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CHAPTER ONE 

INTRODUCTION 

 

1.1.  Surface Science 

Surface science is the study of physical and chemical phenomena that occur at the 

surface. Surface science includes the fields of surface chemistry and surface physics. 

Surface science covers concepts such as heterogeneous catalysis, self-assembled 

monolayers, and corrosion and adhesion. A surface is defined as the boundary layer 

between a solid and a vacuum, gas, or liquid [1]. Many chemical reactions involve 

interactions between different kinds of atoms across a surface or interface [2]. A surface 

or interface exists in a system in any case where there is an abrupt change in the system 

properties [3]. The surface differs substantially from the interior of the solid both in 

chemical composition and physical properties [1].  

 Surface chemistry can be defined as the study of chemical reactions at interfaces, 

aimed at modifying the chemical composition of a surface by incorporation of selected 

elements or functional groups that produce various desired effects or improvements in the 

properties of the surface or interface. Surface chemistry is of particular importance to the 

field of heterogeneous catalysis, particularly adsorption, which is the adhesion of gas or 

liquid molecules to the surface. In chemistry, heterogeneous catalysis refers to the form 

of catalysis where the phase of the catalyst differs from that of the reactants. Surface 
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analysis is crucial for explaining many surface phenomena and improving the properties 

of many solid materials and devices [1] 

 

1.2.  Use of Poly(dimethylsiloxane) in Surface Chemistry  

  For many polymer applications the surface needs to be modified in order to 

improve properties such as wettability or adhesion. Consequently, the modification of 

technically relevant polymers like poly(dimethylsiloxane) (PDMS) is a growing research 

field [4]. The use of silicone elastomers based on PDMS has been documented in the 

chemical, biomedical, physical, and electronics literature [5]. PDMS is a silicone-based 

rubber polymer. It is used in many research laboratories for building of chip-based 

microfluidic device fabrication [6].  

  PDMS is a bulk polymer that consists of an inorganic back bone of alternating 

silicon and oxygen atoms. It has repeat units of [Si(CH3)2O]n, and methyl groups are 

attached to the silicon atoms, forming the repeat unit in the polymer [5], [7]. Four 

structural characteristics of PDMS account for the surface properties: (1) the low 

intermolecular force between methyl groups, (2) the unique flexibility of the siloxane 

backbone, (3) the high strength of the siloxane bond, and (4) the partial ionic nature of the 

siloxane bond [8]. Table 1.1 summarizes other favorable properties of PDMS. 

 

Table 1.1: Favorable properties of PDMS [5–8] 

Properties of PDMS 

1. Low molecular weight 
(6,800-30,000 g/mol) 

 

2. Chemically inert 

 

3. Optically transparent 

4. Self-releasing leaving 

little residue on molds 

 

5. Seals readily with glass, 

PDMS, and other 

polymers  

6. Non-toxic 

7. Relatively inexpensive 

8. Low glass transition 

temperature 
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  A review of the literature shows that PDMS is widely utilized for surface 

modification as well as in microfluidics and microfabrication. Carlson and Hollahan 

studied the reaction of radiofrequency-excited oxygen plasma and corona discharges on 

the surfaces of cured and uncured PDMS to achieve hydroxylation of the surface 

region[9]. Through experimentation and analysis of infrared spectra, they found that the 

radio-frequency oxygen plasma and corona treated PDMS materials have a high density 

of hydroxyl groups and extensive hydrogen bonding [9]. Scheme 1 gives the Hollahan and 

Carlson’s proposed reaction for the development of SiCH2OH structures.   

 

 

Scheme 1. Proposed reaction for the formation of hydroxyl groups on a PDMS surface [9] 

 

Schnyder et al. used UV-irradiation to modify PDMS films by a 172 nm Xe
*
2 excimer 

lamp [4]. The excimer UV source was driven at frequencies of 225-280 kHz and voltage 

amplitude of 10 kV. The PDMS films were irradiated with intensity of approximately 30 

mW/cm
2
. Through the use of X-ray photoelectron spectroscopy and spectroscopic 

ellipsometry, the researchers were able to conclude that the carbon content of the PDMS 

surface decreases with irradiation time and that the binding energies of the Si and O 

increase due to the UV-irradiation the carbon content [4]. Lahann et al. reported on the 

fabrication, characterization, and use of microfluidic analysis devices containing surface-

immobilized cell-capturing molecules to develop a procedure for protein immobilization 

within a lab-on-a-chip device [10]. A submicrometer thin reactive coating of poly(p-

xylylene carboxylic acid pentafluorophenolesester-co-p-xylylene) (PPX-PFP) was 
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homogeneously deposited on the interior surface of the device allowing for self-assembly 

of biological ligands, proteins, and cells. The thickness of the PPX-PFP films were 

determined to be between 90 and 150 nm using spectroscopic ellipsometry and the 

chemical composition of PPX-PFP was in good accordance with reported values [10]. 

Patrito et al. patterned the surface of PDMS by grafting poly(acrylic acid) (PAA) and 

poly(methacrylic acid) (PMMA) onto the surface by combining ultraviolet-initiated graft 

polymerization and photolithography. Contact angle measurements found that at the PAA 

graft regions the water contact angle measured 58º and at the PMAA grafted regions the 

water contact angle measured 46º. The decrease in the contact angle from that of the 

native PDMS contact angle of 104º confirmed the presence of the grafted acrylates on the 

surface. To further confirm the presence of the grafted acrylates, toluidine blue staining 

was employed. The positively charged toluidine blue interacted with the negatively 

charged carboxyl groups of the acrylates and stained only the hydrophilic regions of the 

PDMS surface [11] 

 

1.3. Hypothesis and Objective  

 Modification of PDMS has been carried out by a plasma treatment, a wet 

chemical solution of sodium hydroxide (NaOH), and through UV-irradiation by a narrow 

band 254 nm mercury lamp. The purpose of this research is to complete a comparative 

study of the functional groups attached to the bond formed on the PDMS surface once it 

has been modified. Plasma treatment and NaOH form hydroxyl groups on the surface, 

whereas UV-irradiation forms carboxylic groups on the surface. Previous research has 

shown that these bonds are not retained and ultimately rotate back into the polymer bulk. 
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It is hypothesized that the carboxylate group with a fluoro-terminated group such as 

pentafluorophenol (PFP) should retain the bond formed through UV-irradiation.  

 Researchers believe that the low molecular mass of PDMS, is heavily contributing 

to this bond reorientation. We have hypothesized that increasing the molecular weight of 

the attached functional group will retain the bond formed. In comparison, the hydroxyl 

group has a molecular weight of 17.02 g/mol, the carboxyl group has a molecular weight 

of 45.02 g/mol, and PFP has a molecular weight of 184.07 g/mol. The surface 

modification techniques of PDMS presented in this thesis have been characterized by 

contact angle goniometry, contact angle titration, Attenuated Total Reflectance Infrared 

spectroscopy, and UV/Vis spectroscopy. 

 

1.4. Thesis Outline 

 Chapter two provides background information on the previous work that has been 

carried out on the surface modification of PDMS. It also gives an overview of the 

experimentation performed and results found on hydroxyl groups and carboxylic groups. 

In addition, it details the experimental results obtained by previous researchers and 

explains the methodology they employed in their respective research projects. This 

chapter also introduces pentafluorophenol (PFP), the fluor-terminated functional group 

that is used within the scope of this research to characterize a UV modified surface of 

PDMS.   

 Chapter three explains in detail the characterization and modification techniques 

that are used to study the surface of PDMS. It contains information on the design of a 

plasma treatment process; the definition of wet chemistry and how it has been used in 
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previous research; the components of contact angle goniometry including the sessile drop 

technique,  surface free energy, and Young’s equation; the measurement of absorbance 

by a spectrophotometer; the principles of infrared spectroscopy and attenuated total 

reflectance spectroscopy.  

 Chapter four lays out the experimental design for this thesis project. It provides 

details about the preparation of PDMS, the chemical and reagents used. It also gives the 

make, model, and instrumental parameters of the equipment used. In addition, it explains 

the idea of radiation by an excimer lamp. 

 Chapter five contains the experimental results and discussion for all experiments 

performed. This chapter focuses on the contact angle results and the infrared spectra 

results to provide an answer to the hypothesis of this research. UV-Vis spectroscopy was 

used to determine absorbance measurements and to quantify the concentration of 

carboxylic groups on UV modified PDMS. A contact angle titration curve compared the 

surface functionalization of native, irradiated, and PPF bound PDMS surface. The 

recovery-rotation of the hydroxyl, carboxylic, and fluoro-terminated bonds formed are 

reported on to further answer the theorized hypothesis. 

 Chapter six contains a summary of the research conducted for the thesis work 

presented. The conclusion sums up the hypothesis and gives the advantage of the 

characterization work performed. Finally, recommendations for future work are given.  
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CHAPTER TWO 

BACKGROUND 

2.1 Sylgard® 184   

 Silicones are entirely synthetic polymers that contain Si-O repeating backbones 

and organic groups attached directly to the silicon via silicon-carbon bonds [12]. 

Poly(dimethylsiloxane) is the most common example of a silicone polymer. The PDMS 

used in this research is a product produced by Dow Corning and is known as Sylgard® 

184. This particular form of PDMS is sold as a kit that consists of a base and a curing 

agent. Scheme 1 shows the reaction that occurs between the two parts. Both the base and 

the curing agent contain dimethyl-vinyl terminated dimethyl siloxane (<60%) as well as 

dimethylvinylated and trimethylated silica (>40%) [5], [13]. A platinum-based catalyst 

included in the base cures the elastomer by an organometallic cross-linking reaction. 

When Part 1, Part 2, and the catalyst are combined, Si-CH2-CH2-Si linkages are formed.  

 

 

 

 

 

 

 

Scheme 2: Cross-linking reaction of Sylgard® 184 [13] 
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2.2 Contact Angle: Wettability and Adhesion 

 Contact angle (CA, θ) is a quantitative measure of the wetting of a solid by a 

liquid. CA determines surface energy indirectly by examination of the surface. Three 

interfacial forces between the drop, the vapor, and the test surface balance at the edge of a 

drop. Two of the forces, the force of the drop and the test surface and the force of the test 

surface and the vapor, are in opposite directions and the third force, the force of the drop 

and the vapor, forms a tangent angle to the surface. The tangent angle is called the 

contact angle [14]. Geometrically, it is defined as the angle formed by a liquid at the three 

phase boundary where a liquid, gas, and solid intersect. Figure 2.1 shows a pictorial 

representation of contact angles.  

 

 

  

Figure 2.1: Representation of a contact angle on a sample surface 

 

 The ability of a liquid to spread on a solid surface and maintain its contact with 

that surface is known as wettability. Wettability is a manifestation of the physical aspects 

of the solid-liquid interface. Measurements of surface free energies and contact angles 

give clearer insight into the nature and effect of the forces that act at the interface [15], 

[16]. A drop of liquid, free in space, is drawn into a spherical shape by the tensile forces 

of its surface tension. When a drop of liquid is brought into contact with a flat solid 

surface, the final shape taken by the drop depends on the relative magnitudes of the 

Contact Angle 

Liquid Droplet 

Sample 
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molecular forces that exist within the liquid (a cohesive force) and the solid (an adhesive 

force). Figure 2.2 gives a pictorial representation of the interaction that occurs between 

the two forces. Adhesive forces cause a liquid drop to spread. Cohesive forces cause the 

drop to ball up. The contact angle is determined by competition between these two forces 

[16].  

 

 

Figure 2.2: Interaction between cohesive and adhesive forces 

 

 Wetting and dewetting along with hydrophilic and hydrophobic are two sets of 

terms used to describe the liquid drop placed on the solid surface. Wettable or 

hydrophilic surfaces produce a contact angle where θ ≤ 90º. Dewettable or hydrophobic 

surfaces produce a contact angle where θ ≥ 90º. Within this research, water is mostly 

used as the test liquid. When describing water droplets placed on the modified PDMS 

surface, the latter terms of hydrophilic and hydrophobic are used.   

  Native PDMS is very hydrophobic in nature. Its contact angle has been recorded 

at 108º [17–19]. This hydrophobicity is exemplified by poor wetting, poor adhesiveness 

and a lower surface free energy. In contrast, a hydrophilic surface represents better 

wetting, better adhesiveness, and a higher surface energy. Figure 2.3 is a comparison 

between the hydrophobic and hydrophilic nature of a surface. For any given solid/liquid 
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interaction, there exists a range of contact angles that can be found. Contact angle 

measurements generally define three major aspects [20], [21]: 

 

1. The affinity of a liquid to a solid surface: if water is used to measure the contact 

angle, the hydrophobic or hydrophilic character of the surface can be deduced. 

2. If several reference liquids are used, the surface energy of the solid can be 

calculated, discriminating between polar and dispersive components. 

3. The measure of the hysteresis between advancing angle and recessing angle give 

information on non-homogeneity of the surface.  

 

 

Figure 2.3: Characteristics of a hydrophobic surface vs. a hydrophilic surface 

 

2.3 Hydrophobicity Loss and Recovery of PDMS 

 The surface properties of PDMS are best described by regarding the polymer side 

chains as the primary surface-active entities [22]. The methyl groups arranged around the 

silicon-oxygen backbone are responsible for the hydrophobic nature of the polymer. The 
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low surface free energy 16-21 mN m
-1

, is due to closely packed methyl groups on the 

surface. The Pauling electronegativity difference of 1.7 between silicon and oxygen 

results in a 40-50% polar character of the siloxane bond. The polar nature of the siloxane 

bond makes PDMS susceptible to hydrolysis during acidic or basic conditions. The 

positively polarized silicon atom is electron withdrawing, thus polarizing the methyl 

group and making it less susceptible to radical attack. The methyl groups in PDMS have 

higher thermal and oxidative stability compared to methyl groups within other 

hydrocarbon polymers [23]. The methyl groups surrounding the flexible siloxane 

backbone are what render the polymer surface hydrophobic.  

 The hydrophobic surface properties of silicone rubber prevent the formation of 

continuous water films. Instead, water droplets are formed which simply bead off the 

surface. However, this hydrophobicity can be temporarily lost. An overview of the 

literature reveals that hydrophobicity can be lost by oxidation during exposure to corona 

discharge in air, radio frequency and microwave plasma treatments, wet chemical 

treatments, or by excimer or deep UV irradiation [22–24]. The resultant hydrophilic 

polymer promotes spreading of water on its surface. After exposure to ambient air that 

spans from minutes to days, hydrophobicity is regained. The change from a hydrophilic 

surface back to a hydrophobic surface is referred to as hydrophobic recovery. Differences 

in the recovery kinetics reported indicate that the phenomenon is a complex process. 

Variances in curing methods as well as the loss and the gain of hydrophobicity all affect 

the hydrophobic recovery kinetics. Owen and Smith proposed probable mechanisms for 

hydrophobic recovery of silicone rubbers after exposure to corona or plasma have been 

summarized [25], [26]: 
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 (1) Reorientation of polar hydrophilic groups at the surface back into the polymer bulk 

(2) Condensation of silanol groups at the surface.  

(3) External contamination of the surface.  

(4) Loss of volatile oxygen-rich species to the atmosphere  

(5) Migration of low molar mass species from the bulk to the surface.  

 

The large segmental flexibility of unoxidized and lightly oxidized PDMS enables fast 

reorientation of polar groups. The driving force for this hydrophobic recovery is the 

thermodynamic requirement of minimizing the surface free energy. Reorientation of 

surface segments is a local process and is not believed to explain the full recovery of 

hydrophobicity of oxidized silicone rubber. Low molar mass PDMS is believed to 

migrate from the bulk to the silicone rubber surface resulting in a hydrophobic recovery 

[23], [27], [28]. 

 

2.4 Literature Review: Hydroxyl Group Formation 

 The formation of hydroxyl groups on a solid surface has been studied extensively 

[8], [9], [28]. A review of the literature shows that various applications are used in the 

formation of hydroxyl groups with PDMS.  These modification techniques include 

electrical discharges (corona, plasma, and microwave treatments) and wet chemical 

solutions [8], [29–31]. In 1970, Hollahan and Carlson, reported on the effects of electrical 

discharges on the PDMS surface [9]. They proposed a reaction for the formation of 

hydroxyl groups based on infrared spectroscopy they observed. Scheme 2 shows the 

proposed reaction of PDMS after surface oxidation (Si-CH2-OH). 
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Scheme 3: Development of [Si-CH2-OH] structures [9] 

 

2.4.1 Effect of Plasma Discharges on PDMS 

 Exposing PDMS to plasma is a frequently used technique [8]. Treating PDMS 

with plasma modifies the surface and affects the chemical composition and topography 

[30]. Oxygen plasma treatments have become increasingly popular in the field of 

microfluidics [31]. Treatment with an oxygen plasma modifies the polymer surface by 

transferring energy to the polymer which catalyzes reactions that would not occur 

otherwise, and incorporating oxygen anions
 
 from the plasma into the polymer [7]. 

Oxygen plasma treatments are advantageous to PDMS because exposure leads to 

oxidation, chain scission, cross-linking, and the formation of a silica like surface [32]. A 

silica like surface (SiOx) contains silicon atoms bonded to more than two oxygen atoms 

Unfortunately, plasma treating a surface requires equipment that is not often readily 

available due to high costs. Brent Ginn and Oliver Steinbock devised and tested an 

inexpensive method to generate hydroxyl groups on the surface of PDMS. In conjunction 

with a plasma cleaner, the researchers generated plasma in an 1100-W countertop 

microwave oven (λ = 2.45 GHz) [30]. Contact angle measurements were used to 

characterize the modified polymer surface. 

 Contact angle measurements showed that the degree of the contact angle 

decreased with increasing exposure time. They reported an average contact angle for their 

native sample as 112 ± 2º. PDMS was exposed to plasma over increments varying from 0 



14 

 

to 25 seconds. At 25 seconds, there is a drastic decrease in the contact angle and values 

less than 15º were reported. Generation of plasma proves to make the PDMS surface 

extremely hydrophilic. The value of the lowest contact angle seen here is comparable to a 

water droplet placed on a glass slide, which is a strongly wettable surface. Figure 2.4 

presents the data found from both the microwave plasma treatment and the plasma 

treatment performed by Ginn and Steinbock. 

 

 

Figure 2.4 Contact angle measurements of PDMS and water as a function of exposure to 

plasma discharges for 25s. (The plot is of a microwave plasma treated surface, the inlet is 

of a plasma cleaner treated surface) [30]. 

       

 When the plasma-treated surfaces are allowed to react with ambient air, 

hydropbicity is recovered. The researchers observed this rotation in the following way. A 

PDMS sample was exposed to oxygen plasma for 25s. The initial contact angle was 

observed at 15 ± 2º. After three hours of exposure to ambient air, the contact angle 

readily increased to 79º. This gain of hydrophobicity can be attributed to passive 

transport of low-molar-mass PDMS species from the bulk state of the polymer. Studies 
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also suggest that possible rearrangement of the polar species plays a role as well. Figure 

2.5 shows the recovery Ginn and Steinbock observed after exposure for 25s. The gain of 

hydrophobicity after modification is approximately 30º lower than the contact angle of 

native PDMS. Studies suggest that this is caused by the formation of the silica-like 

surface[30], [32]. 

  

 

Figure 2.5 Reorientation of hydroxyl groups back into the polymer bulk as a function of 

contact angles versus recovery time after 25s plasma exposure [30].   

 

2.4.2 NaOH Wet Chemical Solution  

 In addition to plasma treating the surface of PDMS, a wet chemical solution may 

be used to form hydroxyl groups on the polymer surface. The chemical technique is 

beneficial because it does not require expensive laboratory equipment. Ren et al. [7] used 

sodium hydroxide (NaOH) to regenerate O2 plasma treated PDMS microchannels after 

exposure to air. The researchers observed that the electroosmotic flow of the air-exposed 

channels dropped to 60% of its original value. Subsequently, the air-exposed channels 

were restored to the original electroosmotic flow after immersion in NaOH for three 
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hours. They concluded that the base led to the removal of low molar mass PDMS chains 

and reorientation of the hydroxyl groups onto the surface.  

 In a similar fashion, Hoek, Tho, and Arnold used aqueous NaOH as a surface 

treatment to control the electroosmotic flow in PDMS microchannels. The researchers 

placed PDMS microchannels in 1M NaoH for a maximum of twenty-four hours. 

Following treatment, the channels were washed with deionized water for thirty minutes to 

remove all NaOH. For comparison, they also studied the O2 plasma effect on the PDMS 

surface. Contact angle measurements and ATR-FTIR were used to evaluate the modified 

PDMS samples. Through experimentation, it was concluded that treatment of PDMS 

microchannels with 1M NaOH for twenty-four hours increases the electroosmotic flow so 

that it equals the high flow rates achieved using the O2 plasma treatment [31]. 

 Contact angle measurements were used to obtain information of the changes in 

surface chemistry. After performing a plasma treatment, a contact angle of 8º was 

observed. This is more than 100º less than the native angle observed at 109º. This 

extreme decrease shows that the surface is hydrophilic and that silanol groups were 

formed on the surface. Compared to previous research, the plasma treated PDMS surface 

was unstable and within hours the surface reverts back and a contact angle of 96º was 

reported. The contact angle of PDMS treated with NaOH is similar to native PDMS and 

remains hydrophobic, exhibiting a value of 106º. This finding indicates that NaOH 

treated PDMS produces different surface modifications and different ionisable surface 

groups than those formed by a plasma treatment [31].  

 The ATR-FTIR spectra provided further information on the differences of plasma 

treated and NaOH treated surfaces. Figure 2.6 shows the absorption spectra for native, 
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plasma treated, and NaOH treated PDMS. For plasma treated PDMS, characteristic bands 

of –OH (3200-3400 cm
-1

), Si-OH (910 cm
-1

), and Si-O-Si (1012 and 1060 cm
-1

) stretches 

are seen [31]. For the NaOH treated PDMS samples there is an increase in the –OH band 

along with slightly different band intensities than those of plasma treated PDMS. The 

intensity of the absorption bands associated with the Si-C bond (760 and 845 cm
-1

) and 

the asymmetric Si-O-Si stretching vibrations decrease. At the same time, the absorption 

bands associated with the –CH3 groups increased. The finding that the contact angle is 

unaffected by the NaOH treatment can be further explained by ATR-FTIR spectra. The 

formation of an alcohol is possible. These C-OH groups are difficult to detect by ATR-

FTIR analysis. They show absorptions in the 1000-1200 cm
-1

 region which overlaps with 

the strong absorption bands of the Si-O-Si stretching. 

 

                   

Figure 2.6: ATR-FTIR spectra of native, plasma treated, and NaOH treated PDMS at (A) 

high wavenumbers (3500-2750 cm
-1

) and (B) low wavenumbers (1500-600 cm
-1

). The 

inlets show the maximum absorbance peak associated with the –CH3 groups [31]. 
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2.5 Literature Review: Carboxylic Group Formation 

 Extensive literature can be found on formation of hydroxyl groups on a polymer 

surface.  An –OH group can be formed on a surface by electrical discharges, microwave 

irradiation, and UV/ozone irradiation to name a few. Most of the techniques associated 

with formation of hydroxyl groups involve multiple steps which increases time and 

difficulty. These methods can also be cost ineffective. Waddell and Shreeves devised a 

simple one step process to modify the surface of PDMS. The researchers exposed PDMS 

to 254 nm narrow band Hg radiation under a continuous purge of nitrogen. This 

technique is advantageous because it is inexpensive, accessible to most facilities, and 

does not require a high level skill set to operate. The researchers also found that exposure 

to 254 nm radiation leads to the formation of carboxylic groups [5]. Scheme 3 is a 

proposed reaction that shows the changes of PDMS after interaction with a UV source 

[8]. Contact angle measurements, ATR-IR spectroscopy, SEM, and AFM were used to 

characterize the polymer surface.  

 

Scheme 4: Formation of carboxylic groups by UV irradiation [8] 
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 Contact angle measurements showed that the hydrophobicity of the surface 

decreased with an increase of UV exposure time. Figure 2.7 illustrates the contact angle 

found with respect to irradiation time. It can be seen that the contact angle decreases 

gradually until 90º where the minimum contact angle is seen. A more detailed 

examination of the wettability data indicates following the intitial increase in wettability 

there is a slight decrease followed by a plateau in the data. An exposure time greater than 

two hours has no additional change in wettability. At two hours and beyond, an increase 

in the contact angle can be observed. This increase can be attributed to the degradation of 

the polymer backbone which causes the surface to become glassy and brittle [5].    

 

 

Figure 2.7 Change in contact angle with respect to irradiation time. The contact angle 

progressively decreases until the formation of cracks occur at 90 minutes [5]. 

 

 ATR-IR spectra of native and irradiated PDMS showed an increase in the 

formation of hydroxyl groups in respect to irradiation time. The formation of hydroxyl 

groups on the surface increased with exposure time up to three hours, beyond which a 

slight decrease in band intensity was observed.  In addition, a decrease is seen in the 
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siloxane bands in the compound. Figure 2.8 gives the IR spectra of native and irradiated 

PDMS. In the spectra, the –OH stretch can be observed at 3400 cm
-1 

and the carbonyl 

stretch can be seen at 1725 cm
-1

. The occurrences of these two bands signify that 

carboxylic groups are formed on the polymer surface [5]. 

 

 

Figure 2.8: IR spectra of native and irradiated PDMS. Carboxylic groups can be detected 

by the formation of –OH stretch and the carbonyl stretch [5] 

 

 Padma Dharmarajan further investigated modification of PDMS by 254 nm 

narrow band irradiation. She studied the trend in the variation of surface energy of the 

modified surface with increasing UV exposure time. She also quantified the amount of 

carboxylic groups present on the surface. The characterization techniques she used 

included contact angle goniometry and ATR-IR.  Contact angle measurements showed 

that increased exposure times led to a progressive decrease in contact angles. This 

indicated that the wettability of the PDMS surface increased with increasing exposure 

time as well. The contact angle results show that the surface has a peak surface energy at 

75 minutes of UV exposure, after that the surface starts to recover its hydrophobicity. As 

the surface gradually becomes more hydrophilic upon exposure, the surface begins to 
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transform into a glassy layer. With prolonged exposure, this glassy layer leads to the 

formation of cracks. This cracking is the result of automatic relaxation of the surface 

from the induced stress. Migration of low molecular weight PDMS from the bulk to the 

surface facilitated by these cracks causes the surface to recover its hydrophobicity [33], 

[34].  

 The infrared spectra showed that carboxylic acid groups were formed on the 

surface by irradiation at 254 nm. The peak intensities varied for different exposure times. 

A measure of the carbonyl peak area showed that the samples irradiated for 75 minutes 

had the maximum area. The presence of carboxylic acids was quantified using a 

methylene blue staining dye and absorbance measurements were carried out. Again, the 

results revealed that the 75 minute irradiated sample contained the maximum number of 

polar hydrophilic carboxylic acid groups per unit area on the surface. Figure 2.9 shows 

the number of carboxylic acid groups found per square centimeter [33].  

 

 

Figure 2.9: Quantification of carboxylic groups on irradiated PDMS surface. 
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 Dharmarajan also explored the hydrophobic recovery of carboxylic groups on the 

PDMS surface. She studied the long term stability of modified surfaces in different 

storage environments. The investigated environments included air, water, ethanol, PBS, 

pH 10 NaOH solution, and 50:50 acetic acid/ water. Through ATR-IR analysis, it was 

found that all storage environments, excluding 50:50 acetic acid/ water, result in the loss 

of carbonyl groups. This was observed by a decrease in peak intensity of the carbonyl 

band seen at 1725 cm
-1

. Conversely, the 50% acetic acid solution environment assisted in 

stabilizing the carboxylic acid groups on the surface. To monitor the rotation of the 

carboxylic group bond back into the polymer bulk, Padma irradiated a PDMS sample at 

45 minutes and stored the sample in air over a ten day period. Figure 2.10 represents the 

contact angle variation for the 45 minute irradiated sample stored in air. From the graph, 

it can be seen that the hydrophobicity starts recovering one day after irradiating the 

sample. The contact angle gradually increases and plateaus at day seven. The final 

contact angle reached is 98º ± 1.3. Similar to hydroxyl groups, the polar carboxylic acid 

groups rotate back into the bulk state of PDMS [33].  

 

Figure 2.10: Rotation of the carboxylic bond of a 45 minute irradiated PDMS sample 

stored in air over a ten day period [33] 
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2.6 Pentafluorophenol  

 Pentafluorophenol (PFP) is an aromatic polyfluoro-terminated intermediated [35]. 

Figure 2.11gives the chemical structure of PFP. Within the literature, PFP is used as a 

coupling agent to convert carboxyl groups present on the surface of a polymer [36], [37]. 

Patrito et al. coupled PFP with a water-soluble carbodiimide, 1-(3-

dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride (EDC), to show that 

poly(acrylic acid) grafted onto PDMS could direct surface chemistry. The researchers 

immersed the sample in an ethanol solution of PFP and EDC and used X-ray 

photoelectron spectroscopy (XPS) imaging to find intense maxima of fluorocarbon 

species on the grafted region [11]. 

 

Figure 2.11: Structure of Pentafluorophenol 

 

 EDC is a carbonyl zero-length crosslinking agent that has the ability to form 

bonds with carboxyl groups. EDC reacts with a carboxyl group first and forms an amine-

reactive O-acylisourea intermediate. The intermediate is unstable so PFP readily attaches 

and easily replaces the carboxyl group bond. Scheme 4 is a proposed reaction of the 

coupling of PFP/EDC to a modified PDMS surface (PDMS-PFP). 
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Scheme 5: Reaction mechanism for the coupling of PFP to PDMS induced by EDC [38] 



25 

 

CHAPTER THREE 

MODIFICATION AND CHARACTERIZATION  

TECHNIQUES OF PDMS 

 

3.1 Plasma Treatment 

 Plasma is produced and sustained by adding energy (heat) to gas, and is often 

referred to as the forth state of matter [39]. Figure 3.1 is a representation of the four 

different states of matter. Plasma modification of a polymer surface utilizes the chemical 

reactions which occur at the polymer surface as a result of the interaction of the surface 

with reactive species created under the conditions of plasma [40]. Plasma is a gas that 

contains both charged and neutral species such as positive and negative ions, electrons, 

atoms, and molecules. Plasma is an electrically neutral gas because any imbalance of 

charge is removed by the generated electric fields. Consequently, the density of negative 

ions plus the density of electrons is equal to the density of positively charged ions. The 

degree of ionization is an important parameter of plasma. It is the fraction of the original 

neutral atoms or molecules which have been ionized. For fully ionized plasmas, the 

degree of ionization approaches unity, and neutral atoms or molecules play little to no 

role. 
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Figure 3.1: Plasma is the fourth state of matter 

 

 Advantages of plasma treatments include: (1) surface modification can be 

achieved with the minimum alteration of the bulk characteristics of the polymer because 

modification is limited to a thin layer at the surface, (2) nearly all polymers, regardless of 

chemical activity, can undergo surface modification by plasma treatments due to the 

energy generated by plasma, and (3) a variety of surface modifications such as cross-

linking or change of surface energy can be achieved. These advantageous features are 

non-specific to polymers; therefore almost any polymer can be modified by plasma 

treatments.  

 A polymer surface can be modified by plasmas of a gas. A plasma treatment is a 

chemical modification that can be obtained by argon, hydrogen, oxygen, nitrogen, water, 

ammonia, carbon monoxide, and air, to name a few [40]. Owen and Smith reported on 

the effects of radio frequency (RF) plasma treatments of PDMS. They found that the 

effects were broadly similar for argon, helium, oxygen, and nitrogen. All of the 

treatments yielded a thin, brittle silica-like layer on the surface. The researchers also 

proposed that the migration of the untreated polymer chains from the bulk to the surface 
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through cracks in the silica-like layer was the primary cause of hydrophobic recovery. 

Van der Mei et al. hypothesized that a thick treated layer, opposed to a thin, brittle layer, 

might inhibit the migration of hydrophobic groups towards the surface. The research 

group reported that repeated oxygen plasma treatment of polyethylene, with a seven day 

interval in between, was more effective in creating a permanently hydrophilized surface 

than employing a higher RF power or a longer duration of the treatment [41].  Plasmas 

are initiated and sustained by electric fields which are produced by either direct current 

(DC) or alternating current (AC) power supplies. AC frequencies of excitation are 100 

kHz at the low end of the spectrum, 13.56 MHz in the RF portion of the spectrum, and 

2.45 GHz in the microwave region of the spectrum. These plasmas are often referred to 

as electric discharges, gaseous discharges, or glow discharges because they emit light 

[39]. Figure 3.2 is a representation of the reaction that occurs within a plasma chamber. 

 

Figure 3.2: Concept of plasma processing. Energy is supplied to plasma discharges and 

produces reactive molecules and ions. The molecules and ions are transported to the 

polymer surface. 
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3.2 Wet Chemistry 

 The term wet chemistry refers to chemistry done in the liquid phase. A review of 

the literature shows that NaOH has been used previously to regenerate microchannels of 

microfluidic devices. Spehar et al. preconditioned PDMS/PDMS and glass/PDMS 

microchannels with NaOH before determining the electroosmotic flow in the channels 

[42]. Ren et al. observed that the electroosmotic flow of oxygen plasma treated PDMS 

microchannels dropped to 60% of its original value after exposure to ambient air. The 

researchers treated the channels with a 1M NaOH solution for approximately three hours 

and restored the electroosmotic flow. They proposed that treatment of the air exposed 

channels with a base removed low molar mass PDMS chains and reorientation of the 

hydroxyl groups onto the surface [7].  

 The effect of the NaOH treatment on the electrokinetic characteristics and 

properties were not clear in the studies performed by the aforementioned researchers [7], 

[42], [43]. Hoek, Tho, and Arnold attempted to explain these properties. They used a 1M 

NaOH solution and an O2 plasma treatment to compare the electroosmotic flow of native, 

PDMS/PDMS, and PDMS/glass microchannels. They studied the effect of NaOH 

treatment time on the electroosmotic flow and found that at twenty-four hours the 

electroosmotic flow equaled the flow rates achieved when using a plasma treatment [31].   

 

3.3 Ultraviolet Surface Modification 

 Modification of PDMS by narrow band 254 nm radiation has not been studied 

extensively. The 254 nm light source is readily available in the form of a mercury lamp 

that is easily accessible in most laboratories. One set of experimenters exposed PDMS at 
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a fluence of 15 mJ/cm
2
 to 254 nm of radiation for three hours. Analysis of the infrared 

spectra showed an increase in hydroxyl groups as well as a decrease in contact angle 

measurements [44]. Waddell et al. reported on the modification of PDMS by narrow 

band 254 nm radiation under a nitrogen atmosphere. ATR-IR results showed an increase 

in both the hydroxyl and carbonyl stretching region and the formation of carboxylic acids 

influenced the wettability of the surface [5]. Dharmarajan expounded on this research and 

investigated the surface characteristics and functionality after carboxylic acids were 

formed. Irradiation times at 254 nm excimer radiation were varied and the results were 

analyzed by contact angle measurements, infrared spectral analysis, and UV-Vis 

spectroscopy. A maximum for the concentration of carboxylic acids on the surface was 

seen at 75 minutes in all experiments [33]. 

  

3.4 Contact Angle Goniometry 

 A goniometer is an instrument that can measure contact angle as well as surface 

tension and interfacial tension [45]. Surface tension, γ, results from an imbalance of 

molecular forces in a liquid and is a measurement of the cohesive energy present at an 

interface. The magnitude of surface tension is determined by the internal forces in the 

liquid [3], [46]. Interfacial tension exists in the boundary region between two bulk phases 

and is used to describe the tension between two immiscible liquids, such as water and oil 

[46]. Measuring surface tension, interfacial tension, or contact angles provides 

information on material properties such as wettability, absorption, surface free energy, 

adsorption, and spreading.  
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 Goniometry is an extremely versatile technique used for characterization of both 

liquids and solids. Application of contact angle goniometers range from developing 

engineered surfaces and liquids to controlling the purity of semiconductors [47]. A 

goniometer captures images of test liquid droplets on a surface. Software may be used to 

analyze the test droplet as a function of time. The test droplet is a function of surface 

tension of liquid, gravity, and of the difference in density between the test liquid and 

surrounding medium. On a solid surface, the liquid forms a drop with a contact angle that 

also depends on the solid’s surface free energy. The test droplet on the surface is captured 

as an image and analyzed with a drop profile fitting method that determines contact angle 

and surface tension.  

 

3.4.1 Contact Angle Measuring: Static Sessile Drop Method 

 The measurement of a contact angle on a solid surface is the most practical way to 

obtain surface energetics. Among the various modern surface analytical tools available, 

contact angle and wetting techniques remain standard methods for benchmarking surface 

quality [48]. Contact angles describe the shape of a liquid droplet resting on a solid 

surface. When a tangent that originates at the liquid-solid-gas interface and is drawn 

along the liquid-vapor interface, the contact angle is the resulting angle formed between 

the tangent line and the surface. Figure 3.3 represents this tangent line. Due to simplicity, 

the sessile drop method is one of the most widely utilized procedures to measure contact 

angles. The contact angle of a sessile liquid drop can be obtained directly by 

measurement of the slope of the tangent line [49]. This method uses an optical subsystem 

to capture the profile of a pure liquid drop on a solid substrate [50]. This technique is 
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advantageous because only small quantities of liquid are used, it is applicable to liquid-

vapor, liquid-liquid and liquid- solid interfaces, and it can be used under extreme 

conditions of temperature and pressure [51].  

 

 

Figure 3.3: Tangent line that measures the contact angle.  

 

3.4.2 Hysteresis and Young’s equation 

 Surface roughness amplifies hydrophobicity. Examples of this property include 

dew drops on a leaf, and liquids on stain resistant fabric. On both the leaves and stain 

resistant fabric, water droplets bead up to minimize its interaction with the surface. The 

water droplets formed on these superhydrophobic surfaces easily roll off, which indicates 

a low hysteresis of the contact angle. Figure 3.4 shows how a contact angle is observed; 

when looking at the angle, one observes a two dimensional projection of a three 

dimensional drop [14]. Contact angle hysteresis (CAH) is the difference between the 

maximum (advanced/advancing) and minimum (recede/receding) contact angle values 

[52]. CAH governs the wetting properties of the polymer surface and dictates a diversity 

of phenomena occurring at the solid/liquid interface, including the spreading and sliding 

of drops [53].  
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Figure 3.4 Representation of how contact angles are observed [14] 

 

 Along with CAH, Young’s equation (equilibrium contact angle) is essential for 

understanding the wetting phenomenon. Measurement of contact angles on a given solid 

surface is the most practical way to obtain surface energetics. Young’s equation is at the 

center of contact angle research and describes the nature of the contact angle [53], [54]. 

The equation treats the contact angle of a liquid as the result of the mechanical 

equilibrium of a drop resting on a plane solid surface under the action of the three 

interfacial tensions. This equation correlates the Young contact angle,   , the interfacial 

force between the liquid drop and vapor phase,    , the interfacial force between the 

liquid drop and the test surface of the solid phase,    , and the interfacial force between 

the test surface of the solid phase and the vapor phase,    . Figure 3.5 is a graphical 

representation of how the three interfacial forces are balanced.  
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Figure 3.5: Diagram of the interfacial forces that forms the contact angle [14] 

 

The correlation between the contact angle and the interfacial tensions is given in the 

following  equation proposed by Thomas Young [47], [50], [52], [53], [55–59]: 

 

     
       
   

 

 

The concept of the contact angle and its equilibrium is advantageous because it gives a 

definition to the notion of wettability as well as indicates the surface parameters requiring 

measurements [58].  

 

3.4.3 Surface Free Energy  

 Knowledge of the reactivity or energy of surfaces and their interaction with fluids 

is very important. The reactivity of a surface is measured in terms of surface free energy 

(SFE). SFE is defined as the work required to increase the area of a test drop on a solid 

surface by 1 cm
2
. SFE is determined by measuring the contact angle formed by a range of 

liquids on a given surface [60]. Figure 3.6 shows the correlation between drop surface 

tension and the surface energy of the test liquid. The figure shows that as the surface 

tension on the drop increases, hydrophobicity increases and the surface energy decreases. 

(3.1) 
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Vice versa, as the surface energy of the test surface increases, hydrophobicity decreases 

and the surface energy increases.   

 

 

Figure 3.6: Relationship between surface energy of the solid and surface tension of the 

liquid [14]  

 

 The SFE of a solid consists of both polar and dispersive energies. The polar 

component accounts for the coulombic interactions of polar groups that include dipole-

dipole interactions, hydrogen bonding interactions, dipole-induced interactions, and acid-

base interactions.  The dispersive component accounts for London type (van der Waals) 

forces, arises form non polar interactions. Dispersion energy exists between all molecules 

but polar energy exists only when polar groups are present [33], [60], [61]. SFE was first 

approached and studied by William Zisman [58]. He measured the contact angles of a 

surface with test liquids of differing surface tensions,  , and plotted      versus   . This 

plot, known as a Zisman plot, is a determination of the dispersive component of the 

surface energy. SFE can be calculated by the following equations: 
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where 

  is the surface energy (mN/m) 

  is the contact angle (º) 

D is the dispersive component 

P is the polar component 

S is the solid surface 

L is the liquid drop 

(+) is the surface tension contributed by acid 

(-) is the surface tension contributed by base 

 

 Equation 3.3 assumes that the interaction between the drop and the testing surface 

is greater than the internal force of the drop and is mainly used for testing surfaces with 

low contact angle. The distinction between the polar and dispersive components led to the 

development of the geometric and harmonic mean methods of SFE determination. 

According to the Owens, Wendt, Rabel, and Kaelble method interfacial energy can be 

calculated by equation 3.4 using the geometric mean approach. This method is suitable 

(3.3) 

(3.5) 

 



36 

 

for testing surfaces with similar ionization potentials. Likewise in equation 3.5, the 

interfacial energy is equal to the harmonic mean of two separated phases and is suitable 

for non-polar low energy surface. Equation 3.6 gives the acid-base theory for calculation 

of SFE. This theory evaluates polar based on an energy interchange mode of the acid and 

base and it is applicable to materials with polar surfaces [14]. 

 When researching contact angle relation to surface tension, Kabza, Gestwicki, and 

McGrath deduced that Zisman’s method for obtaining the materials surface tension is 

based on the experimental finding that when a liquid spreads freely on an analyzed 

surface, its surface tension is lower than or equal to that of the surface upon which it is 

spreading [45]. Zisman called the value of the surface tension of the liquid that is equal to 

that of the analyzed material     the critical surface tension (CST). CST is obtained when 

a series of contact angles is measured using liquids with progressively smaller surface 

tensions. The surface tension of these liquids is then plotted against the cosine value of 

the corresponding contact angle. CST is defined by the intercept of the horizontal line 

when      is extrapolated to one. CST is equal to the dispersive component of SFE. If 

CST is substituted into equations 3.2 and 3.4 the polar component of SFE can be 

calculated [58]. An illustration of the Zisman plot can be seen in figure 3.7. 

 

 

Figure 3.7: Representation of the Zisman plot [58] 
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3.5 Ultraviolet-Visible Spectroscopy 

 Molecular spectroscopy is a means of investigating molecules. It most often 

involves the absorption of electromagnetic radiation. Absorbed ultraviolet and visible 

radiation generally results in electronic transitions, which is defined as promotion of 

electrons from the ground state to a high energy state [62]. Ultraviolet -visible (UV-Vis) 

spectroscopy is one of the oldest methods in molecular spectroscopy. Within the UV-Vis 

region, electronic transitions occur when atomic or molecular orbitals of electrons within 

the material is irradiated with light [63].The ultraviolet region falls in the range between 

190-380 nm and the visible region falls between 380-750 nm. A compound absorbs light 

only if there is a minimum of five conjugated auxochromic or chromphoric groups 

present. Auxochromic groups (–OH, OR, –NH2, –NHR, –SH, –SR, –Hal) contain non-

bonding electron pairs. Chromophoric groups are photosensitive and absorb light at a 

particular wavelength. When the two groups are attached, the absorption and wavelength 

are altered. Methylene blue is an example of this type of compound. Methylene blue is a 

cationic dye that has a maximum absorption of approximately 666 nm in the UV/Vis 

spectrum. Within the scope of this research, it is used to determine the concentration of a 

carboxylic acid on the surface of PDMS. Figure 3.8 is a structural representation of the 

methylene blue dye [64].  

 

 

Figure 3.8: Chemical structure of methylene blue [64] 



38 

 

The Beer-Lambert law forms the mathematical-physical basis of light absorption 

measurements of solutions in the UV-Vis region and is the linear relationship between 

absorbance and concentration of absorbing species. It is expressed as follows [65]:  

 

             (
 

  
) 

 

where 

A is the absorbance 

ε is the molar absorptivity with units of L mol
-1 

cm
-1 

b is the path length of the sample with units of cm 

c is the concentration of the compound in solution with units of mol/L 

   is the incident light intensity, and  

Ι is the intensity of the light that exists in the cell. 

 

 A spectrophotometer is an instrument used to measure the amount of photons (the 

intensity of light) absorbed after it passes through a sample. The concentration of a 

colored solution can be determined with a spectrophotometer.  A spectrophotometer 

consists of a light source, monochromator, cuvette compartment, detector and amplifier 

with an indicating device. Figure 3.9 is a diagram of a single beam spectrophotometer. In 

this instrument, light is dispersed into several basic wavelengths by a prism or grating 

monochromator and allows for the continuous wavelength measurement over the entire 

spectral region. In a single beam spectrophotometer, the reference sample is measured 

first and the colored solution is measured with respect to the reference [65]. 

(3.7) 
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Figure 3.9: Diagram of a single beam spectrophotometer 

 

3. 6 Attenuated Total Reflectance Infrared Spectroscopy 

 Infrared spectroscopy (IR) is one of the most important analytical techniques 

available
 
[66]. IR is the absorption measurement of different IR frequencies by a sample 

positioned in the path of an IR beam
 
[67]. Infrared spectroscopy can be described as the 

use of instrumentation in measuring a physical property of matter, and the relating of the 

data to chemical composition. Infrared analysis can be used for almost any type of 

sample as long as the material is composed of or contains molecules rather than pure 

elements. It is a nondestructive type of analysis (the sample can normally be recovered 

for other use), and is useful for microsamples
 
[68]. Infrared spectroscopy is a technique 

based on the vibrations of the atoms of a molecule. An infrared spectrum is obtained by 

passing infrared radiation through a sample and determining what fraction of the incident 

radiation is absorbed at a particular energy. The energy at which any peak in an 

absorption spectrum appears corresponds to the frequency of a vibration of a part of the 

sample molecule [66].  

 The main goal of IR spectroscopic analysis is to determine the chemical 

functional groups in the sample. Different functional groups absorb characteristic 

frequencies of IR radiation. Using various sampling accessories allows IR spectrometers 
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to accept wide ranges of sample types such as gases, liquids, and solids. IR spectroscopy 

is important for compound identification
 
[67]. One of the strengths of IR spectroscopy is 

its ability as an analytical technique to obtain spectra from a very wide range of materials. 

The instruments used are called infrared spectrophotometers, and the physical property 

measured is the ability of matter to absorb, transmit, or reflect infrared radiation
. 

Traditionally, IR spectrometers have been used to analyze solids, liquids and gases by 

means of transmitting the infrared radiation directly through the sample
 
[68].  

 Mid-infrared spectroscopy is an extremely reliable and well recognized 

fingerprinting method. Many substances can be characterized, identified and also 

quantized. The mid-infrared (MIR) region is divided into the group frequency region, 

4000-1500 cm
-1

, and the fingerprint region, 1500-650 cm
-1

. In the group frequency region 

the principal absorption bands are assigned to vibration units consisting of only two 

atoms of a molecule, meaning that the units are more or less dependent on only the 

functional group that gives the absorption and not on the complete molecular structure. 

The group frequency region can be further subdivided and generalized as follows: the 

X—H stretching region (4000-2500 cm
-1

), the triple-bond region (2500-2000 cm
-1

), and 

the double-bond region (2000-1500 cm
-1

).  The major factors in the spectrum of the 

fingerprint region are single-bond stretching frequencies and bending vibrations of 

polyatomic systems that involve motions of bonds linking a substituent group to the 

remainder of the molecule. Multiplicity is too great for assured individual identification 

of the bands, but collectively the absorption bands aid in identifying the material [66], 

[69]. 
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 Attenuated total reflectance (ATR) spectroscopy utilizes the phenomenon of total 

internal reflection
 
[66]. Total internal reflection occurs when light traveling in an 

optically dense medium (one having a high refractive index) impinges on an interface 

with a less dense medium
 
[70]. Figure 3.10 is a scheme of a typical ATR cell. A beam of 

radiation entering a crystal will undergo total internal reflection when the angle of 

incidence at the interface between the sample and crystal is greater than the critical angle. 

The critical angle is a function of the refractive indices of the two surfaces. The beam 

penetrates a fraction of a wavelength beyond the reflecting surface and when a material 

that selectively absorbs radiation is in close contact with the reflecting surface, the beam 

loses energy at the wavelength where the material absorbs. The resultant attenuated 

radiation is measured and plotted as a function of wavelength by the spectrometer and 

gives rise to the absorption spectral characteristics of the sample
 
[71].  

 

 

Figure 3.10: Schematic of an attenuated total reflectance system 

 

 The history of ATR, which belongs to the internal reflection spectroscopy 

methods, began more than two centuries ago. Newton observed that when a propagating 

wave of radiation undergoes total internal reflection at the interface between two media 

of different refractive indices, an evanescent field penetrates the interface into the 
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medium with the lower refractive index. The exploitation of this phenomenon for 

generating useful absorption spectra did not begin until the early 1960s, with the 

pioneering efforts of Harrick and Fahrenfort, followed by experimental work by Sharpe. 

Over the past thirty years, numerous applications of ATR have been reported and 

reviewed
 
[70]. 

 The depth of penetration in ATR spectroscopy is a function of the wavelength, λ, 

the refractive index of the crystal,   , and the angle of incident radiation,  . The depth of 

penetration,   , for a non-absorbing medium is given by the following:  

 

     

 

  

{  [     (
  

  
)
 

]

 

 

}

 

 

where    is the refractive index of the sample. The crystals used in ATR cells are made 

from materials that have low solubility in water and are of a very high refractive index. 

Different designs of ATR cells allow both liquid and solid samples to be examined
 
[72]. 

The materials most commonly used in ATR cells include, germaniun, thallium 

bromoiodide (KRS-5), silicon, zinc selenide, and diamond. The physical and chemical 

properties of diamond place it among the best material for an ATR crystal. The hard 

scratch resistant properties make the diamond plate suitable for a wide range of 

application. It can withstand highly acidic and basic samples and does not react with 

strong oxidizing or complex agents. Diamond plated ATR crystals are useful in 

applications of both liquid and solid samples [73]. Table 3.1 summarizes the properties of 

the commonly used materials for ATR crystals.  

(3.8) 
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Table 3.1: Physical properties of commonly used ATR crystals [66], [72], [73] 

Materials Spectral range 

(cm
-1

) 

Refractive 

Index 

Depth of 

penetration 

( m) 

Diamond 45,000-2,500 

1,667-33 

2.4 1.66 

Ge 5,500 4 0.65 

KRS-5 20,000-400 2.37 1.73 

Si 8,300-1,500 

360-70 

2.37 1.73 

ZnSE 20,000-650 2.4 1.66 

 

 An attenuated total reflection accessory operates by measuring the changes that 

occur in a totally internally reflected infrared beam when the beam comes in contact with 

a sample. An infrared beam is directed onto an optically dense crystal with a high 

refractive index at a certain angle. This internal reflectance creates an evanescent wave 

that extends beyond the surface of the crystal into the sample held in contact with the 

crystal. This evanescent wave protrudes only a few microns (0.5µm-5µm) beyond the 

crystal surface and into the sample. Consequently, there must be good contact between 

the sample and the crystal surface. In regions of the infrared spectrum where the sample 

absorbs energy, the evanescent wave will be attenuated or altered. The attenuated energy 

from each evanescent wave is passed back to the IR beam, which then exits the opposite 

end of the crystal and is passed to the detector in the IR spectrometer. The system then 

generates an infrared spectrum
 
[71]. For the technique to be successful, the following two 

requirements must be met: 

 

1. The  sample must be in direct contact with the ATR crystal, because the 

evanescent wave only extends beyond the crystal 0.5µm-5µm 
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2. The refractive index of the crystal must be significantly greater than that of 

the sample or else internal reflectance will not occur. The light will be 

transmitted rather than internally reflected in the crystal 

 

 ATR surpasses other analytical methods because of its surface sensitivity. ATR 

spectroscopy can be distinguished from other techniques in two different ways: (1) the 

long-range frequency effect on sensitivity caused by the factor contained in the 

expression for the effective thickness, de, and (2) frequency shifts of the band maximum 

caused by dispersion of the refractive index spectra across the absorption band. Long-

range frequency suggests that when normalizing ATR spectra, the normalization band 

should be relatively close to the band of interest because the depth of penetration is 

wavenumber-dependent. If such bands do overlap, one would expect band distortions and 

intensity changes. Attenuated total reflectance addresses the experimental issues most 

often encountered with transmission spectra
 
[66], [70], [71]. Harrick and Graf et al. 

concluded that the frequency shifts, along with the sensitivity difference between high 

and low wavenumber regions and the spectral distortion at angles near the critical angle 

are the primary concerns in ATR quantitative analysis
 
[70].  ATR-I R analysis is used 

extensively when determining surface changes of modified polymers [74–76]. Hu et al. 

used a simple-one step method to graft the surface of PDMS with different monomers. 

They used ATR-IR to  observe the successful attachment of amino acids, acrylamide, 

hydroxyethyl acrylate and several other monomers to the PDMS surface [77].  
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3.7 Contact Angle Titration Curve 

 A contact angle titration curve was employed to further investigate the surface 

functionalization of the –OH, –COOH, and the fluoro-terminated  –PFP functional 

groups on the modified polymer surface. The objective of the contact angle titration is to 

characterize the surface of PDMS when ionizable functional groups are present and to 

examine the surface ionization. This curve was based on contact angle measurements as a 

function of a 0.1M buffered solution prepared from pH 1 to pH 12. Homes-Farley et al. 

have previously shown that the contact angle of buffered drops of water is sensitive to the 

state of ionization of functional groups covalently bound at the surface of functionalized 

polyethylene. Low-density polyethylene films were oxidized with chromic acid solutions 

to produce a material containing carboxylic acid groups on the surface. The researchers 

used ATR-IR, contact angle measurements, and direct potentiometric titration to analyze 

the [PE-CO2H] surfaces. One of the relevant observations to this research is the relation 

of the measured contact angle of a small drop of aqueous solution at known pH to the 

extent of ionization of surface functional groups [78].  

 Young’s equation, refer to equation (3.1), was used to relate the measured contact 

angle at known pH to the extent of ionization,   , of surface carboxylic acid groups. With  
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equation 3.9 relating the degree of ionization of the surface carboxylic acid groups to 

equation 3.10, which is the liquid/solid interfacial free energies at limiting values of pH 

for which the surface carboxylic groups are completely protonated (pH 1) or completely 

ionized (pH 12). Equation 3.10 assumes that the change in the liquid/solid interfacial free 

energy (with changes in pH as well) is dependent on the linear relationship between the 

number of carboxylic acid groups converted to carboxylate ions. Equations 3.11 and 3.12 

are rearrangements that relate the extent of ionization to experimental values of the 

contact angle. Both equations assume that the liquid/solid interface is linerarly related to 

the extent of ionization and that the solid/vapor and liquid/vapor interfaces are 

independent of pH [78]. 

 Variation in the effective or apparent pKa, pKa
eff

, with relation to the extent of 

ionization is a useful alternative when determining the dependence of contact angle 

measurements on pH for surface functionalization. Equation 3.13 relates the extent of 

ionization at a particular value of pH to the effective pKa of a simple monobasic acid. For 

a monobasic acid, pKa
eff

 is independent of the extent of ionization. For a polybasic acid, 

pKa
eff

 increases with   , and reflects the decreasing acidity of the remaining COOH 

groups as COO
-
 groups appear [78]. 
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)          (3.11) 
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CHAPTER FOUR 

EXPERIMENTAL 

 

4.1 Chemicals, Reagents, and Sample Preparation   

 Sylgard® 184 silicone elastomer base and platinum based curing agent are 

products of Dow Corning Corporation, Midland, MI. ACS  reagent grade acetic acid 

(glacial), 1-bromonaphthalene (96%), stabilized diiodomethane (99+%),  ACS reagent 

grade formamide, methylene blue dye, and sodium chloride were obtained from Acros 

Organics (Geel, Belgium). A.C.S. certified monosodium phosphate, disodium phosphate, 

reagent grade ethylene glycol, and sodium hydroxide were obtained from Fisher 

Scientific (Waltham, MA). Crosslinking agent 1-ethyl-3-[3-dimethylaminopropyl] 

carbodiimide hydrochloride (EDC) was obtained from Thermo Scientific (Rockford, IL). 

Coupling reagent pentafluorophenol (99+%) was obtained from Acros Organics (Geel, 

Belgium) and Matrix Scientific ( Columbia, SC). Sylgard® 184 elastomer base and 

platinum based curing agent was prepared in a 10:1 w/w ratio, combined in a disposable 

cup, and stirred five to six minutes until bubbles were distributed throughout the mixture 

indicating the two parts were mixed thoroughly. The PDMS was then placed into a petri 

dish, degassed in a vacuum chamber for ten to fifteen minutes, and either left overnight to 

cure or cured on a hot plate for approximately two hours at 65ºC. The cured samples were 

cut out of the petri dish into pieces approximately 6 cm
2 

in size. 
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 4.2 Plasma Discharge 

 Native PDMS was treated with air-oxygen plasma to generate hydroxyl groups on 

the surface. An 115V PDC-32G plasma cleaner manufactured by Harrick Plasma, Ithaca, 

NY was used to create plasma. Figure 4.1 is a picture of the plasma cleaner used within 

the research. The plasma cleaner includes a 3” diameter x 6.5” length Pyrex chamber 

with a 2.75” x 6.5” quartz sample tray. The sample was placed in the plasma cleaner 

chamber and the vacuum pump was turned on to evacuate the excess air in the chamber. 

The plasma cleaner was then turned on and the RF level was turned to high. On a high 

setting, 720V DC, 25mA DC, and 18W are applied to the RF coil. Air-oxygen was bled 

into the chamber by slightly opening the 1/8” NPT 3-way valve and closing it back. 

Plasma is generated once a purplish glow is observed (see Figure 3.2). PDMS samples 

were exposed to plasma discharges for sixty seconds.   

 

 

Figure 4.1: Harrick Plasma PDC-32G Plasma Cleaner 
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4.3 NaOH Solution 

 A 1M sodium hydroxide (NaOH) solution was prepared from the readily available 

solid NaOH and deionized water. Native PDMS, approximately 6 cm
2
 in size, was treated 

with a 1M solution of sodium hydroxide (NaOH). The PDMS sample was immersed in 

10 mL of the NaOH solution and left in a covered petri dish to soak for twenty-four 

hours. Once twenty-four hours passed, the sample was removed from the petri dish, 

rinsed with ethanol, dried under a steady stream of nitrogen and observed using ATR-IR 

spectroscopy. 

 

4.4 Mercury Radiation Set-up 

 Sample irradiation was performed using a USHIO lamp manufactured by USHIO 

America Incorporated of Cyprus, California. Samples were placed in a ~0.5L chamber 

under a continuous flow of ultra-high purity oxygen at a rate of 2.0 L/min.  Figure 4.2 

shows the set-up for irradiation. PDMS samples were placed facing the lamp with a 

distance of 5 mm between the top surface of the sample and the light source, and covered 

with a poly(vinyl chloride) cup. Before irradiation began, the chamber was purged for 

approximately fifteen minutes with the ultra-high purity oxygen which created an 

oxygen-rich environment. Nitrogen was delivered to the mercury lamp chamber to avoid 

oxidation of the bulb, and the lamp was turned on. The samples were exposed to 254 nm 

Hg radiation at a fluence of 13 mW/cm
2
. Individual samples were exposed for 30 

minutes, 45 minutes, 60 minutes, 75 minutes, 90 minutes, and 120 minutes. 
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Figure 4.2: USHIO excimer lamp and irradiation set-up 

 

4.5 PFP Bond Formation       

 Fresh PDMS samples were irradiated at both 30 minutes and 75 minutes. After 

irradiation, the samples were immersed in cold ethanol, cold 50:50 acetic acid/water, cold 

acetone, and cold phosphate buffer solutions of PFP (0.2M) and EDC (0.1M). Each 

solution was 10 mL and the PDMS sample was allowed to soak for 24 hrs. Once removed 

from the solution, the samples were rinsed with ethanol, dried with a stream of nitrogen, 

and analyzed using both contact angle goniometry and ATR-IR spectroscopy.  

 

4.6 Contact Angle Measurements 

 Contact angle measurements were captured using a Rame’ Hart goniometer, 

model 50-00/100-00, fitted with a Sony XCD-X700-1.05 camera. Figure 4.4 shows a 

photograph of the goniometer set-up. The sessile drop technique was used for contact 

angle measurements and Fire I software for image capture. A microsyringe was used to 

dispense deionized, ultra-filtered water with a specific conductance of less than 2 µΩ/cm. 

40-µL drops of test liquid were placed at six separate points on the polymer surface.  All 
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measurements were evaluated using the DropSnake plug-in found in the National 

Institute of Health ImageJ software package.  The DropSnake method unifies the global 

form of a drop and the locality of its contact angle. A snake is linked by elasticity 

constraints whose forces are of limited range. The snaked curve reveals contact angle 

while keeping trace of the global form of a drop. This method also allows for finding 

symmetry in the image which enhances detection of the drop’s baseline and tilt angle 

[50], [79].   Figure 4.3 shows a representation of the contact angle goniometer used 

within this research. 

 

 

Figure 4.3 Rame’ Hart Contact Angle Goniometer 

 

4.7 Absorbance Measurements 

 A spectrophotometer was used to determine the concentration of carboxylic 

groups present in the methylene blue dye solution used to stain the surface of the 

polymer. Figure 4.4 shows a picture of the 8452A Hewlett Packard Diode Array 
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spectrophotometer used. Diode array spectrophotometers are capable of acquiring 

complete UV-Vis absorbance spectra. A photodiode array has detectors that are all 

integrated on a single silicon chip. The HP8452A is a single beam instrument that has 

512 detectors and uses a single deuterium discharge lamp for the full UV and visible 

range.  Since the instrument is single beam, a reference scan is ran first to determine the 

intensity of the lamp at each wavelength, Io(λ), and then the sample scan is ran second. 

The absorbance is calculated from the ration of the two spectra: 

     

 ( )      
  ( )

 ( )
  

 

where 

I(λ) is the intensity of the light that exists in the cell 

 

The plot of  ( ) versus λ is the spectrum of the solution. 

 

 

Figure 4.4: HP 8452A Diode Array Spectrophotometer 

(4.1) 
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4.8 Infrared Spectroscopy  

 A Perkin Elmer Spectrum One Infrared Spectrometer equipped with a single 

bounce universal ATR accessory was used to evaluate the native and modified surface of 

PDMS containing –OH, –COOH, and –PFP bonds. This instrument correlates bands 

found in the IR spectra to functional groups found within the molecule. The ATR-IR 

instrument can be seen in Figure 4.5. Infrared radiation absorbs the vibrational 

frequencies of molecules in a sample that are equal to its own frequency. The absorption 

of infrared radiation reveals this vibration and appears as peaks in a spectrum that plots 

absorbance versus wavenumber.      

 

 

Figure 4.5: Perkin Elmer Spectrum One Infrared Spectrometer with ATR accessory 
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CHAPTER FIVE 

RESULTS AND DISCUSSION 

 

5.1 Hydroxyl Groups 

 Experimentation through plasma treatments and sodium hydroxide treatments 

show results that are complimentary to one another. After a piece of native PDMS is 

exposed to either treatment, hydroxyl groups are formed on the polymer surface. Each 

treatment presents a different modified surface, but both conclusively show that the 

newly formed hydroxyl groups rotate back into the bulk state of the polymer only 

minutes after exposure.  

 

5.1.1 Plasma Treatment 

 Contact angle measurements were used to characterize the modified PDMS 

surface. The contact angle measurements were taken over a time period of six hours. The 

increments within each hour varied. In the first hour, each contact angle was taken in ten 

minute increments. During the second hour, the contact angle was taken in fifteen minute 

increments. The third hour was twenty minute increments. The fourth hour was thirty 

minute increments. Lastly, one contact angle was taken at each of the fifth and sixth 

hours. Native (untreated) PDMS is very hydrophobic and shows a contact angle of 108 ± 



55 

 

4.0º.  Immediately after exposure to the air-oxygen plasma, the modified PDMS surface 

turns hydrophilic and a contact angle of 21.3 ± 3.9º is observed. The change in 

hydrophobicity is attributed to the formation of silanol groups of the surface [30]. 

 

5.1.2 NaOH Treatment  

  Contact angle measurements were unaffected by the NaOH treatment. The 

contact angle is shown at 96.6 ± 2.0º which is comparable to native PDMS. Hoek, Tho, 

and Arnold studied the effects of NaOH on electroosmotic flow in microfluidic devices. 

In their research, they used contact angles and ATR-FTIR as means of analysis. 

Similarly, they observed a hydrophobic contact angle from the NaOH treated surface. 

The trio theorized that the inability of NaOH to form hydrophilic surfaces is a further 

indication that different ionisable surface groups are formed on the NaOH modified 

surface in contrast to the surface of PDMS treated with plasma. They concluded that the 

effect of NaOH leads to the formation of alcohol groups. However, the C—OH 

absorption band seen around the 1000-1200 cm
-1

 region is undetectable in ATR-IR due to 

overlap with the strong Si—O—Si stretching absorption band in the same region [31]. 

  After treating the polymer, the newly formed hydroxyl groups were placed on the 

diamond plated surface of the ATR-IR and exposed to ambient air. The ATR-IR analysis 

of the NaOH treated PDMS surfaces was studied to decipher the functional groups 

formed on the modified polymer surface. Figure 5.1 shows the infrared spectra of the 

peaks seen on the treated PDMS surface. Table 5.1 gives an assignment of the major 

peaks seen in the IR spectra. Comparable to the results seen by Hoek, Tho, and Arnold, 

the ATR-IR analysis shows an increase in the –OH stretching region and a decrease in 
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the intensities of the Si—O—Si and Si—CH3 absorption bands. This indicates breaking 

of the polymer chain at the Si—O or Si—C bonds took place [31]. 

 

Table 5.1: Assignment of spectral peaks with –OH presence [80]. 

Wavenumber (cm
-1

) Description of Peaks 

3015-3625 -OH stretch  

2963 Asymmetric –CH3 stretch in ≡Si-

CH3 

1258 Symmetric –CH3 stretch in ≡Si-

CH3 

1010 -(CH2)- vibration in ≡Si-(CH2)2-Si≡ 

843 ≡Si-O stretching in ≡Si-OH 

788 -CH3 rocking ; ≡Si-C≡ stretching in 

≡Si-CH3 
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5.1.3 Surface Tension  

 Zisman’s method for obtaining the surface tension of a material is shown below in 

Figure 5.2. The value of   , the critical surface tension, on the surface of plasma treated 

PDMS was obtained after a series of test liquids with progressively smaller surface 

tension was plotted against the cosine value of the corresponding contact angles. The test 

liquids included water, 1-bromonapthalene, diiodomethane, ethylene glycol, and 

formamide. At the intersection of     =1,   ≈ 45 nM/m.  

 

 

Figure 5.2: Zisman Plot of plasma treated PDMS 

 

5.1.4 Recovery of Hydroxyl Group 

 As previously mentioned, the (-OH) modified surface is not a stable hydrophilic 

surface. Upon exposure to ambient air, the bond recedes and rotates back into the bulk 

polymer. Results show that within minutes of the plasma treatment, the bond begins to 

rotate back into the polymer bulk. After only ten minutes, the contact angle increases to 
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65º. Within six hours, the contact angle reverts to 92º which is comparable to native 

PDMS. Figure 5.3 representative contact angle observations for the air-oxygen plasma 

treatment. Each drop image represents a time increment during six hour time span.  

 

 

Figure 5.3: Contact angle test drops on Air-oxygen plasma treated PDMS at (a) initial, (b) 

       after one hour, (c) after two hours, (d) after three hours, (e) after four hours,      

       (f) after five hours, and (g) after six hours. 

 

 Figure 5.4 shows the contact angle as a function of elapsed recovery time after 

air-oxygen plasma exposure. As previously mentioned it is observed that the modified 

surface becomes hydrophilic but loses this property after a short period of time. Recent 

studies suggest that this rotation of the bond back into the bulk is due to passive transport 

of low-molar-mass PDMS species from the bulk to the surface and possibly a 

reorientation of the polar species. However, the polymer never fully regains its initial 

hydrophophicity. The saturation limit (difference in native PDMS contact angle and the 
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final contact angle observed after surface modification) is approximately 15º lower than 

the measured contact angle of native PDMS. This can be attributed to the formation of a 

silica-like layer on the modified surface [30]. 

 

 

Figure 5.4: Contact angle as a function of elapsed recovery time after exposure to air  

        oxygen plasma. 

 

 An increase in the presence of –OH groups on the polymer surface is seen in the 

region of 3015-3625 cm
-1

. Further analysis of the area under the curve within this region 

displays the rotation of the –OH group back into the polymer bulk and can be seen in 

Figure 5.5. The same time increments from the contact angle analysis were used to 

monitor the rotation of the hydroxyl bond back into the polymer bulk. Similar to the 

plasma treatment, the presence of hydroxyl groups begins to recede back in the bulk state 

of the polymer. However, this rotation is seen after two to three hours as opposed to ten 

minutes. This difference in rotation is explained by the absence of silanol on the NaOH 

treated surface [31].  
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Figure 5.5: Observation of hydroxyl group rotation by area under the curve analysis of IR 

        spectra taken during NaOH ambient air experiment 

 

 Chen and Linder, researchers at the University of Memphis, studied the stability 

of radio-frequency plasma treated PDMS surfaces [29]. They used contact angles and 

FTIR-ATR to analyze the surface of the plasma treated polymer. They found analogous 

results in the loss of hydrophilicity as well. They looked at the material properties of 

PDMS for further explanation of this phenomenon. PDMS is an amorphous elastomer 

with a glass transition temperature around –130°C. At room temperature, the polymer 

terminals, loops, and segments have some level of freedom for movement. Following a 

physical or chemical change, the elastomers move to a new equilibrium. The change of 

the hydrophilicity of PDMS after the plasma treatment is considered a relaxation process. 

Throughout this process, the hydrophilic groups generated on the PDMS surface and the 

silxoane chains orient toward the PDMS bulk, which is a more hydrophilic environment. 

The rate of this process is influenced by the difference in the dielectric constants of 

PDMS and air. A dielectric constant is the ratio of the permittivity of a substance to the 
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permittivity of free space. PDMS has a dielectric constant of 2.65 and ambient air has a 

dielectric constant of 1.00. The team found that when the PDMS specimens are exposed 

to ambient air, the difference seen in the dielectric constants aids in speeding up the 

relaxation process [29]. 

 

5.2 Carboxylic Groups 

 The results obtained from the PDMS surface modified with carboxylic acid 

groups are very comparable to the results obtained by Padma Dharmarajan. Again, a 

native piece of PDMS is modified and the newly formed surface is characterized by 

contact angle measurements, UV/Vis spectrometry, and ATR-IR spectroscopy.  

 

5.2.1 Contact Angle Measurements 

 PDMS pieces were exposed to 245nm Hg radiation at varying irradiation times. 

The different irradiation times were 30 minutes, 45 minutes, 60 minutes, 75 minutes, 90 

minutes, and a final increment of 120 minutes. Contact angle measurements show that as 

the exposure time increases, the contact angle gradually decreases. This decrease in 

contact angle indicates that the hydrophilicity and wettability of the modified PDMS 

surface increases. Native PDMS is extremely hydrophobic in character and the contact 

angle is observed at 109.4 ± 3.2º. Analysis of the contact angle measurements show that 

the contact angle progressively decreases until 75 minutes of exposure. Beyond this 

point, an increase in the contact angle is seen at 90 minutes and 120 minutes. The lowest 

contact angle was detected at 65.2 ± 5.1º and occurred when the surface was irradiated 

for 75 minutes. Irradiation of PDMS led to a surface that became glassy and smooth, 
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forming a silica like layer. Increased irradiation exposure after 75 minutes led to a tough, 

brittle like surface where cracking ensued. Previous research theorized that the PDMS 

surface becomes strained by increased UV exposure and the cracks are a result of a 

relaxation of the polymer surface [5]. The migration of low molar mass PDMS from the 

bulk to the surface through these cracks resulted in the slight increase in the observed 

contact angle [33].  Figure 5.6 represents the observed contact angle with respect to 

increased irradiation times. Figure 5.7 shows the images of the contact angle of the 

modified PDMS surface. 

 

 

Figure 5.6: Contact angle versus increased irradiation time. 
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Figure 5.7: Contact angle drops on PDMS after COOH formation on (a) 30 minutes, (b)     

       45 minutes, (c) 60 minutes, (d) 75 minutes, (e) 90 minutes, and (f) 120   

       minutes irradiated samples.  

 

5.2.2 ATR-IR spectra Results 

 Infrared spectra of the modified PDMS samples were studied and reviewed to 

determine the functional groups on the surface. The infrared spectra show similar trends 

to that of the contact angle. An increased presence of carboxylic groups is seen until the 

75 minutes irradiation in the –OH region ranging from 3015-3690 cm
-1

. After this time, 

the presence of the carboxylic group in that region begins to diminish. At 75 minutes of 

irradiation time, maximum band intensities are seen in both regions. The higher shift in 

the carbonyl peak indicates that an inorganic silica like layer has begun to form. 

Existence of the carboxylic group is further indicated by the presence of the small 

carbonyl band seen at 1714 cm
-1

. Both the hydroxyl stretch and the carbonyl stretch are 

absent in the IR spectra of native PDMS. Figure 5.8 shows the spectra gathered from 

PDMS samples after UV exposure in the six time increments ranging from 30 minutes to 

120 minutes. Table 5.2 gives the assignment of the functional groups found in the spectra 
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Table 5.2: Assignment of spectral peaks with –COOH presence [80] 

 

 

 

 

 

 

 

 

 

 

5.2.3 UV-Vis Experimentation 

 In order to determine the number of carboxylic acid groups formed on the surface 

of the irradiated PDMS, a staining dye, methylene blue was used. Methylene blue 

attaches only to the carboxylic groups that are formed on the PDMS surface. From this, it 

is concluded that a surface with a higher absorbance value would contain a higher 

concentration of carboxylic groups on the surface. Figure 5.9 shows the absorbance 

values obtained versus the irradiation time. It is seen that at 75 minutes of exposure, the 

absorbance is the highest. The graph also shows that the absorbance steadily increases 

until 75 minutes and at 90 minutes and 120 minutes the absorbance decreases abruptly. 

This indicates that the maximum concentration of carboxylic groups is reached at 75 

minutes of exposure time. The absorbance values of irradiated PDMS after a methylene 

blue experiment show an inverse proportional relationship to irradiated PDMS.    

Wavenumber (cm
-1

) Description of Peaks 

3015-3690 -OH stretch in –COOH 

2964 Asymmetric –CH3 stretch in ≡Si-CH3 

1714 C=O stretch in –COOH 

1259 Symmetric –CH3 stretch in ≡Si-CH3 

1012 -(CH2)- vibration in ≡Si-(CH2)2-Si≡ 

843 ≡Si-O stretching in ≡Si-OH 

784 -CH3 rocking ; ≡Si-C≡ stretching in ≡Si-

CH3 
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Figure 5.9: Difference in absorbance of PDMS samples stained with methylene blue with 

respect to exposure time 

 

 

 

Figure 5.10: Calibration graph used to determine concentration of carboxylic groups 
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 Figure 5.10 is a graph of the calibration curve that was used to determine the 

concentration of the carboxylic groups on the modified PDMS surfaces. Similar to the 

research of Padma Dharmarajan, a ratio of 1:1 was assumed for the concentration of the 

methylene blue dye to the concentration of carboxylic acid groups. The surface area of 

PDMS was used to then convert to the exact number of molecules of carboxylic groups 

per unit area on the sample surface. Figure 5.11 is a graphical representation of the 

amount of carboxylic groups found of the surface at varying irradiation times.  The 

experimentation with methylene blue showed that the number of carboxylic groups on the 

surface is greatest at 75 minutes of exposure. At this time, there are approximately 

2.42x10
15

 molecules/cm
2
. Dharmarajan reported that she found the concentration to be 

2.5x10
16 

molecules/cm
2
. She compared this value to that found by Homes-Farley et al. 

This group of researchers studied the behavior of carboxylic groups covalently attached 

to the surface of polyethylene. Through experimentation, they found and reported that the 

surface density of carboxylic groups was 1.6x10
13

 molecules/cm
2 

[33]. Figure 5.12 shows 

the solutions used to measure the absorbance, the color of the solution is an indication of 

how many carboxylic groups are present on the modified polymer surface. 
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Figure 5.11: Number of carboxylic groups per cm
2
 on the surface of irradiated PDMS as 

a function of exposure time. 

 

 

 

Figure 5.12: Methylene blue experiment used to measure absorbance 
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5.2.4 Surface Tension of Irradiated PDMS 

 Figure 5.13 shows the different contact angles observed when five different test 

liquids are placed on the surface of irradiated PDMS at varying time intervals. The test 

liquids used include water, 1-bromonapthalene, diiodomethane, ethylene glycol, and 

formamide. At 75 minutes, each test liquid exhibits its lowest contact angle value on the 

surface of the irradiated PDMS. These low contact angle values denote that PDMS 

irradiated for 75 minutes has a higher surface energy and good wettability characteristics. 

Figure 5.14 gives the Zisman plots of each test liquid. The results show that at 75 minutes 

of irradiation the surface energy is the highest. The critical surface tension of the five test 

liquids was calculated using Young’s equation (equation 3.1) and,   ≈ 45 mN/m. 

 

 

Figure 5.13: Contact angle variations of test liquids on PDMS surfaces of varying 

irradiation times. 
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Figure 5.14: Zisman plots of irradiated PDMS 

 

5.2.5 Recovery of Carboxylic Groups 

 Similar to the plasma oxidized surface that creates hydroxyl groups, the 

carboxylic group formed after UV exposure rotates back into the polymer bulk. As seen 

previously, plasma oxidized surfaces rotate back rapidly after being exposed to ambient 

air. For a method of comparison, the rotation of carboxylic groups back into the polymer 

bulk was monitored as well. Figure 5.15 represents the recovery of samples irradiated at 

both 30 minutes and 75 minutes. The samples were exposed to air over a ten day period 

and the average contact angle from each day was recorded. Initially after UV exposure, 

the surface loses some of its hydrophobicity with the contact angles seen at 89.5± 3.8º 

and at 65.3 ± 4.1º for 30 and 75 minutes respectively. At 30 minutes, after six days the 

contact angle increases to 99.2 ± 3.8º and plateaus from days 7 to 10. At 75 minutes, the 

contact angle increases gradually each day and begins to plateau at day nine reaching a 

maximum of 92.6 ± 2.3º. 

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

40 50 60 70 80

co
s 

(c
o
n

ta
ct

 a
n

g
le

) 

Surface Tension (mN/m) 

Native 30 mins 45 mins 60 mins 75 mins 90 mins 120 mins



72 

 

  

Figure 5.15: Rotation of carboxylic groups back into the PDMS bulk 

 

 The results and data found through experimentation agree with the results and 

data found by Dharmarajan and Homes-Farley et al. [33], [78]. The increased contact 

angle, the increased presence of the –OH stretch of COOH in the infrared spectra, and the 

high absorbance value in the UV-Vis spectrum visibly show that at 75 minutes the 

concentration of carboxylic groups on the UV modified PDMS surface is at its maximum. 

The trends seen in the above graphs and figures are very comparable to those seen 

previously. Beyond 75 minutes of UV exposure, the polymer backbone degrades. This 

can be attributed to the increased contact angle seen after 75 minutes and the decay in 

band intensities in the infrared spectra. PDMS surfaces that are exposed to irradiation 

longer than 75 minutes began to retreat back to the hydrophobic nature of the native 

polymer. The cracks that occur after the 75 minute mark facilitates the migration of low 

molecular weight PDMS from the bulk to the surface. This is the primary cause of the 

recovery of hydrophobicity. 
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5.3 Fluoro-Terminated Groups 

 For the purpose of this research, PFP was linked to the surface of UV modified 

PDMS. PFP has a higher molecular weight than both hydroxyl and carboxylic groups. 

We hypothesized that the larger molecular weight of PFP should sustain the functional 

group formed. Contact angle measurements, ATR-IR spectra, and a contact angle titration 

curve were employed to characterize the surface of PDMS with PFP.  

 

5.3.1 Contact Angle Measurements  

 Contact angle measurements for a 75 minute irradiated PDMS-PFP sample 

exhibited the most change. A more hydrophobic contact angle is seen. Compared to an 

irradiated PDMS sample (CA=65.2 ± 5.1º), the observed contact angle of PFP modified 

PDMS in each respective solution is 10-30º higher. Perhaps this change in the contact 

angle is an indication that PFP successfully attached to the UV modified polymer surface. 

Alternatively, the change in contact angle can be attributed to a physio-adsorption of the 

PFP to the surface.  In an acetic acid-water solution, the contact angle is observed at 92.8 

± 2.4º. For an acetone solution, the contact angle is detected at 74.1 ± 4.6º. The ethanol 

solution has a contact angle of 75.9 ± 2.7º. In a PBS solution, the contact angle is seen at 

86.5 ± 2.0º. The 30 minutes PDMS-PFP sample for all solutions show similar results to 

irradiated PDMS and no significant change in contact angle was seen. For all solutions, 

the contact angle was observed between 85º - 90º with an average standard deviation of ± 

3.2. Table 5.3 represents the contact angle measurements of both the 30 minute and 75 

minute UV modified PDMS-PFP samples. Figure 5.16 shows a pictorial representation of 

the contact angles observed at 75 minutes. 
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Table 5.3: Contact angle measurements of native and irradiated PDMS samples after 

immersion in PFP solutions 

 

Solutions 
(0.2M PFP, 0.1M EDC) 

Contact Angle Measurements 

 Native 30 min  

Irradiated 

75 min  

Irradiated 

Acetic acid-water 103.9 ± 2.3º 94.3 ± 1.7º 92.8 ± 2.4º 

Acetone 103.9 ± 2.9º 90.3 ± 5.1º 74.1 ± 4.6º 

Ethanol 103.9 ± 2.4º 98.8 ± 2.4º 75.9 ± 2.7º 

PBS 105.8 ±2.2º 85.5 ± 3.6º 86.5 ± 2.0º 

 

 

Figure 5.16: Contact angle droplets for PDMS-PFP in varying solutions 

 

5.3.2 ATR-IR spectra Analysis 

 An infrared spectrum of pentafluorophenol was analyzed and studied to determine 

the major peaks that should be observed when PFP is placed in a solution. Figure 5.17 

shows an IR spectrum of PFP. One of the most prominent ways to detect PFP in an IR 

spectrum is by the presence of the carbon-fluorine bond. The carbon-fluorine bond is the 

strongest bond in organic chemistry. The bond strength increases with the addition of 
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more fluorine’s. For this reason carbon-fluorine bond stretching appears as a strong peak 

between 1000 and 1400 cm
-1

. In the IR spectrum of PFP, this bond can be seen at 1312 

cm
-1

 as a triple peak. Table 5.3 gives the peaks found in the pentafluorophenol 

compound. 

 

Figure 5.17: Pentafluorophenol IR spectrum 

 

Table 5.4: Spectral assignment of Pentafluorophenol IR spectrum 

Wavenumber (cm
-1

) Description of Peaks 

3536-3024 -OH stretch 

3584 Intramolecular hydrogen bonding 

1514 Ring stretch 

1312 C-F stretch  

1138, 1014, 971, 871, 

781,737,722 
Ring breathing 

 

 The ATR-IR spectra of various solutions containing PFP linked to PDMS by EDC 

were recorded. Multiple samples were irradiated at both 30 minutes and 75 minutes, 
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soaked in 10mL acetic acid/water, acetone, ethanol, and PBS solutions with PFP (0.2M) 

and EDC (0.1M) for twenty-four hours, rinsed in ethanol, and dried under a steady stream 

of nitrogen. The prominent C-F band (1000-1400 cm
-1

) observed in PFP could not be 

seen. However, there are several other factors that indicate that PFP is present on the 

carbonyl surface for both 30 minute and 75 minute modified samples. The carbonyl peak 

formed when PDMS is irradiated significantly decreases in both the ethanol and PBS 

solutions. The neighboring double band observed in the ethanol solution is attributed to 

CH3 and CH2 bending. The carbonyl peak does not decrease in the acetone, [(CH3)2CO], 

due to the carbonyl bond found in the compound. Dharmarajan found that 50:50 acetic 

acid-water solution assists in stabilizing the carboxylic acid group on the surface of 

PDMS, and this explains why the carboxyl group band is still found in the spectrum of 

the acetic acid solution [33]. The proposed reaction for the coupling of PFP to the surface 

of PDMS (see Scheme 5) shows the formation of an ester as the final product. The IR 

spectra of the modified PDMS samples do not support the formation of an ester (seen at 

1755-1650 cm
-1

,
 
C=O stretch, and 1300-1000 cm

-1
, C—O stretch). The missing ester 

stretches can be attributed to the strong carbonyl peaks and to the strong PDMS backbone 

stretches seen in the respective spectra. Infrared spectra of irradiated PDMS, acetic acid-

water/PFP, acetone/PFP, ethanol/PFP, and PBS/PFP solutions at 30 minutes and 75 

minutes, respectively, are shown in Figures 5.18 and 5.19. The inlet seen in each figure is 

an enlarged picture of the carboxyl and ring stretching regions. The ring stretching region 

observed at 1514-1524 cm
-1

 is an indication that PFP is present on the irradiated PDMS 

surface. IR spectra of 30 minute and 75 minute irradiated only PDMS does not contain 

this stretch. This is due to the fact that UV modified PDMS does not form ring structures.    
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5.3.3 UV-Vis Methylene Blue Experiment 

 In order to quantify the presence of pentafluorophenol on the PDMS surface, an 

experiment similar to the methylene blue experiment for carboxylic groups was 

performed. PDMS samples, 1.2 cm in diameter, were irradiated at six various time 

increments ranging from 30 minutes to 120 minutes. Following irradiation, the samples 

were each placed in 10 mL of a solution of 50:50 acetic acid/water, EDC (0.1 M), and 

PFP (0.2 M). Each sample remained in the solution for twenty-four hours. After being 

removed from the solution the samples were rinsed with DI water and placed in a conical 

tube that contained 3 mL of a basic solution of methylene blue (0.5mM, pH 10) for six 

hours. Finally, the samples were removed from the methylene blue, rinsed with DI water 

to remove the loosely bound methylene blue, immersed in 50:50 acetic-acid and water 

solution for twenty-four hours, and analyzed in the spectrophotometer. 

  Figure 5.20 is a graph of the data obtained from the methylene blue treatment 

performed. As mentioned previously, methylene blue only attaches to carboxylic acids 

present on the modified surface. From the graph, it can be seen that the concentration of 

carboxylic acids on the surface of the PFP modified PDMS is significantly less than 

regular irradiated PDMS. Quantitatively, PDMS that has only been irradiated shows the 

highest concentration at 75 minutes and is approximately 2.5x10
15

 molecules/cm
2
. At the 

same irradiation time, PDMS that has also been soaked in the PFP solution only shows a 

concentration of 2.5x10
14

 molecules/cm
2
. These results indicate that PFP is present on the 

surface of UV-modified PDMS surface.  Figure 5.21shows a pictorial representation of 

the solutions used to measure the absorbance. 
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Figure 5.20: Methylene blue treatment to determine concentration carboxylic acids 

remaining on the surface PDMS after immersion in an acetic-acid/water PFP solution 

 

 

 

Figure 5.21: Methylene blue experiment indicates no change in color of the PFP based 

solution 
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5.3.4 Recovery of Fluoro-terminated Group 

 Irradiated samples of PDMS were immersed in the four PFP containing solutions 

of acetic acid-water, acetone, ethanol, and PBS (each solution was 10 mL) and stored in 

ambient conditions over a period of ten days. Figures 5.22 thru 5.25 represent the contact 

angle variation for 30 minute and 75 minute irradiated samples stored in air. Water was 

used as the test liquid. Contact angle measurements show that at 30 minutes the angle is 

sustained over 10 days for all solutions. From the initial day to the final day, the contact 

angles averaged in a range of 94º ± 2 (acetic acid-water), 90º ± 5 (acetone), 99º ± 1 

(ethanol), and 85º ± 3 (PBS). Contact angle measurements of PDMS irradiated at 30 

minutes and stored in ambient conditions displays rotation of the PDMS-COOH bond 

back into the bulk state after only one day and there was a gradual increase in contact 

angle seen each day thereafter. No rotation of the PDMS-PFP bond in all solutions is an 

indication that PFP attached to the polymer surface and replaced the COOH bond formed 

from UV exposure. At 75 minutes, contact angle measurements indicate that acetic acid-

water and acetone solutions maintain the PDMS-PFP bond and do not rotate back into the 

bulk state of the polymer.  From the initial day to the final day, the contact angles 

averaged in a range of 93º ± 3 (acetic acid-water), 86º ± 3 (PBS). These two solutions 

indicate a strong presence of PFP on the polymer surface. The ethanol and PBS solutions 

exhibited minimal rotation of the PDMS-PFP bond back into the bulk state. Contact angle 

measurements indicate that the modified surface was stable for a few days and gradually 

increased for the next eight days. For both solutions the total measured rotation of the 

bond was approximately 15º. Compared to the rotation seen in COOH groups, initial 

contact angle was 65º and finial contact angle was 92º, the rotation pattern is not the 
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same. This also indicates that the presence of PFP can be found on these modified 

surfaces.  

 

 

Figure 5.22: Recovery of PDMS surface after immersion in an acetic acid-water 

pentafluorophenol solution 

 

 

Figure 5.23: Recovery of PDMS surface after immersion in solution an acetone 

pentafluorophenol solution 

0

20

40

60

80

100

0 1 2 3 4 5 6 7 8 9 10

C
o
n

ta
c
t 

A
n

g
le

 (
d

eg
re

es
) 

Acetic acid- water Recovery Time (days) 

30  mins 75 mins

0

20

40

60

80

100

0 1 2 3 4 5 6 7 8 9 10

C
o

n
ta

c
t 

A
n

g
le

 (
d

eg
re

es
) 

Acetone Recovery Time (days) 

30 mins 75 mins



83 

 

 

Figure 5.24: Recovery of PDMS surface after immersion in an ethanol pentafluorophenol 

solution 

 

 

 

Figure 5.25: Recovery of PDMS surface after immersion in a PBS pentafluorophenol 

solution 
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5.3.5 Contact Angle Titration Curve  

  Figure 5.26 shows the dependence of contact angle measurements of a 

buffered aqueous solution on native, irradiated PDMS, and PDMS-PFP.  No change in 

contact angle is seen in native or PDMS-PFP because these two surface do not have an 

acidic hydrogen to deprotonate. The contact angle titration curve further indicates the 

presence of PFP on UV modified PDMS via the EDC linker. The UV modified PDMS 

containing –COOH groups are transformed to carboxylate anion groups upon exposure to 

the buffered solution, rendering the surface more hydrophilic, and resulting in a decrease 

of the contact angle of irradiated PDMS as the pH of the buffered solution increases.  

 

 

Figure 5.26: Contact angle titration curve of native, PDMS-COOH, and PDMS-PFP 
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equation can be rearranged to relate to the degree of ionization of the surface carboxylic 

acids to the liquid/solid interfacial free energies at values of the pH for which the surface 

carboxylic acids are entirely protonated (pH 1) or completely ionized (pH 12) [78]. 

Figure 5.28 shows the variation in pKa
eff

 plotted against the extent of ionization. The 

figure shows that the extent of ionization increases as the buffered solution becomes 

more basic. Irradiated PDMS exhibits characteristics of a polybasic acid. This 

proportional increase reflects either a change in the ease of ionization as carboxylic 

groups are converted to carboxyl groups or heterogeneity in the population of carboxylic 

acid groups being examined [78].   

 

 

 

Figure 5.27: Extent of ionization as a function of pH 
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Figure 5.28: Variation in the effective pKa 

  

0

2

4

6

8

10

12

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

p
K

a
e
ff

 

extent of ionization (αi) 



87 

 

CHAPTER SIX 

SUMMARY, FUTURE WORK, AND CONCLUSION 

 

6.1 Summary  

 The objective of this work was to compare and experimentally investigate 

poly(dimethylsiloxane) surfaces modified with hydroxyl, carboxylic, and fluoro-

terminated groups. PDMS was modified using a plasma cleaner and NaOH solution to 

form hydroxyl groups, 254 nm UV irradiation to generate carboxylic groups, and a 

coupling reaction to link pentafluorophenol to the polymer surface via EDC.  The surface 

properties of the modified PDMS were evaluated using contact angle measurements, 

contact angle titration curve, infrared spectral analysis, and UV-Vis spectroscopy.  

 Untreated PDMS surfaces were modified using four different techniques 

including a plasma treatment, a NaOH treatment, UV modification, and by a coupling 

reaction to attach PFP to the surface. A plasma cleaner along with air-oxygen gas was 

used to characterize the surface of PDMS. The energy created from the reaction of 

species and ions found in plasma with PDMS generated hydroxyl groups on the surface 

of PDMS. The newly formed hydroxyl groups were characterized by contact angle 

measurements. Results show that the presence of hydroxyl groups increased surface 

wettability of PDMS drastically. The once hydrophobic material became extremely 

hydrophilic. Results also show the hydroxyl groups formed lasted for only six hours once 
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the modified polymer was exposed to ambient air conditions. This gain of hydrophobicity 

can be attributed to passive transport of low-molar-mass PDMS species from the bulk 

state of the polymer and to the rearrangement of polar species. 

  A solution of NaOH was also used to form hydroxyl groups on the polymer 

surface. Untreated PDMS was immersed in a 1M solution of NaOH for twenty four hours 

and the surface was characterized by ATR-IR spectroscopy. IR spectrum of native PDMS 

shows no stretching in the –OH region (3000-360 cm
-1

). After soaking in the NaOH 

solution, an intense broad –OH peak was seen ranging from 3015-3625 cm
-1

 in the 

group’s stretching region. Contact angles show no change due to the formation of 

different ionisable surface groups When the NaOH treated surfaces were left exposed to 

ambient air, the hydroxyl group rotated back into the polymer bulk. Although this 

observed rotation was slower than the rotation observed for hydroxyl groups from the 

plasma cleaner, the modified surface was not retained.  

 UV radiation was used to form carboxylic groups on the surface of untreated 

PDMS. Samples were exposed to varying irradiation times. Contact angle measurements, 

ATR-IR spectral analysis, and UV-Vis spectroscopy were used to characterize the newly 

formed carboxylic groups. Contact angle measurements showed that increased exposure 

times led to a progressive decrease in the contact angle. This indicated that the 

hydrophilicity of the PDMS surface increased with exposure time as well. ATR-IR 

spectra indicated the presence of carboxylic groups by the formation of the –OH stretch 

at 3015-3690 cm
-1

 and by the presence of the carbonyl stretch at 1714 cm
-1

. A maximum 

presence of carboxylic groups was established at 75 minutes for both contact angle 

measurements and infrared spectra. The staining dye, methylene blue was used in 
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conjunction with UV-Vis spectroscopy to quantify the concentration of carboxylic groups 

on the polymer surface. Exposing irradiated PDMS to ambient air conditions over a ten 

day time period, at 30 minutes and 75 minutes of irradiation time, showed that the 

carboxylic group is not sustained. After day one, the group begins to rotate back into the 

polymer surface. Around days 5-7 the contact angle of the UV modified surface plateaus 

out and is an indication that the carboxylic group rotates back into the polymer’s bulk 

state.  

 Untreated PDMS samples were irradiated and immersed in acetic acid-water, 

acetone, ethanol, and PBS solutions of PFP and EDC. The modified polymer surface was 

characterized using contact angle goniometry, ATR-IR spectral analysis, UV-Vis 

spectroscopy, and a contact angle titration curve. Results show that PFP attaches to the 

irradiated PDMS surface via a C—O bond. At 75 minutes of irradiation, contact angles 

show that the PFP modified surface of PDMS is more hydrophobic than the surface of 

irradiated PDMS. Infrared spectra show that a ring stretch can be observed in the region 

of 1514-1524 cm
-1

. This stretch is not seen in native or irradiated PDMS and is an 

indication that PFP successfully attached to the polymer surface. UV-Vis absorbance 

measurements were used in an anti-methylene blue experiment to determine if any 

carboxylic groups were left on the polymer surface. Results show that the concentration 

was of one magnitude lower than irradiated PDMS. The contact angle titration curve was 

employed to determine surface functionalization. Results showed that buffered solution 

used was unable to attach to any hydrogen atom and a straight-line graph seen. This 

further indicates that PFP is bound to the surface of irradiated PDMS. An ambient air 

experiment was performed over a ten day period with all four solutions of PFP. Little 
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change was seen in the rotation of the PFP group back into the bulk state of the polymer. 

Table 6.1 summarizes the points of comparison for hydroxyl, carboxylic, and 

pentafluorophenol.   

   

Table 6.1: Comparison of Hydroxyl, Carboxylic, and Pentafluorophenol groups 

Functional Group Molecular 

Weight 
(g/mol) 

Formation 

Method 

Lowest 

contact angle 

observed 

IR peak of 

conformation 

(cm
-1

) 

Recovery 

Time 

Hydroxyl 17.02 Plasma and 

NaOH Treatment 

21º 3015-3625 6 hours 

Carboxylic 45.02 254 nm Hg 

radiation 

65º 3015-3690 

1714 

5-7 days 

Pentafluorophenol 184.07 Coupling reaction 

with EDC 

85º - 95º 1514-1524 Sustained 

over 10 

days 

 

6.2 Conclusion and Future Work 

 The research data presented in this thesis provides additional insight towards the 

surface modification and characterization techniques of PDMS. By comparing the 

hydroxyl, carboxylic, and fluoro-terminated modified PDMS surfaces, we were able to 

conclude that a functional group with a higher molecular weight has an influence on the 

surface functionality after modification occurs. The advantage of this thesis work is that 

all experiments are reproducible and can be expounded upon to characterize other 

materials.  

 Storage of the modified polymer in air proves that hydroxyl groups rotate back 

within minutes; carboxylic groups rotate back within days, and the fluoro-terminated 

group PFP does not rotate back over the observed ten day period. The retention of the 

PDMS-PFP modified surface begins to answer the theorized hypothesis. This factor along 
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with the results seen from contact angle analysis, ATR-IR spectral analysis, UV-Vis 

spectroscopy absorbance measurements, and the contact angle titration curve, infers that 

pentafluorophenonl was indeed attached to the PDMS surface.      

 Recommendations for future work include exploration of X-ray photoelectron 

spectroscopy (XPS) and Atomic Force Microscopy (AFM), the investigation of the long-

term stability of PDMS-PFP surfaces, and the effect of PDMS-PFP on electroosmotic 

flow. XPS is a quantitative spectroscopic technique. XPS would give more insight into 

the empirical formula, elemental composition, electronic state and chemical state of PFP 

on the surface of PDMS. When XPS is used in conjunction with contact angle 

measurements, C—O ratios of the modified PDMS surfaces can be used to investigate the 

individual contribution of functional groups to the wettability of the surface.  AFM is a 

form of high resolution scanning probe microscopy and it would provide resolution of the 

surface features on the sub-nanometer scale. AFM can be used to investigate the surface 

topography of the PDMS-PFP.  Previous work proved that carboxylic bonds were 

sustained in an acidic solution of 50:50 acetic acid-water. Exploring the effect of the 

same or similar acidic solutions on PDMS-PFP could aide in computationally 

characterizing the electroosmotic flow of PFP modified microfluidic channels. 
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