the substrate and certainly thicker. However,
only baseline shifted without any plasmonic band when the deposition time was
longer than 30 min. This suggests that gold film had multilayer deposition of gold

particles with the size in micrometer scale.
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Figure 4. 9 Raw UV-Vis spectrum of fabricated gold film at different deposition time
from 15 min-24 h and normalized UV-Vis spectrum of gold film at different

deposition time from 15 min-4 h.

To obtain the hydrophobicity of the generated gold films, a droplet of 2 uL of
DI water on the gold films were captured. The WCA was measured by Image J
program with dropsnake plugin®*¢. Figure 4.8B show the relationship between WCA
and the deposition times. The WCA was changed in 3 significant steps. In the first
step (15mins-45mins), the WCA of gold films was approximately 112° — 116° which
are close to the WCA of virgin PDMS (108%™ 7. In this stage, we observed the color
of the film are in purple with plasmonic band at 500 -600 nm but the WCA was not
different from using virgin PDMS. This suggests that only the nucleation of small ¢old
particles in nanoscale were produced and the deposition of the generated seed of
gold particles were induced by the silane group (Si-H) of PDMS surface to form a first
layer. This size of the deposited gold particles might not affect the original roughness
of the surface. Therefore, the WCA were just slightly changed. For the second stage
(45min - 2 h), the WCA were dramatically increased from 116° to 161°. The gold
film with superhydrophobic property was obtained when the deposition time was
reached 2 hours. From SEM images, it can be seen that the first layer was fully

covered by gold microparticles with the secondary structures formed as second
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layer. This phenomenon reflects to the color of gold film which express in gold
color. The secondary micro/nanostructure in combination with low surface energy
the PDMS substrate might be a perfect model for the development of
superhydrophobic surfaces because the roughness of the surface was dramatically
increased and acts as lotus leave effects. After 2 h of deposition, the WCA slightly
changed from 161° to 164° because the reaction was finished by consuming all
Au®fions and most of the generated gold particles were already deposited on
substrate. It can be seen that SEM micrographs of the gold film were insignificantly
changed. (showed in Table 4.2). These observations revealed that superhydrophobic
gold film was obtained after using deposition time at least 2 hours. The satisfied
model to describe superhydrophobicity of the fabricated gold film was examined
using either Wenzel’s model®® or Cassie-Baxter’s model®*. These models can be
determined by using the roughness factor (r) of the surface which can be calculated
by a following Eq.8.

Cos@" =rcosO*f Eq.8
The @ is referred to the apparent contact angle of a target surface and O°Fis an
equilibrium contact angle for the ideal flat surface (a virgin PDMS in this case). The
roughness factor (1) is the ratio between real surface area and projected surface area,
therefore r is always more than 1 for a rough surface. The higher roughness surface,
the higher r value obtains. Roughness of the surface generally enhances
hydrophobicity of the corresponding flat surface. The roughness factor r between 1-
1.7 will be underlying on a basic assumption Wenzel’s model. However, the
switching from the Wenzel to the Cassie-Baxter state will occur when r exceeds 1.7°%
" The behavior of a liquid drop on a rough surface was changed from penetrating
into the spikes (Wenzel state) to suspend on the spikes (Cassie-Baxter state)

reflecting to the wetting phenomenon of the superhydrophobic surface. The
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calculated roughness of the gold film was plotted against the deposition time to
investigate the wetting phenomenon of the surface as shown in Figure 4.8B.

Strong correlation between roughness and WCA was observed. Using
deposition time in range of 15-45 mins, the roughness was in between 1.15-1.38
indicating that the water droplet penetrates on the surface based on Wenzel state.
At this stage, the contract angle and its hysteresis increase as the roughness factor
increases for the hydrophobic surface. from SEM images, the gold particles were
initially deposited on PDMS surface with uniform distribution. This roughness was not
sufficient to create the suspension state of a water droplet. However, the roughness
increased to 1.96 and was up to 3.02 after 2 hours of deposition time when the
secondary structures were generated on the first layer of gold microparticles.
Enhancing of the air fractions on the surface induced the suspension of water droplet
based on Cassie-Baxter’s model. This reflect to the increasing of WCA from 1162 to
161°. After 2 hours, the roughness slightly changed because the reaction was almost
accomplished because of the limitation of chloroauric acid in the solution. It is in

good agreement with SEM images from 2 to 24 h.
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Table 4. 2 WCA, calculated roughness factor from Wenzel’s theory, pictures of 2 jL
DI water on 0.5x0.5 cm? gold film and SEM images of morphology on gold film

surface at different deposition time

Time WCA | Roughness Pictures of SEM images
(degree) factor droplet
15 111

1.15

min
30 113 1.26
min
45 116 1.38
min
lh 128 1.96
2h 161 3.02
4h 160 3.01
8h 163 3.06

24h 164 3.08
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To confirm the model of superhydrophobic gold film, the dynamic contact

angle involving advancing angle (6) and receding angle (8) of droplet on
superhydrophobic gold film was measured. The hysteresis (H) is calculated from the
difference between the angles (H = 0,0, ). If it is lower than 10, the surface is
claimed as a non-wetting surface. The result showed in Figure 4.10 the pictures of
droplet in advancing angle and receding angle were not obviously different and the
hysteresis was 29 which was less than 102 so our method can fabricate the gold film

to be a non-wetting surface with high WCA.
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Figure 4. 10 Pictures of water droplet on the gold film for measuring dynamic CA:
advancing way (A1) and receding way (A2) and graph shows the WCA of advancing

and receding angle during the measurement time (B).

4.3 Deposition mechanism of gold particles on PDMS

In the previous section, the fabrication of superhydrophobic gold film on
PDMS was revealed. The wettability of the gold films can be controlled by the
deposition time. The morphological structure of the gold films has strongly influent
to the superhydrophobicity especially the secondary structure of gold microparticles.

In the section, the mechanism of the generated gold microstructures deposited on
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PDMS surface has been deeply investigated. Figure 4.11 shows SEM images of
superhydrophobic gold film containing two layers of gold particles deposition. It is

clearly seen that there are 2 layers of gold microstructure on the PDMS substrate.

Figure 4. 11 SEM images show the structure of deposited gold particles (A1) on the
PDMS: gold particles on the first layer (A2) and secondary structure (A3)

On the first layer (Figure 4.11A2), the gold particles with spherical shape were
uniformly deposited on the PDMS surface. To investigate the growth rate of the
particles, size of gold particles on the layer was measured and counted for each of
deposition time as shown in Figure 4.12. The results showed the gold particles size
with the first coverage started at 130 nm, increased to 215 nm after 2 h and slightly
enlarged the size afterwards (Figure 4.12D1). Until 2 h of deposition, the growth of
gold particles couldn’t continue enlargement the size because the surface was filled
with gold particles. It suggests that the gold particles were initially deposited on
PDMS as the particle seeds and then slowly grew when the deposition time was

prolonged.
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Figure 4. 12 SEM images of gold film on 0.5x0.5 cm? PDMS and distribution graph of
particle size at different deposition time: 30 min (A1,A2), 45 min (B1,B2), 1 h (C1,C2),
2 h(D1,D2), 4 h (E1,E2), 8 h (F1,F2) and 24 h (G1,G2).

In the case, the excess of gold ions in the solution could be aggregated into
another gold structure which was called secondary structure. Both layers of gold
particles were deposited uniformly and cover over the whole surface. To investigate
the interaction between gold particles and PDMS, the superhydrophobic gold film
was sonicated in DI water for 15 min. and then radiated the laser through the
solution. In Figure 4.13, the tyndall effect was observed because a beam of laser
could clearly appear in the solution. It suggests that the free particles should
disperse in the solution. The remain structure of the sonicated gold film and the
particles from the solution was monitored by SEM. SEM images show the secondary

structure was detached from the surface after sonication but the spherical gold
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particles at the first layer was still deposited on the PDMS surface (Figure 4.13A2,
4.13B2). The particles dispersed in the solution after sonication was collected and
investigated by using SEM. It can be seen that the particles dispersed in the solution
were in the shape of secondary structure. The observation indicates that the
spherical gold particles were strongly interacted with PDMS surface. The strong
interaction might generate from the electrostatic interaction between Si-O and Au
before and after the reduction. However, the secondary structure of gold particles
did not directly interact with PDMS surface, but they physically interacted with the
first layer of gold particles. The interaction might be very weak as it could be
separated by sonication process. However, the deposition mechanism between the
gold particle with secondary structure and the spherical gold particles was still

unclear.

Al B1

50 pm S pm gy

Figure 4. 13 Fabricated gold film in DI water and SEM images before sonication
(A1,A2) and after sonication 15 min (B1,B82) and SEM images of sonicated secondary
structure from gold film (C1-C3).

To prove how the secondary structure deposited on the first layer surface

and the gold particles were attached on the PDMS, the PDMS substrates were placed
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in the different position to fabricate the gold film in Figure 4.14. PDMS substrate was
placed on the top of AUGS that was against with another PDMS on the bottom. From
the experiment, the gold films with different appearance and morphology were
obtained. Even though the PDMS was placed on the top of gold growth solution, the
spherical gold particles could be deposited as the first layer. The results were in
good agreement of the IR spectrum (Figure 4.5). This indicate that some of gold ions
(Au**, Au*) were induced and mobilize to the PDMS surface by electrostatic force of
lone pairs from -Si-O-Si- group on PDMS. Then the ¢old ions were reduced by
formate ions and growth to form the gold particles on PDMS surface. Due to the
strong interaction induced by functional group of PDMS and gold ions, the spherical
structures were formed on both positions (top and bottom) with an independent
influence from the gravity. However, the secondary structure was occurred only on
the PDMS at the bottom position. It could propose that the secondary structure was
produced from the excess gold ions in the growth solution and then they were
reduced and aggregated to form the complex structure in the solution. Due to gravity
force, the gold particles with complex structure were precipitated and deposited on
the first layer of the spherical gold particles. Therefore, they only provide a weak

interaction on the gold particles of the first layer.
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Figure 4. 14 Picture of deposition reaction AuMPs on 0.5x0.5 cm? PDMS at the top
and bottom of gold growth solution for 2 hours deposition time (A), SEM images and
pictures of gold film from the reaction: top position (B1,B2) and bottom position
(C1,02).

Based on investigation of deposition time and the experiments to prove the
deposition mechanism of gold film on PDMS, we proposed the deposition
mechanism (Figure 4.15) of gold particles on PDMS substrate to form as a
superhydrophobic gold film. Firstly, the pathway to reduce Au®" ions into Au® by
sodium formate which is a mild reducing agent. In this stage, the gold ions (Au®")
should strongly interact with functional group (Si-O-Si) on PDMS surface, then the
reduction was occurred to reduce Au®* into Au* and Au’, respectively. This will
generate the spherical gold particles to spread all over the PDMS surface. After the
PDMS surface was completely filled with the spherical gold particles, the excess Au**
ions were reduced and aggregated to form the secondary structures. The secondary
gold particles were then precipitated on the first layer of gold films by gravity force

for being the second layer of gold film. The amount of these structure can be
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controlled by only the deposition time and amount of Au®** ions in the growth

solution.
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Figure 4. 15 Schematic shows method for fabrication the superhydrophobic gold film

on PDMS by reduction reaction between chloroauric acid and sodium formate.

4.4 Stability of non-wetting properties
After the superhydrophobic gold film was clearly investigate, to apply the film

for the application, durability should be tested as shown in Figure 4.16. For the
experiment that shows in Figure 4.16A, the droplet of water was dropped with a rate
1 drop/1 sec for 2 h at 20 cm height from the gold film that was laid at a 45-degree
angle. Every 15 min, the WCA of gold film was measured. The graph in Figure 4.16B
shows that the WCA of gold film was not changed significantly after the droplet of
water was continuedly dropping on the surface for 2 h (7,200 drops). The results
show that the structure of gold particles on gold film is strongly deposited on PDMS
and even though the gold film is used by moving droplet on the surface at least

7,200 times, the gold film still has the superhydrophobic property on the surface.
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Figure 4. 16 Schematic of durability test of fabricated superhydrophobic gold film by
dropping the water at a rate 1 drop/1 sec for 2 h (A) and graph shows WCA of ¢old
film in durability test in every 15 min for 2 h (B).

To confirm the gold film with superhydrophobicity surface, the frame by
frame pictures were captured during the droplet were dropping on the surface. From
the pictures in Figure 4.17, it shows that droplet jumped on gold film without sticking

so the fabricated gold film with this method is a completely non-wetting surface.

6 ! ! ! ! ! !

0

Figure 4. 17 Frame by frame of droplet jumping on non-wetting gold film.

After the superhydrophobic gold films were successfully fabricated, the
application of using the films as the substrate to control the droplet by
magetowetting was investigated. Initially, the droplet of 3,000 ppm ferromagnetic

solution’® was dropped on the surface. The movement of this droplet was controlled
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by magnetic stick under the surface. The snapped pictures from the recorded video
of the movement of ferromagnetic droplet on over the gold films. The movement of
the droplet was tested in every direction all over the surface as shown in Figure
4.18A and Figure 4.18B. The drop was completely moved with no residuals of the
liquid left on the surface. This indicates that the gold films are completely express
non-wetting surface. Furthermore, the vertical movement of the ferromagnetic
droplet was examined by slightly changing the angle of surface as shown in Figure
4.18C. It was found that the droplet can move along the vertical axis with the
maximum angle of 139 1t suggests that the movement of ferromagnetic droplet can
be performed on the generated gold film in either the horizontal and vertical with

13-degree angle.

Figure 4. 18 Frame by frame pictures of ferromagnetic droplet moving on

superhydrophobic gold film with controlling by magnetic bar: top view (A1-A5) and
side view (B1-B5) with horizontal surface and side view with changing the angle of

surface (C1-C5)
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As this result, the movement of ferromagnetic droplet on non-wetting gold
film were studied to use for picking-up particles on the surface as shown in Figure
4.19. the drop could pick the particles during the way of movement and collected
them at one point on surface so, this ability can be applied to be a preconcentrate

target analyze or a self-cleaning surface.

Figure 4. 19 Pictures of ferromagnetic droplet movement to pick up powder on non-

wetting gold film.

The pictures of ferromagnetic droplet when it moves on non-wetting surface
with controlling movement by magnetic bar were captures as shown in Figure 4.20.
During the droplet moves, the WCA on the left and right side of ferromagnetic
droplet was monitored as shown in Table 4.3. The results expressed that every
positions of droplet gave the similar of average WCA values. The WCA values on left
and right side of the droplet were not significantly different with only ~4.36 degrees
in every position. This observation suggests that the droplet can retain its formation
and freely moves on surface. So, this property on surface can be further applied in
microfluidic process because the droplet can freely move with no-tail and without

laminar flow in the system.
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Figure 4. 20 Frame by frame of ferromagnetic droplet moving on non-wetting gold

film in different position.

Table 4. 3 WCA-Left, WCA-Right, WCA average and difference between WCA-Left and

WCA-Right of ferromagnetic droplet on non-wetting gold film in different position.

Dr oplet WCA-Left WCA-Right Avg WCA AWCA
(degree) (degree) (degree) (degree)

2 165
3 168
4 167
5 160
6 161
7 163

8 165

164

159

161

164

168

167

168

165

164

164

162

164

165

166
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Due to the morphology of the gold films generated from the gold
microstructure, another potential application of the non-wetting gold film is to be
used as the powerful SERS substrate. The fabricated gold films at different deposition
times at 30 min, 2 h and 4 h respectively were applied as SERS substrates. The
efficient of these substrates was evaluated by using para-aminonitrophenol (PATP) as
a probe molecule. The SERS spectra were showed in Figure 4.21. From the result, the
characteristic peaks of PATP were clearly observed at 1076 cm™, 1142 cm™, 1389 cm
!, 1432 cm and 1577 cm™ representing CS stretching, CH bending, CH rocking and CC
stretching, CC stretching and CH bending, CC stretching respectively. The intensity of
PATP acquired from the substrate with only 30 min of the deposition time shows the
highest intensity compared with the other substrates. It represented that fabricated
gold film at 30 min deposition time created the appropriate hot spots and could
enhance the Raman signal of PATP. The results are in good agreement with the SEM
images of gold film at deposition time of 30 min which shows only the first layer of
homogeneous spherical gold particles on PDMS. In the part of gold films at 2 h and 4
h deposition time, they showed the lower intensity because the secondary structure
of gold microparticles covers the hot spots. Moreover, the variation of Raman
intensity across the gold film was investigated by using the 2D spectrum of a peak
1076 cm™. It was found that the variation of the Raman signals is small across the
detection area especially the gold film generated with deposition time of 30 min.
This indicates that the hot spots are uniformly distributed across the surface and the

relative standard deviation of the detection are in the acceptable range.
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Figure 4. 21 SERS spectrum of PATP on PDMS and fabricated gold film at different
deposition time: 30 min, 2 h-and 4 h (A) and 2D-Raman Spectrum of PATP on PDMS
(B1), fabricated gold film at 30 min (B2), 2 h (B3) and 4 h (B4).

From these applications, it can be concluded that the fabricated gold films
can play the dual function as non-wetting surface to control the droplet by
magnetowetting and a powerful SERS substrate. The adjustment of the deposition
time is only one factors to control the surface for each application. To be use as a
SERS substrate, the hot spot of the spherical gold particles is required, therefore, the
rapid deposition time was used to obtain the appropriate gold film. On the other
hand, the prolonged deposition time was required in order to generate the
secondary structure of gold microstructure. These structures provide non-wetting

surface to be used as the substrate for magnetowetting.
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CHAPTER 5
CONCLUSIONS

In summary, superhydrophobic gold film were successfully fabricated by a
spontaneous reduction reaction between chloroauric acid (HAuCly) and sodium formate
(HCOONa) at ambient condition. The relationship between deposition time and wettability
of the fabricated gold films was investigated. It was found that superhydrophobic property
were obtained when deposition time reached to 2 h with WCA > 160° with low contact
angle hysteresis (H=1.93°). Several characterizations were performed to reveal physical and
chemical properties of the gold films. EDS showed that the gold film composed only god
substance with no other elements on the surface. XRD expresses that the film generated
with particle in fcc orientation. SEM images revealed the morphology of gold film which
contains 2 different layers on PDMS substrate. Spherical gold particles were uniformly
distributed over PDMS surface as the first layer and the secondary structure were
deposited to form as a second layer. The secondary structure is a main factor to acquire
roughness and create superhydrophobic property. Fabricated gold film has durability after
7,200 water-drop testing without losing their superhydrophobic properties These gold films
were used as a substrate of magnetowetting. It demonstrated that ferromagnetic droplet
can move freely with no-tail and droplet can pick up particles on surface. The fabricated
gold films have potential to be used in microfluidic process in order to move the solution
without using high pressure pump. Furthermore, they can be used as a powerful SERS

substrate to detect chemicals with low concentration (PATP in the case).
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