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Three types of experiments were used to study advancing and receding contact angles (and 

contact angle hysteresis), narnely the dynamic one-cycle contact angle (DOCA), the dynamic 

cycling contact angle (DCCA) and the dynamic one-cycle-soaking contact angle (DOSCA) 

expenments. These expenments were performed using an automated Axisymmetric Drop Shape 

Analysis-Profile (ADSA-P). DOCA measurements of 21 liquids from hvo homoiogous senes 

(Le., n-alkanes and 1 -alcohois) and octarnethyicyclotetrasiloxane (OMCTS) were performed on 

FC-732-coated surfaces. It is apparent that the contact angle hysteresis decreases with the chah 

length of the liquid. It was found that the receding contact angle would equal the advancing 

angle when the alkane molecules would become infinitely long. Furthemore, fiom the results 

obtained from DCCA, one c m  infer that the time dependence of contact angle hysteresis on 

relatively smooth and homogeneous surfaces is mainly caused by liquid retentiodsorption. The 

results also suggested that the hysteresis will eventually approach a steady state, presumably 

because liquid retention will be balanced by evaporation kom the solid surface. The results from 

the DOSCA experiments support the supposition that liquid sorption is a key contributor to 

contact angle hysteresis. 
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surfaces. R,=mean roughnrss: (a) O.267+O.O 1 S nm; (b) 0.565k0.148 nrn; (c) 
1.927k0.988 nm. The errors aven are standard deviationç. 



CHAPTER 1 

INTRODUCTION 

1.1. Background 

Contact angle is an important parameter in surface science. It is defined as the angle 0 formed 

between the liquid-vapor and the liquid-solid interfaces, at the solid-liquid-vapor three-phase 

contact line (see Fig. 1.1). Contact angle is also a cornrnon measure of hydrophobicity of a 

surface. It c m  provide information about surface energies, surface heterogeneity and surface 

roughness. It also plays a major role in a number of technological, environmental, and biological 

phenornena and processes. Surface energies (i.e., surface tensions), especially of solid-vapor and 

solid-liquid interfaces, are important parameters in many areas of applied science and 

technology. These interfacial tensions are responsible for the behavior and properties of many 

materials such as paints, adhesives, detergents and lubricants. However, due to the lack of 

mobility of the molecules in a solid surface, solid surface tensions cannot be measured directly. 

Several independent approaches have been used to estimate solid surface tensions, inc luding 

contact angle measurements [l-61, direct force measurements [7-141, gradient theory [ l j - I S ] ,  

Lifshitz theory or  van der Waals forces [18-201, theory of molecular interactions [21-231, to 

name some. Among these methods, contact angle measurements are believed to be the simplest 

and the most straightfonvard approach, and certainly have attracted many researchen. 

Contact angles have been extensively studied with different liquids on various well- 

prepared polymenc films and coatings in our laboratory in the past several decades. n i e  focus 

was rnainly on the contact angle obtained £tom the advancing &ont of a liquid drop (Le., the 

advancing contact angle), since this contact angle is believed to be the proper equilibrium contact 



angle which is appropnate to use in surface energetic calculations. However, contact angle 

phenornena are complicated. Experimentally, in most of the liquid drop-solid systems, there 

exists a range of contact angles which gives nse to a mechanically stable three-phase contact 

line. In general, the largest and the smallest of theçe angles are called the advancing contact 

angle, O,, and the receding contact angle, 6, respectively. 

1.2. Theory 

The central equation for surface energetic calculation is the so-called Young equation which is 

well established thennodynarnically. It relates the three interfacial tensions and the contact angle 

in a solid-liquid-vapor system (see Fig. 1.1): 

nv cos& = E,  - rn ( 1 . 1 )  

where 8, is the liquid-vapor surface tension, ï,, is the solid-vapor surface tension, ï,, is the solid- 

liquid surface tension, and Qy is the Young contact angle. In principle, for a given system (e.g., a 

liquid drop on a solid surface), Young's equation implies a single, unique contact angle. Ln 

practice, however, a liquid drop on a solid surface usually does not follow the behavior predicted 

by the Young equation. The reason for this discrepancy between theory and practice is due to 

the non-ideal nature of real surfaces. According to the assumptions underlying Young's equation 

(1. l), solid surface should be smooth, homogeneous and rigid; it should also be chemically and 

physically inert with respect to the liquids to be employed [ 5 ] .  

in a real system, instead of one unique contact angle, a range of contact angles is obtained 

experimentally. The upper limit of the range is the advancing contact angle, O,, which is the 

contact angle found at the advancing edge of a liquid &op. The lower limit is the receding 



contact angle, 8', which is the contact mgle found at the receding edge. The difference behveen 

the advancing and receding contact angles is known as contact angle hysteresis, a,,,: 

a i y s t  = Qa - 4 (1 2) 

Practically, ail solid surfaces exhibit contact angle hysteresis. Because of the existence of 

contact angle hysteresis, contact angle interpretation in terms of Young's equation (1.1) is 

contentious. Although contact angle hysteresis has been studied extensively in the past several 

decades, the underlying causes and its ongins are not completely undentood. 

1.3. Literature Reviews 

Extensive studies have attributed contact angle hysteresis ro surface roughness [X-291 and 

heterogeneity [30-371. Wenzel [38] was the first to recognize that Young's equation ( I . 1 ) might 

not be a universal equilibriurn condition for the physical interaction behveen a solid and a liquid. 

He argued that the contact angle measured on a rough surface could not be used as the Young 

contact angle. The same type of reasoning was applied to heterogeneous and porous surfaces by 

Cassie and Baxter [39-4 11. They argued that a heterogeneous solid surface consists of domains 

of different solid surface tensions. Therefore, the contact angle on a heterogeneous surface 

should not be the same as the Young contact angle. 

in 1946, the concept of metastable states was k s t  introduced by Dejaguin [42] in 

conjunction with heterogeneous solid surfaces. The further development of this important 

concept by Johnson and Deme [43], Neumann and Good [33], and Marmur et al. [35, 441 has 

provided a frarnework for the understanding of contact angle hysteresis. The concept of 

metastable states can be bnefly descrïbed as follows: in an ideal system, only one contact angle 

should be obtained according to Young's equation (1.1); this apparent contact angle represents 



the stable equilibnum state where the fiee energy of the system is a global minimum. However, 

metastable states, where the Free energy of the system is a local minimum, also exist on 

heterogeneous and rough surfaces. Hence, more than one rnechanically stable contact angle c m  

be observed. It is believed that the multiplicity of metastable states is due to the imperfections of 

the solid surface, such as surface heterogeneity and roughness. Therefore, contact angle 

hysteresis c m  be understood in terms of metastable states. 

In 1948, Shuttleworth and Bailey [J5] explained how roughness might produce contact 

angle hysteresis. Bartell and Shepard [24, 46, 471 examined the effect of roughness on contact 

angle hysteresis in 1953. Johnson and Dettre [25,  31, 431 were the first to illustrate the relation 

of contact angle hysteresis, heterogeneity and roughness with quantitative experimental results. 

Using a concentric ring model, they were able to demonstrate the existence of a large number of 

metastable states. Although their simple model has some limitations [Ml, their findings 

provided considerable insight in the understandin; of contact angle hysteresis. 

In 1984, Schwartz and Garoff [34] examined the effects of a particular geometry of 

surface hetergeneity on contact angle behavior. They found that contact angle hysteresis is 

strongly dependent on the patch structure, not just chernical heterogeneity. Frorn their 

calculations, they suggested that contact angle hysteresis on heterogeneous surfaces might vanish 

for patches sizes of the order of micrometer. 

In 1985, Chen and Andrade [49] studied the influence of surface charge and side-chain 

length on contact angles and contact angle hysteresis. They found that on a hydroxyethyi 

rnethacrylate-sodium sulfoalkyl rnethacrylate copolymer film, contact angle hysteresis increases 

and the receding angle decreases with increasing aikyl side-chah length and the contact angle 

decreases with increasing surface charge density. 



More recently, McCarthy and coworkers studied contact angle hysteresis on well- 

charactenzed monolayen [SO, 5 11 and ultrahydrophobic polyrner surfaces [El. They related 

contact angle hysteresis to molecular mobility and packing as well as roughness in rnolecular 

dimensions. They also found, in agreement with the results presented below, that contact angle 

hysteresis decreases with increasing molecular volume of the liquid employed. 

It is sipificant that there is also a relatively recent report [53] which discusses contact 

angle hysteresis more in the sense of a true hysteresis and not in terms of metastable States: 

Sedev et al. [53] attributed contact angle hysteresis to liquid penetration and surface swelling in 

1995. In their studies [53, 541, they demonstrated the effect of swelling of a polymer surface on 

contact angle hysteresis and found that both advancing and receding angles decrease with the 

time of contact between solid and liquid. The experimentally inaccessible receding contact angle 

goR on a dry surface was also determined by extrapolating the time of contact dependent receding 

contact angle OR back to zero time of contact. For both dry and pre-soaked surfaces, it was found 

that contact angle hysteresis increased with decreasing chain length of the liquid. The studies 

suggested that contact angle hysteresis depends on the chain length of the three alkanes they 

studied. 

1.4. Motivation 

With different views on the causes and origin(s) of contact angle hysteresis, it is the purpose of 

this thesis to further explore the causes of contact angle hysteresis. The motivation for this thesis 

is the observation made in many expenments in our laboratory that the receding contact angle on 

dl kinds of low energy solid surfaces is not constant, as implied throughout the literature, but 

depends on the time of contact between solid and liquid. This observation leads to the 



presurnption that liquid sorption and liquid retention are the causes of contact angle hysteresis. 

in order to verify these causes further, extensive contact angle measurements have been 

conducted and the results are presented in this thesis. This study aims mainly at the effects of the 

liquid molecular size and solid/liquid contact time on contact angle hysteresis. 

in this thesis, the correlation of contact angle hysteresis with liquid sorption andlor 

retention will be discussed. Chapter 2 describes the methodology, i.e., automated avisymmetnc 

drop shape analysis-profile (ADSA-P), and the expenmental procedures used in this study. 

Chapter 3 provides the information on the solid surface and liquids used, as well as the 

preparation of solid surface in this contact angle hysteresis study. To obtain more information on 

the mechanisms of contact angle hysteresis eh,,, three different expenments were performed: (1) 

dynamic one-cycle contact angle (DOCA) measurement (see Chapter 4); (2) dynamic one-cycle- 

soaking contact angle (DOSCA) measurement (see Chapter 5); and (3) dynamic cycling contact 

angle (DCCA) measurement (see Chapter 6). Chapter 4. 5 and 6 illustrate the typical contact 

angles patterns and present detailed discussions of the results and findings obtained from these 

measurements, respectively. The possible causes of contact angle hysteresis found in this study 

are summarized in Chapter 7. The future works for improving Our current setup in order to 

facilitate more sophisticated contact angle hysteresis investigations are discussed in Chapter S. 

Contact angle hysteresis was also studied on some biodegradable surfaces which are used as drug 

carriers in pharmaceutical applications. The main results and findings of these biodegradable 

surfaces/liquid systems will be illustrated in Appendix A. Appendix B provides a detailed 

information of a statistical technique, i.e., analysis of variance (ANOVA), which is used to 

analyze the experimentai results in Chapter 5. 



Vapor 

Figure 1.1. Schematic of a sessile-drop contact angle system. 



CHAPTER 2 

CONTACT ANGLE MEASUREMENTS: AXISYMMETRIC 

DROP SHAPE ANALYSIS-PROFILE (ADSA-P) 

2.1. Introduction to ADSA-P 

A~isymmetric Drop Shape halysis-Profile (ADSA-P) is a powerful technique for determining 

cotltact angles and liquid-/luid interfaciai tensions from the pro file of liquid drops. Besides 

these hvo parameters, the drop volume and the drop surface area, as well as the drop radius, al1 

with their corresponding 95% confidence limits or other statistical information are also output. 

In the ADSA-P methodology, images of a drop are acquired, and the contact angle is 

determined by a computer program, which is based on the rigorous integration of the Laplace 

equation of capillarity, and a titting strategy to experirnental drop profiles. It is usually claimed 

that an accuracy of k0.2" c m  be achieved using ADSA-P. Details on the theoretical 

backgrounds of ADSA-P and ADSA-P methodology are discussed below. 

2 . 2  Theoreticai Backgrounds (The Laplace equatiurl of capillarity) 

The Laplace equation of capillarity is the principal equation in contact angle measurements and 

ADSA relies on this equation. Generally, the Laplace equation of capillarity govems the shape 

of the profile of a liquid drop (i.e., either a pendant or a sessile drop). In essence, the shape of a 

liquid drop is determined by a combination of surface tension and gravity effects. Surface forces 

tend to make drops spherical, whereas gravity tends to elongate a pendant drop or Batten a 

sessile &op. The Laplace equation of capillarity is written as: 



where hP is the pressure difference across the cumed air-water interface, and RI  and R2 are the 

principal radii of curvature of the drop at the point of interest. 

21.2. Stirdy of Contact Angles by ADSA-P 

The earliest efforts in the analysis of âuisymmetric drops were made by Bashfonh and Adams 

[ S I  in 1883. The strategy was to generate sessile-drop profiles for different values of surface 

tension and radius of curvature at the apex of the &op, and then to determine the interfacial 

tension and contact angle of an actual &op by interpolating the tabulated theoretical profiles. 

Hartland and Hartley [56] improved this method by using a computer program to perfom the 

above comparisons. The use of these tables is limited to drops of a certain size and shape range, 

and the procedures are cumbersome and hence not amenable to automation. Maze and Burnet 

[57, 581 have developed a more satisfactory scheme for the determination of interfacial tensions 

from the shape of sessile drops. They used a numencal nonlinear regession procedure to 

generate a theoretical drop shape, which is used to fit a number of points selected frorn an 

experimental drop profile. In order to generate a theoretical drop shape, initial estimates of the 

drop shape and size are required. The initial estimates have to be reasonable; otherwise, the 

theoretical &op profile will not converge to the expenmental drop profile. To this end, initial 

estimates are usually obtained fiom the tables of Bashforth and Adams [55]. Despitz the 

progress in stntegy, there are several limitations in this approach. One of them is the 

computation of the error Function, i.e., the difference between the theoretical drop profile and the 

experimental drop profile. It is computed by summing the squares of the horizontal distances 

between the theoretical drop profile and the experimental profile. This computation is not 



adequate for sorne drop shapes, particularly for those sessile drops with low liquid-vapor surface 

tensions. More details can be found in Ref. [59, 601. 

ADSA-P, initially developed by Rotenberg et al. [59] ,  has removed the above limitations. 

It utilizes a combination of a nonlinear least-squares fit approach and the Newton-Raphson 

method, in conjunction with the incremental loading method to fit experimental drop profiles to 

Laplacian curves. From the best-fitted theoretical profile, we are able to find the liquid-vapor 

surface tension as well as the contact angle of sessile drops. The best-fit curve is identified by 

finding the minimum deviation of the experimental drop profiles From the theoretical pro files. 

Therefore, an objective function is utilized to rneasure the deviation between the experimental 

drop profile and the theoretical profile (Le., Laplacian curve). This k c t i o n  is computed by 

summing the squares of the normal distances behveen the calculated cuve  and the experirnental 

points. Figure 2.1 illustrates the cornparison between experimental profile points, LI,, i=l .l. ... .N, 

which are obtained fiom image analysis, and the Laplacian curve, 11 = tc(s). Therefore, for an 

expenmental drop profile, the theoretical Laplacian curve which minimizes the objective 

function is used to calculate the surface tension and contact angle. 

initially, drop coordinate points had to be obtained by some manual procedure. In the 

early ninety's, Cheng [61] developed an enhanced digital image acquisition technique for 

extracting the drop profile coordinaie points from the images of experimental drops 

automatically. Later on, del Rio [62] modified and re-wrote ADSA-P using the C language and 

more sophisticated nurnencal methods with higher accuracy and efficiency. ADSA-P can 

achieve an accuracy of 50.05 mJ/rn2 or better for surface tensions and i0.2' or beaer for contact 

angles. Details of ADSA-P, including background mathematical analysis, Fundamental 

equations and optirnizations, are provided in References [60,62]. 



2.2. Experimental Setup 

When using ADSA, it is important to acquire good quality images so that the accuracy of 

selecting coordinate points along the expenmental drop profile can be guaranteed. in ADSA-P, a 

hi&-resolution carnera is rnounted on a microscope. The drops are illuminated from behind, 

using a white-light source. The illuminating light travels through a heavily frosted diffuser in 

order to minimize the heat absorption into the drop, and also to provide a uniformly lit 

background, which produces high contrast in the acquired images. The video signal of the 

sessile drop is iransmitted to a digital video processor or an image processor (such as Parallav 

XVideo board or ITI image processor), which perfoms the task of hime gnbbing and image 

digitization. The digitized image contains data in form of pixels. Usually, there are 640 x -180 

pixels in an image with each pixel having a value fiom O (Le., black) to 255 (Le., white), which 

represents the intensity or gray level at the corresponding position. In other words, a digitized 

image is mathematically represented by an m a y  of integer nurnbers from O to 255. In this 

lashion, a computer (such as a Sun SPARCstation or a persona1 computer) c m  acquire images of 

a drop through the digital carnera, and perf'orm the image analysis and computation on the 

acquired images. A schematic of the ADSA setup is shown in Fig. 2.2. It is important to note 

that the expenment is performed on a vibration-free table, in order to isolate the system kom any 

possible external vibration. 

2.3. Experimental Procedures 

As mentioned above, dynamic contact angle measurements (i.e., advancing and receding contact 

angles) can be performed by adjusting the volume of the drop from above or below the solid 

surface. However, if it is adjusted Born the top, its profile will be disturbed as the needle pierces 



the drop. Since ADSA requires a complete drop profile for detennining contact angles, liquid 

has to be supplied from the bottom of the drop. Therefore, liquid is pumped into or withdrawn 

kom the drop by a motorized syringe through a small hole in the solid surface. This strategy of 

pumping liquid from below the surface was pioneered by Oliver et al [28]. The procedure allows 

measurement of the contact angles without disturbing influences, such as the vibration of the 

drops. It has been shown that contact angles on well-prepared solid surfaces are independent of 

the rate of the advancing at moderate rates up to at l e s t  I mm/min. in other words, low-rate 

dynarnic contact angles are identical to the static contact angles. However, there are advantages 

to measuring dynarnic contact angles rather than static ones: the initial drop placed on the surface 

may not be the proper advancing contact angle but rather an angle between advancing and 

recedin;, due to initial manipulation or evaporation. Therefore, with increasing volume of the 

drop and hence contact radius, one c m  ensure that the contact angle of the drop reaches the 

proper advancing contact angle, Le., that the three-phase line moves. Furthemore, the moving 

three-phase contact line may alleviate the effcct of equilibrium spreading pressure, local 

irregularities, and defects on the surface. Therefore, it is good strategy to conduct contact angle 

measurements dynamically, by using a motor-driven syringe to pump liquid steadily into the 

sessile drop fiom below the surface. In order to facilitate such an experimental procedure, a holr 

with the diameter of about 1 mm on the solid surface is required. A schematic of this setup is 

showvn in Fig. 2.3. 

It has been found that the liquid surface tension values measured fiom sessile drops are 

less accurate than those obtained &om pendant drops. This is a consequence of the assumption 

that the drop shape is axisymmetric. While the shape of sessile drops is very sensitive to even a 

very small surface imperfection, such as roughness and heterogeneity, axisymmetry is enforced 



in the case of a pendant &op through the circularity of the capillary orifice supporting the 

pendant drop, resulting in more reliable surface tension results. The contact angle measurement, 

on the other hand, is less sensitive to geometrical imperfections than the surface tension 

measurement. 

in the sessile drop expenments, a bubble level is first used to level the surface stage. A 

sample surface is then carefully placed on the surface stage in a way such that the stainless steel 

needle (Chrornatographic Specialities, Brockville, Ontario; N713 needles pt.#3, 2" long, 23 GA, 

cat# H91023) wili pass through the hole in the center of the surface. in order to avoid leakage 

between the needle and the hole, TeflonB tape (Labcor, Anjou, Quebec, cat# H-088782-27) is 

wrapped around the end of the needle, before being inserted through the hole. The needle is 

positioned in a way that its tip is just above the sample surface. In order to ensure that the 

advancing drop increases axisyrnmetrically in the centre of the image field and does not hinge on 

the lip of the hole, an initial liquid drop of about 0.3 cm radius is carefully deposited From above 

to cover the hole on the surface. 

The motorized syringe is then operated at a constant speed, which can be controlled by 

adjusting the voltage fiom a voltage controller. The motorized syringe mechanism pushes the 

syrhge plunger (Chrornatographic Specialities, Brockville, Ontario; gas-tight Hamilton synnge: 

8 120 1, 1 ijOLT, cat# 063283) during advancing and pulls it back during receding, leading to an 

increase and decrease, respectively, in drop volume and hence the drop radius. The growing and 

shrinking drop is then recorded in a sequence of images by a computer, using an image 

acquisition speed of approximately one image every two seconds. Since the contact angle and 

the drop radius c m  be determined simultaneously by ADSA, the advancing or receding dynamic 

contact angles are obtained in each image as a function of the drop radius. By plotting the &op 



radius over tirne, the actual speed of advancing and receding cm be determined as the slope of 

the radius versus time trace. By adjusting the speed of the pumping mechanism, different rates 

of advancing and receding can be studied. 



Figure 2.1. Cornparison between expenrnental points and a Laplacian curve. The 
cuve  u=u(s) is a theoretical profile based on the Laplace equation of capillarity, 
while points U,, i=1,2, ..., N, are points selected From the meridian of an experimental 
&op profile. The deviation of the iih point from the Laplacian curve. d,. can be 
calculated. The purpose of objective function of ADSA is to minimize the sum of the 
square of the minimum distance, di. Since the coordinate systems of expenmental 
profile and the predicted Laplacian curve do not necessarily coincide, their offset (.ut 
zO) and rotation angle (a) m u t  be considered. Both the offset zo) and the rotation 
angle (a) are optirnization parameters. Since the program does not require the 
coordinates of the drop apex as input, the drop can be measured from any convenient 
reference frarne, and al1 measured points on a drop profile are equally important. 
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Figure 2.2. Schematic of the expenmental setup for analysis of a sessile-drop system 
by ADSA-P. 
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Figure 2.3. Schematic of a motorized syringe mechanism for dynarnic contact angle 
measurements. 



CHAPTER 3 

MATERIALS (SOLID AND LIQUIDS) 

3.1. Solid Surface 

A fluorochemical coating FC-732 was purchased kom 3M Canada (London, Ontario; Product LD 

98-02 12-1 124-2). This fluorocarbon coating was chosen because of its inenness and low surface 

tension (-12 ml/m2). FC-732 contains the same film forming fluorocarbon chernical as the FC- 

721 and FC-722 used in other studies [53, 54, 63-67]; FC-732 is dissolved in perfluorobutyl 

methylether rather than perfluoro-octane (FC-72 1 ) and 1, l,2,-tnchloro- l,2,2,-tri fluor ethane 

(FC-722). Therefore, some of the results from this study can be compared with those fiom FC- 

721 and FC-722. The FC-732-coated surfaces were prepared by a dip-coating technique [66] on 

cleaned and dried silicon wafers. 

3.1.1. Prrparatioïc of Silicon Sitbstrate 

Silicon Wafers 4 0 0 >  (Silicon Sense, Naschua, N.H.; thickness: 525 k 50 micron) were selected 

as the substrate for the contact angle measurements since they possess the properties of 

smoothness and rigidity. They were cut into rectangular shapes of about 2.5 cm x 2.5 cm from 

the original circular discs which were about 10 cm in diameter. For low-rate dynarnic contact 

angle measurements using Axisymmetric Drop Shape Analysis-Profile (ADSA-P), the Iiquid wris 

supplied to the sessile drop f?om below the wafer surfaces using a motorized syringe device [6J, 

68, 691. In order to facilitate such experimental procedure, a hole of 1 mm in diarneter was 

drilled in the centre of each wafer by using a diarnond drill bit fiom Lunzer (New York, N.Y.; 

SMS - 0.027). The wafer surfaces were then rinsed with acetone to remove the dirt and 



fingerprints from the surfaces. After dqing, they were soaked in chromic acid for at least 24 

hours and rinsed with doubly distilled water, and dried under a heat larnp before the coating 

process. In order to avoid leakage between a stainless steel needle (Chromatogaphic 

Specialties, Brockville, Ont.; N723 needles pt.3 3, H91023) and the hole on the wafer surface, 

TeflonB was wrapped around the end of the needle before inserting it into the hole. 

3.1.2. Coati~rg Procedure (Dip-Coating Technique) 

The solid surfaces were prepared by a dip-coating technique (see Fig. 3.1). A clean silicon wafer 

is first clipped on a fishing line which is c o ~ e c t e d  to a motor. The speed of the motor and the 

rotating direction were adjusted by a controller. In this study, the clean surface was immersed 

vertically into the FC-732 solution at a speed of 4 x 10" c d s ;  the surface was soaked for 20 

minutes in the solution (by switching off the motor). The surface was then withdrawn at the 

same speed as applied for immersion and was dried at room temperature. This technique 

produces high-quality-coated surfaces as the surface roughness is on the order of nanometers or 

less. 

3.1.3. Surface Roiighness and Homogeneity 

Examination of surface roughness and homogeneity of the FC-732-coated surface was carried 

out using Atomic Force Microscopy ( M M )  in Dresden, Germany. Figure 3.1 shows the height 

image and the section analysis which were obtained by M M .  One can see from the height 

image that the roughness of the FC-732-coated surface produced here is on the order of 

nanometers over a 10 x 10 scanned area. The section analysis provides the roughness 

information on an arbitrary cross-section of the surface. It can be seen that the mean roughness 



(Ra), which is the mean value of the surface relative to the center plane, is found to be 0.26 nrn. 

The root mean square (RMS) roughness, which is the standard deviation of the roughness, is 

given as 0.37 nm. Furthemore, the maximum height (R,), which is the difference in height 

betsveen the highest and the lowest points on the surface relative to the rnean plane, is found to 

be 1.9 1 m. These results indicate that FC-732 surfaces produced by a dip-coaiing technique are 

very srnooth. Figure 3.3 shows the phase image obtained from the M M  which illustrates the 

surface homogeneity. From the color change in this image, it c m  be concluded that the surface 

is very homogeneous. 

3.2. Liquids 

For determination of solid surface tensions from contact angle measurements, the chosen liquids 

have to satisfy the following cnteria [71]: 

1. The liquid surface tension should be higher than the anticipated solid surface tension; 

2. The liquid should have low vapor pressure in order to minimize the adsorption of the liquid 

vapor on the solid surface; 

3. The liquids should be nontoxic; 

4. The liquids shouid include a wide range of intermolecular forces. 

The main purpose of this study is to explore causes of contact angle hysteresis (e.g., 

effect of molecular size, surface tension, and polanty of the measunng liquid). Therefore, in 

order to investigate the hysteresis phenornena in a systematic manner, liquids from hvo 

homologous senes of hydrocarbons were used: n-alkanes and 1-alkyl alcohols. The reasons of 

choosing these two senes are that their structures are simple and liquids with different chain 

length are available. The alkane series includes n-hexane, n-heptane, n-octane, n-nonane, n- 



decane, n-undecane, n-dodecane, n-tridecane, n-tetradecane, n-pentadecane and n-hexadecane; 

the alcohol series includes 1 -ethanol, 1 -propanol, I -butmol, 1 -pentanol, 1 -hexanol, 1 -heptanol, 

1-octanol, 1-nonanol, 1-decanol and 1-undecanol. It should be noted that liquids with longer 

chains could not be investigated in this study. Since al1 the expenments were performed at room 

temperature, alkanes with chah  length longer than n-hexadecane and alcohols with chah length 

longer that 1 -undecm01 are solid at room temperature. 

in addition, octarnethylcyclotetrasiloxane (OMCTS) is also used in this thesis. The 

reason for choosing this liquid is its molecular size, which exceeds that of the other molecular 

species. it is as non-polar as any of the small alkanes (~.=18.60 rn~/rn') but has a molecular 

weight of 296.64 =/mol, in excess of the highest alkane tested here. The molecular structure of 

octarnethylcyclotetrasiloxane is s h o w  in Fig. 3.1. 

it should be noted that since the impunties c m  strongly influence the surface tension of a 

liquid and complicate the contact angle phenomena, the liquids employed here were obtained in 

the highest available purity. The names. surface tensions and other important propenies 

(measured at 23.0 + 0S0C by pendant ADSA-P) of these liquids are listed in Table 3.1. 



Table 3.1. Supplier, purity and properties of liquids used. 

Temperature at which the 
%Purity Density 3, Liquid Supplier vapor pressure is equal to 

(dcm3) (m~/m')' one amsphere  ( O c )  

Aikanes 

n-Hexane 

n-Heptane 

n-Octane 

rr-Nonane 

n-Decane 

PI-Undecane 

n-Dodecane 

11 -Tridecane 

n-Tetradecane 

n-Pentadecane 

n-Hexadecane 

Alcohofs 
1 -E thanol 

1 -Propanol 

1 -Butmol 

1 - Pentanol 

1 -Hexanol 

1-Heptanol 

1 -0ctanoI 

1 -Nonano 1 

1 -Decanol 

I -Undecm01 

Octamethylcyclo- 
telrasiloxane 

Aldrich 
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Figure 3.1. Apparatus for dip-coating technique: (a) controller; (b) motor; ( c )  fishing 
line; (d) clip; (e) clean silicon wafer; (f) beaker. 
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Figure 3.2. AFM images of a FC-732-coated surface over a 10 x 10 scanned area: (a) 
Height Image; @) Section Analysis which provides the roughness information of the surface. 
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Figure 3.3. The phase image of a FC-732-coated surface over a 10 x 10 
scanned area obtained by AFM, illustrating the homogeneity of the surface. 



Figure 3.4. The molecular stnicture of octamethylcylotetrasiloxane (OMCTS). 



CHAPTER 4 

DYNAMIC ONE-CYCLE CONTACT ANGLE (DOCA) 

EXPERIMENT 

4.1. General Contact Angle Patterns 

Dynarnic one-cycle contact angle (DOCA) measurements have been conducted with different 

liquids on different surfaces. Systems which produced constant advancing contact angle were 

chosen for the study of contact angle hysteresis. 

An example of time-dependent receding contact angle result obtained Erom a DOCA 

experiment with formamide on poly(methy1 methacrylate/n-butyl methacrylate) is illustrated in 

Fig. 4.1. As mentioned in Chapter 2, ADSA-P not only determines contact angles, but also the 

three-phase contact radius, the volume, and the Iiquid-vapor interfacial tension of the liquid drop. 

Therefore, as s h o w  in Fig. 4.1, four traces are obtained as a function of time, i.e., (a) contact 

angles, 6, (b) drop radius, R, (c) volume, V, and (d) liquid-vapor interfacial tension, -!l,. For 

convenience, these results are divided into three domains [7 11. The first domain ranges from the 

beginning of the experiment to time when the motor was switched to the reverse mode and the 

liquid started to flow back into the syringe. This domain is characterized by constant 0, and 

increases of both the drop volume and radius. The advancing contact angle, which is commonly 

used for surface characterization? is found by averaging the constant contact angles with 

increasing contact radius in this domain. The second domain which represents the transition 

kom advancing to receding contact angles, ranges from time to to time t p O ,  when the three- 

phase contact line of the drop starts to recede. This domain is characterized by constant radius, 



and a rapid decrease in contact angle. The third domain, where the receding contact angle is 

observed, ranges from time t,=O (at which the periphery starts to recede) to the end of the 

experiment. Among the liquidkolid systems that have been studied, four different patterns of 

receding contact angle were obtained: (1) 0, decreases with time; (2) 8, is constant; (3) 0 r  shows 

"stickklip" pattern; (4) no 6,- is observed. 

4.1.1. The-Dependent Receding Contact Angle 

Time-dependent receding contact angles were observed in most liquid'solid systems. Figure 4.1 

illustrates a typical result of time dependence of receding contact angle obtained fiom the DOCA 

experiment with formamide on poly(methy1 methacrylate/n-butyl methacrylate). in this case, the 

third domain is characterized by decreasing contact radius, and a decrease of the receding contact 

angle. Unlike the advancing contact angle, the receding contact angle changes with time in most 

cases; thus, mean receding contact angles cannot be obtained. Details of the tirne-dependent 

receding contact angle will be discussed later. 

4.1.2. Constant Receding Contact Angle 

Constant receding contact angles were observed in some biodegradable surface!liquid systcms, 

such as poly(1actic acid) [72]. Figure 4.2 illustrates a typical result with constant receding 

contact angle obtained kom DOCA experiment with water on poly(1actic acid)-coated silicon 

wafer. It cm be seen clearly that contact angles obtained from the third domain are essentially 

constant. For such systems, mean receding contact angles c m  be found by averaging the contact 

angles beyond trO. Presumably, any molecular mechanism/process will eventually approach a 

steady state. A steady state rnight be achieved when the solid is saturated by the liquid. If the 



existence of the molecular mechanism does contnbute to the behavior of tirne-dependent 

receding contact angle, one might interpret the constant receding angle in hvo ways. Liquid 

sorption could have reached its saturation point in a very short period of time, such that the 

process was finished pnor to the measurernent of receding angles. On the other hand, the liquid 

sorption could have been very slow, so that the process would not have really started when the 

measurement of the receding angles (the third domain) was made. 

41.3. "SticWSlip " Patîerit 

A typical result which illustrates sticWslip pattern in the receding domain is s h o w  in Figure 4.3. 

This occurred at times in some cases of the 11-pentadecane/FC-732 systems. As the drop volume 

decreases, the penphery of the drop is pinned on the surface and hence leads to a decrease of 

contact angle. Suddenly, the periphery slips and leads to a discrete decrease in drop radius and 

an abrupt increase in contact angle, as s h o w  in the figure. Such sticWs1ip behavior was 

observed in advancing contact angles in previous studies [63, 70, 731. However, the underlying 

cause and origin of the pattern remains unidentified. 

41.4. No Receding Contact Angle 

For some systems, the periphery of the liquid drop does not recede at al1 as the drop volume 

decreases, as illustrated in Fig. 4.4 for the forrnarnide/poly(lactic/glycolic acid) 50/50 (DL-PLGA 

50/50) system. Therefore, no receding contact angle can be obtained. It is believed that liquid 

molecules manage to anchor themselves sufficiently firmly on the solid where the three-phase 

line is stationary so that the bulk liquid can resist the tlow. Apparently, the energy barrier 

against receding of the three-phase contact line is too high to overcome. 



Since most of the surfaces in our preliminary studies, i.e., polymeric rnatenals and 

fluorocarbon coating, exhibit time dependence of the receding contact angle, the focus here is on 

the interpretation of these decreasing receding contact angles and the possible cause of contact 

angle hysteresis. Furthemore, previous studies [53, 541 have s h o w  that contact angle hysteresis 

is strongly dependent on the liquid molecular size and the solid/liquid contact time. These 

findings lead to the presumption that liquid sorption and liquid retention are causes of contact 

angle hysteresis. in order to explore the effect of molecular size of liquid on contact angle 

hysteresis Further, a number of dynarnic one-cycle contact angle expetirnents are performed with 

hvo homologous series (n-alkanes and I-alkyl alcohols) and octarnethylcyclotetrasilo.uane on 

FC-732-coated silicon wafers. 

4.2. Resuits and Discussion 

Figure 4.5 illustrates a typical result obtained from the dynarnic one-cycle contact angle 

experiment with n-dodecane on FC-732. It c m  be seen in this figure that as the drop volume 

(Fig. 1.5(c)) increases, the apparent contact angle (Fig. 1.5(a)) also increases at essentially 

constant radius (Fig. J.j(b)) initially. From a certain point on, the drop radius starts to increase 

with constant contact angle. This occurs because the initial contact angle lies sornewhere in 

between advancing and receding angle. This effect is pronounced for liquids with high 

evaporation rate. Therefore, the advancing procedure is necessary to ensure that the measured 

contact angle is the advancing contact angle. The pattern in Fig. 4.5 is similar to Fig. 4.1: 

constant advancing contact angles in the fint domain; a rapid decrease of contact angle in 

transition period; time-dependent receding contact angles in the ihird domain. Since the receding 



contact angle changes with time, mean receding contact angles cannot be obtained. The best that 

can be done is extrapolation of the continuously decreasing receding angles back to time to, when 

the motor was reversed. This initial receding contact angle is expected to reflect best the 

receding contact angle pnor to any solid-liquid interaction. Unfortunately, it is conceptually 

impossible to rneasure a receding contact angle on a dry solid surface. It should be noted that the 

nv is fairly constant throughout the expenment, as shown in Fig. 4.5(d), which suggests that there 

was no significant dissolution of the solid coating within the time fiame of the expenment. 

The time dependence of the receding contact angle strongly suggests sorption of the 

liquid by the solid. From this perspective, one rnight expect that the extrapolation of the 

receding contact angle back to zero contact tirne should lead to the advancing contact angle. 

The fact that this is not so does not necessarily mitigate against liquid sorption as the only cause 

of contact angle hysteresis. It is conceivable that there is more than one mechanism of 

solid/liquid interaction, and a very fast one would obviously not be detected by extrapolation of a 

slower one back to tirne zero (to) It is the purpose of this chapter to pursue this thought fùnher. 

The rate of any sorption mechanism would be expected to decrease with increasing rnolecular 

size. Therefore, one would expect a decrease of contact angle hysteresis with increasing 

molecular size. Below, measurements for two homologous series of' liquids, the ti-alkanes and 

the I -alkyl alcohols are presented. 

43.I.  AIkanes 

In the alkane series, al1 eleven n-alkanes ffom n-hexane to n-hexadecane were used. Figures 

4.6(a)-(h) and J.î(a)-(h) show, respectively, the dynamic contact angle results for n-octane and 

n-tetradecane on FC-732-coated surfaces for a range of rates of advancing and receding. It 



should be noted that the plots on Figs. 4.6 and 4.7 were arranged by increasing Ra (rate of 

advancing radius). The mean advancing contact angle (mean O,), the extrapolated receding angle 

ai time (4). rates of advancing contact radius (Ra) and of receding contact radius (R,) for each 

expenment are s h o w .  The mean advancing contact angle c m  be obtained by averaging the 

constant contact angles. The rnean Qa values obtained frorn different rates of advancing are 

essentially identical. AAer averaging the mean B, evaluated fiom each experiment, the final 

mean 8, for rr-octane and n-tetradecane on FC-732-coated surface are found to be 61.9+0.2O and 

73.9+0.3O (Table 4.1), respectively. The results reconfirm that the advancing contact angle @, is 

independent of the rate of advancing R,. It is noted that the mean advancing contact angles 

obtained fiom these experiments were in good agreement with advancing contact angles which 

had been published [34-361 earlier. The consistency of the advancing contact angles obtained 

fiom experiment to expenment implies that the solid surfaces were of good quality. A sumrnary 

of the advancing contact angles for different rates of advancing for al1 eleven alkanes on the FC- 

732-coated surface and the mean advancing contact angles together with the 95% confidence 

limits are given in Table 4.1. 

The contact angle data obtained beyond time t,=O (second dashed vertical line) are the 

receding contact angles. As indicated above, since the receding contact angles are changing with 

time, a mean @ cannot be obtained. The time dependent receding angle suggests surface 

swelling and absorption, i.e., process which rnodiQ the solid. But Our main interest would be the 

receding angle before sorption starts. To this end, an initial receding (4) is extrapolated back to 

tirne of zero contact (to), as indicated above. [n order to determine 4, a least-squares regression 

is used. Ideally, Q would be the receding angle at the time when physico-chernical interaction 

between solid and liquid has not yet started. It c m  be seen flom Figs. 4.6 and 4.7 that Q does 



not change systematically with the rate of motion of the three-phase line. The mean values of 

for n-octane and n-tetradecane on FC-732-coated surface are calculated to be 51.5k1.4" and 

68.0t0.9O (Table 4.2), respectively. A sumrnary of the extrapolated receding contact angles for 

different receding rates for al1 eleven alkanes and the final means together with the 95% 

confidence limits are presented in Table 4.2. It can be concluded that the extrapolated receding 

angle 4 is independent of the rate of receding Rr. 

It should be noted that the type of least-squares curve fitting for the extrapolation used in 

rz-octane (see Fig. 4.6) is different fiom the one used in n-tetradecane (see Fig. 1.7). The 

molecular mechanisrn/rnechanisms of the liquidsolid interaction dunng receding idare unknown 

at this stage. Therefore, only statistical least-squares type considerations can be used for the 

extrapolation. In view of this, hvo least-squares fits, linear and quadratic, have been used and the 

fit with the correlation coefficient (r) closer to unity has been chosen. For the alkane systems, n- 

hexane, n-heptane, n-octane, n-nonane, ri-decane, and n-undecane, the quadratic fitting was 

found to yield better correlation coefficients. This can also be seen by inspection of Fig. 4S(a)- 

(0. in the remaining alkane systems, 11-dodecane, n-tridecane, n-tetradecane, n-pentadecane and 

n-hexadecane, initial receding contact angles were extrapolated by linear curve fitting, see Figure 

4.S(g)-(k). The arrows show the locations of time t,=O when the three-phase contact line started 

to recede. These locations are also the end point of the extrapolation. 

A typical contact angle plot of each liquid fYom n-hexane to n-hexadecane is chosen and 

plotted on the same time scale, as shown in Fig. 4.8. Due to the volatility of the shorter chain 

length liquids, such as n-hexane and n-heptane, the expenment must be performed in a shorter 

time at a relatively fast flow rate. Therefore, the contact angle curves obtained with n-hexane 

(Fig. 4.8(a)) and n-heptane (Fig. 48(b)) are shorter in duration than those for the other alkanes. 



The values of averaged 6, and &, are also displayed in this figure. The effect of chain length on 

contact angle hysteresis can be seen: as the chain length increases, the contact angle hysteresis 

tends to decrease. 

Table 1.3 surnmarizes the surface tension n,, the advancing contact angle O,, the rnean 

extrapolated receding angle 4, the mean contact angle hysteresis &,,, and the type of curve 

fitting for the eleven alkanes. It is seen that as the number of the carbon atoms in the alkanes 

increases, the contact angle hysteresis tends to decrease. In order to test the expectation that 

contact angle hysteresis and hence liquid sorption will become negligible [or very long alkane 

chahs, the advancing contact angles and extrapolated initial receding angles were plotted versus 

the inverse number of carbon atoms in Figure 4.9. The advancing contact angles and the 

extrapolated initial receding angles c m  be approximated by hvo straight lines. When subjected 

to linear regression, it is found that the two straight lines essentially merge near the zero inverse 

number of carbon atoms, i.e.. at infinite chain length. The contact angle hysteresis of an alkane, 

which would have an infinite number of carbon atoms, would be 0.7", Le., essentially zero. In 

other words, the receding contact angle "equals" the advancing contact angle when the alkane 

molecules are infinitely large. This is immediately plausible in tems of liquid sorption by the 

solid surface: very large molecules are unlikely to penetrate into the solid film. Generally, 

therefore, in an ideal system where the chemical and physical structure of the solid surface does 

not change after contact with the liquid (i.e., there is no sorption), only one unique contact angle 

is expected. It becomes apparent that contact angle hysteresis is due to swelling or at least liquid 

retention by the solid, and that receding contact angles shouid not be used for the interpretation 

in tems of surface energetics of the dry solid. By contrast, the advancing contact angles on the 



FC-732 surfaces are always constant, as the three-phase contact line is always moving over a 

region where liquid penetration and surface swelling have not yet started. 

4.3.2, Alcoitois 

The pnmary alcohols from 1 -ethano1 to 1-undecanol were chosen for this study. Figure 4.1 O(a)- 

(i) and 4.1 l(a)-(g) show, respectively, the dynarnic contact angle results for 1-pentanol and 1- 

undecanol. Broadly speaking, the patterns are similar to those obtained for the aikanes. The 

advancing contact angles for different rates of advancing are again found to be constant in al1 

experiments. The mean advancing angles obtained in each experiment are again averaged to 

produce the final mean advancing contact angies 8,. They are 0,=74.4+0.2° and 50.4+0.3", 

respectively, for 1 -pentanol (Fig. 4.1 O(a)-(i)) and 1 -undecm01 (Fig. 4.1 l (a)-(g)). Table 4.4 

summarizes the advancing contact angles at different advancing rates of the contact radius for the 

ten alcohols and the final mean advancing angles together with the calculated 95% confidence 

limits. It is apparent that 0, is again independent of the advancing rate of the three-phase line R,. 

The receding contact angles extrapolated to t,-, are also evaluated by least-squares 

regression. The extrapolated receding contact angles 4 for 1-pentanol (Fig. -l.lO(a)-(i)) and 1 - 

undecanol (Fig. 4. l l(a)-(g)) are found to be 48.8t0.S0 and 74.3Ç1.9O, respectively. A summary 

of the initial receding angles obtained for different rates of recession of the three-phase contact 

line is presented in Table 4.5 as well as the mean Q and the corresponding 95% confidence 

limits. It c m  be concluded that Q is independent of the rate of receding of the three-phase 

contact Iine R, for the alcohols as well. 

Extrapolating the receding contact angle to time to for 1 -ethanol, l -propanol, 1 -butanol. 

1-pentmol, 1-hexanol, 1-heptanol and 1-octanol, gave better correlation coefficients using the 

linear regression, as s h o w  in Fig. 4.12(a)-(g). The 4 of the three longer chah alcohols, 1- 



nonanol, 1-decanol and 1-undecanol as s h o w  in Fig. 4.lZ(h)-(j), were obtained by quadratic 

curve fitting. 

The effect of chain length of the liquid molecules on contact angle hysteresis can be seen 

clearly in Fig. 4.12: the contact angle hysteresis decreases with increasing chain length. Table 

4.6 summarizes surface tension ;qv, mean advancing contact angle Ba, mean extrapolated receding 

contact angle O,+, mean contact angle hysteresis a,,, and the type of curve fitting for the ten 

akohols. 

The data From Table 4.6 are reproduced graphically in Fig. 4.13: the advancing contact 

angles and extrapolated receding mgles at time to of the ten alcohols are again plotted against the 

inverse number of carbon atoms in the alcohols. It can be seen that the advancing contact angles 

fa11 on a better smooth curve than the extrapolated initial receding angles. The advancing contact 

angles were represented by a quadratic least-squares fitting. However, it appears that the 

behavior of' the extrapolated receding angles for the shorter-chain liquid molecules is different 

from the behavior of the longer-chain liquid molecules. It should be noted that there is a break in 

the plot of the extrapolated receding contact angles between 1-octanol and 1-nonanol. Le., at the 

point where the statistically best extrapolation switches from linear to quadratic, possibly due to 

a change in rnechanism of liquid penetratiodretention. Therefore, no theoretical regression is 

used to relate the extrapolated receding angle data, but only a hand drawn broken line to indicate 

the trend. Nevertheless, it is clear that there is a trend such that the extrapolated receding data 

will approach the advancing contact angle data for very long chained alcohols. 

It is found that the contact angle hysteresis for alcohols is larger than for alkanes. It is 

believed that this phenornenon is due to the difference in polarity of the two series. The more 



polar the liquid, the faster the rate of solid-liquid interaction and hence the greater the effect on 

the modification of the solid surface. 

It should be noted that liquids with longer chains could not be investigated in this study. 

Since al1 the experirnents were performed at room tempenture, alkanes with chain length longer 

than n-hexadecane and alcoliols with chah length longer that 1-undecanol are solid at room 

temperature. 

A 3.3. Octarn ethylcyclotetrasiloxan e (OiCICTS) 

It is apparent from the above that contact angle hysteresis decreases with chain length of the 

liquid. From a molecular viewpoint, one would expect that bulky molecules in genrral would 

have M e  propensity to penetrate a surface of organic molecules, and that such liquids would be 

expected to have small hysteresis. OMCTS is an interesting molecule in this category. It is as 

non-polar as any of the srnail alkanes (~,=18.60 m~irn') but has a molecular weight of 296.64 

g/mol, in excess of the highest alkane (226.14 g/mol) tested here. It is, moreover, a quasi- 

spherical molecule (as distinct From the linear chains used so far in this work) and has been used 

to great effort by Hom and Israelachvili [74] in their early Surface Force studirs to dernonstrate 

fluctuation forces at atomically srnooth surfaces. The molecular structure of this molecule is 

shown in Fig. 3.2. It has a mean molecular diameter of about 9 a [74, 751. It c m  be seen fron 

Fig. 4.11(a)-(g) that both advancing and extrapolated receding contact angles are reproducible 

and they are found to be 55.9i0.3O and 51.8+0.2', respectiveiy. It should be noted that a linear 

regression is used for the extrapolation of initial receding angle in this system. A summary of 

the advancing angles and the extrapolated receding angles for different rates of motion of the 

three-phase contact line are shown in Table 4.7. Table 4.8 surnrnarizes the dynarnic contact 



angle results of this system. The contact angle hysteresis for this system is found to be 4.1k0.3" 

which is smaller than we have seen with any alkane or alcohol system. 

The results obtained from the experiments in this study suggest that the penetration of 

liquid into the solid surface, or at least retention of the liquid is presumably the only cause of 

contact angle hysteresis. Since the surface tension of al1 the liquids is hiJher than the surface 

tension of the solid (y,, = 12m~m'),  retention of the liquid on the solid surface will increase the 

solid surface tension and hence reduce the contact angle upon receding. If indeed swelling and 

liquid penetration are the underlying causes of the time-dependent receding contact angle (and 

the tirne-dependent contact angle hysteresis), there is no difficulty understanding the effect of 

chain lengthkize of liquid molecules on contact angle hysteresis phenornena. Liquid molecules 

with shorter chain length or srnaller size penetrate more readily into the polyrner surface, and 

produce larger contact angle hysteresis. 

It should be noted that the dynarnic contact angle pattern obtained on FC-732-coated surfaces in 

this study is similar to those obtained on other polymeric films used in our laboratory in 

preliminary studies. It is also noted that the surfaces were al1 well prepared, Le., smooth and 

homogeneous (see section 3.1.3. in Chapter 3). Therefore, there is little doubt that contact angle 

hysteresis will have the sarne cause in many other solid/liquid systems. Since receding contact 

angles have been s h o w  here to reflect liquid retention by the solid, the exclusive use of the 

advancing contact angle on well-prepared surfaces in studies of surface energetics of dry solid 

surfaces is broadly justified. 



Table 1.1. Summary of the advancing contact angles (deg.) for different advancing rate (mmimin) of 
motion of the three-phase contact line for eleven alkanes on FC-732-coated silicon wafer. 

--- 

n-Tetradecane ri-Pen tadecane n-Hexadecane 
R a  0, Ra 0, R a  0, 

0.163 74.2k0.2 O. 190 75.7I0.4 O. 152 76.5502 
O. 164 73.7k0.3 O. 193 75.6k0.3 O. 184 77. ik0.2 
0.243 74.010.3 0.2 1 8 75.7102 O. 189 76.8k0.2 
0.248 74.1 + O 2  0.244 74.5k0.4 0.273 76.620.2 
0.262 73.9k0.2 0.285 755k0.2 0.336 76.420.3 
0.264 73.9k0.3 0.321 75.7k0.2 0.355 76.6'0.3 
0.288 742k0.2 0.325 75.1k0.2 - - 

0.366 73. 1k0.2 0.344 74.420.2 - - 

'mean 0. value and rhe 95% confidence lirnits 



Table 4.2. Summary of the extrapolated initial receding contact angles (deg.) for different receding 
rate (&min) of motion of the three-phase contact line for eleven akanes on FC-732-coated silicon 
wafer. 

a 

mean 8, vaIue and the 95% confidence limits 



Table 4.3. Summary of contact angle results of alkanes on FC-732-coated silicon wafer surface. 

Liquids Type of YI. (m~lm') 0, (degree) On (degree) curve-fittine Ohysr (degree) 

n-Hexane 

n-Heptane 

ri-Octane 

n-Nonane 

n-Decane 

n-Undecane 

rt-Dodecane 

11-Tridecane 

n-Tetradecane 

ri-Pen tadecane 

n-Kexadecane 

Quadratic 

Quadratic 

Quadratic 

Quadratic 

Quadratic 

Quadratic 

Linear 

Linear 

Linear 

Linear 

Linear 



Table 4.4. Summary of the advancing contact angles (deg.) for different advmcing rate (mm/min) of 
motion of the three-phase contact line for ten alcohols on FC-732-coated silicon wafer. 

mean 8, value and the 95% confidence limits 



Table 4.5. S u m a r y  of the extrapolated initial recedin J contact angles (deg.) for different receding 
rate (mm/min) of motion of the three-phase contact line for ten alcohols on FC-732-coated silicon 
wafer. 

mean 69.92 1.7' mean 74.31 1.9' 
4 

m m  0, vdue and the 95% confidence limits 



Table 4.6. Sumrnary of contact angle results of alcohols on FC-732-coated silicon wafer surface. 

Liquids Type of 
(m~/rn?) 8, (degree) On (degree) curve-fittine 0hyrt  (degee) 

Linear 

Linear 

Linear 

Linear 

Linear 

Linectr 

Linectr 

Quadratic 

Quadratic 

Quadratic 



Table 4.7. Surnrnary of the advancing and extrapolated initial receding contact angles (deg.) for 
different rate (rndmin) of motion of the three-phase contact line for octamethyIcyclotetrasiloxane 
on FC-732-coated silicon wafer. 

Octamethylcyclotetrasiloxane 
Ra 0, 

0.095 55.6k0.3 
O. 146 55.7k0.4 
0.238 55.9k0.3 
0.476 56.3k0.2 
0.50 1 55.6i0.2 
0.502 55.8-tO.2 

Octamethylcyclotetrasilorane 
Rr 8, 

0.605 5 1.6 
0.807 5 1.7 
0.8 12 51.8 
0.93 1 5 1.5 
0.962 52.0 
0.982 51.9 

L 
-- - - - - - - - 

rncan 8, value and the 95% confidence limits 

Table 4.8. Summary of contact angle results of octamethycyclotetrasiloxane on FC- 
732-coated silicon wafer surface. 

Type of curve- 
% (depree) fitting @hy,t (degee) 

18.60 55.9k0.3 5 1.820.2 Linear 4.120.3 
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Figure 4.1. Low-rate dynarnic one-cycle contact angle measurement of formamide on 
poly(methy1 rnethacrylateln-butyl methacry1ate)-coated silicon wafer, illustrating time 
dependence of receding contact angle. 
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Figure 4.2. Low-rate dynamic one-cycle contact angle measurement of  water on 
poly(1actic acid)-coated silicon wafer, illustrating a tirne-independent receding contact 
angle. 
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Figure 4.3. Low-rate dynamic one-cycle contact angle measurement of n-pentadecane 
on FC-732-coated silicon wafer, illustrating slipktick pattern- 
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Figure 4.4. Low-rate dynarnic one-cycle contact angle measurement of formamide on 
5050 poly(lactic/glycolic acid)-coated silicon wafer, illustrating absence of receding 
contact angle. 
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Figure 4.5. Typical plots fiom a DOCA experiment with n-dodecane on FC-732-coated 
silicon wafer surface: (a) contact angle, @) three-phase contact radius, (c) volume, and 
(d) liquid-vapor interfacial tension of the drop. 
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Figure 4.6. Dynarnic contact angle plots for different rate (mdmin) of motion of the 
three-phase contact line for n-octane (Le., (a)-(h)) on FC-732-coated silicon wafer. 
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Figure 4.6. (cont'd) 
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Figure 4.7. Dynamic contact angle plots for different rate (&min) of motion of the 
three-phase contact line for n-tetradecane (Le., (a)-@)) on FC-732-coated silicon wafer. 
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Figure 4.7. (cont'd) 
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Figure 4.8. Dynamic contact angle plots of the eleven alkanes on FC-732-coated 
silicon wafer: (a) n-Hexane, (b) n-Heptane, (c) n-Octane, (d) n-Nonane, (e) n-Decane, 
(f) n-Undecane, (g) n-Dodecane, (h) n-Tridecane, (i) n-Tetradecane, Ci) n- 
Pentadecane, and (k) n-Hexadecane. 
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Figure 4.8. (cont'd) 
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Figure 4.8. (cont'd) 
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Figure 4.9. Advancing and extrapolated initial receding contact angles of eleven 
alkanes on FC-732-coated silicon wafer versus inverse nurnber of Carbon atoms. 
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Figure 4.10. Dynamic contact angle plots for different rate (mm/min) of motion of 
the three-phase contact line for 1-pentanol (i.e., (a)-(i)) on FC-732-coated silicon 
w afer, 
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Figure 4.1 0. (cont'd) 
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Figure 4.10. (cont'd) 
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Figure 4.11. Dynamic contact angle plots for different rate (mmhin) of motion of 
the three-phase contact line for 1-undecanol (Le., (a)-(g)) on FC-732-coated silicon 
wafer. 
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Figure 4.1 1. (cont'd) 
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Figure 4.12. Dynamic contact angle plots of ten alcohols on FC-732-coated silicon 
wafer: (a) 1-Ethanol, @) 1-Propanol, (c) 1-Butanol, (d) 1-Pentanol, (e)  1-Hexanol, ( f )  
1 -Heptanol, (g) 1-Octanol, (h) I -Nonanol, (i) 1 -Decanol, and (j) 1 -Undecanol. 
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Figure 4.12. (cont'd) 
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Figure 4.13. Advancing and extrapolated initial receding contact angles of ten 
alcohols on FC-732-coated silicon wafer versus inverse number of Carbon atoms. 
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Figure 4.14. Dynamic contact angle plots for different rate (&min) of motion of 
the three-phase contact line for octamethylcyclotetrasiloxane on FC-732-coated 
silicon wafer. 
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Figure 4.14. (cont'd) 



CHAPTER 5 

DYNAMIC ONE-CYCLE-SOAKING CONTACT ANGLE (DOSCA) 

EXPERIMENT 

5.1. Background 

From the contact angle hysteresis study of the two homologues series (alkanes and 1 -alkyI 

alcohols) which were conducted with dynamic one-cycle angle experiments. one c m  infer that 

liquid penetration, sorption a d o r  retention are plausible causes of contact angle hysteresis. A s  

a fùrther confirmation of this type of mechanism, dynamic one-cycle contact angle 

measurements with pre-soaked surfaces were performed with four liquids (alkanes: woctane and 

n-hexadecane; alcohols: 1-butanol and 1-undecanol). The results of these experiments also 

demonstrate the effect of the length of the solid/liquid contact time on contact angle hysteresis. 

5.2. Experirneotal Procedures 

The procedure for the dynarnic one-cycle-soaking contact angle (DOSCA) measurement is 

similar to the dynamic one-cycle contact angle (DOCA) rneasurement. The difference is that for 

the DOSCA measurements, the liquid drop is advanced for 150 seconds, then the rnotor is 

switched off and the solid surface is left in contact with the liquid drop for a penod of time, from 

50 to 1200 seconds. The rnotor is then switched on again and is reversed, so that the liquid of the 

drop is withdrawn back into the syringe. Different times of soaking have been used with the 

DOSCA experiments in order to illustrate the effect of solid/liquid contact t h e  on the contact 

angles. 



5.3. Results and Discussion 

5.3.1. Alkanes 

Figure 5.1 shows a typical DOSCA measurement with whexadecane for 50 seconds of soaking 

time. in Fig. 5.1, a new domain which designates the soahng time is introduced. This dornain 

ranges fiom t, to ta, where time t, denotes the time when the motor stopped and indicates the 

time when the motor was switched to the reverse mode and liquid frorn the drop starts to be 

withdrawn back into the syringe. Soaking times of 50, 100, 300, 500, 800, 1000 and 1200 

seconds were used with n-hexadecane. It c m  be seen from the contact angle results that the 

pattern of the receding contact angle is similar to that obtained Crom the DOCA experiments, i.e., 

6, decreases with time of solid/liquid contact. An initial receding contact angle 0, is obtained 

From each expenment by extrapolating the time-dependent receding contact angle back to time 

b. As mentioned in Chapter 4, two cuve  fit methods, linear and quadratic, were used for the 

extrapolation, and the choice of the method for each liquid/solid system was determined by the 

correlation coefficient, r (the one with r closer to unity was taken). However, it is found fiom the 

DOSCA experiments that the correlation coefficients for linear fits are always closer to unity. 

Therefore, al1 initial receding contact angles from the DOSCA experiments are extrapolated by 

linear curve fits. 

Typical DOSCA experiments of n-hexadecane with soaking time (a) 50, (b) 300, (c) 500 

and (d) 1200 seconds, are illustrated in Fig. 5.2. It c m  be seen that contact angles obtained pnor 

to time t, (i.e., the advancing contact angles) are essentially the same from the four plots. The 

extrapolated initial receding contact angles are found to be decreased with the increase of 

soaking time. The result is reasonable because one would expect that more liquid molecules will 

penetrate into the solid surface with increasing solidAiquid contact time. This leads to an 



increase of the hydrophilicity of solid surface, and hence a decrease of the extrapolated initial 

receding contact angles. It c m  also be seen frorn Fig. 5.2 that the extent to which the contact 

angle decreases in the transition period (from to to t,=O) increases with the soaking time. h other 

words, the periphery of the drop starts to recede ai a smaller contact angle. Presumably, liquid 

molecules anchor more firmly to the solid surface after longer solid/liquid contact time, which 

induceskreates a higher energy banier. As a consequence, the liquid &op would need more 

energyktress to overcorne that barrier in order to recede. On the other hand, it is found that the 

siope of the receding contact angle decreases with the soaking time as s h o w  in Fig. 5.3. The 

result implies the process of solid-liquid interaction, which leads to the time dependence of 

receding contact angle, slows d o m  as the soaking time increases. This finding supports the 

presumption that liquid sorption is a cause of the time dependence of receding contact angle 

because one would expect that the solid would be saturated by the liquid eventually. 

As mentioned in Chapter 4, if sorption of the liquid by the solid is a cause of the time 

dependence of receding contact angles, one might expect that the extrapolated initial receding 

contact angle (ideally, 0, represents the receding angle at the time when physico-chemical 

interaction behveen solid and liquid has not yet started) would lead to the advancing contact 

angle. However, 0, = 0, cannot be obtained experimentally, just as in the DOCA expenments. 

and similar considerations apply. 

It is found from the DOSCA expenments that contact angle hysteresis is dependent not 

only on the molecular size of the liquid, but also on the time of solid/liquid contact. Figure 5.4 

illustrates the B, and 9, of n-hexadecane for different times of soaking. Clearly, the extrapolated 

initial receding contact angle decreases with increasing time of soaking. Similv results are 

produced by n-octane, as s h o w  in Fig. 5.5. Tables 5.1 and 5.2 summarize the advancing contact 



angle O., the extrapolated recedin; contact angle O,, and the contact angle hysteresis 

obtained frorn the DOSCA measurements with n-hexadecane and n-octane, respectively. In 

order to compare the hvo aikanes, a plot of' contact angle hysteresis versus the soaking time is 

given in Fig. 5.6. It c m  be seen that Bhysi obtained fiom both n-hexadecane and n-octane shows 

an increasing trend. The result indicates that contact angle hysteresis depends on the solid/liquid 

contact time: the longer the solid/liquid contact time, the larger the contact angle hysteresis. 

From the study of the DOCA experiment in Chapter 4, it is believed that receding contact angles 

reflect not the properties of the solid only. but also the properties of the liquid. Furthermore, it is 

apparent in Fig. 5.6 that the extent of increase of eh,, obtained fiom 11-octane is greater than that 

obtained for n-hexadecane. This is plausible because the rate of change of the solid surface 

energetics should be faster when exposed to liquid with smaller molecule. It has been verified 

by a statistical analysis of variance (ANOVA) that the decrease of 0, and the increase of Bh,,, 

depend significantly on the soaking time (see .4ppendix B). Therefore, it is quite certain that 

liquid sorptionlretention is a cause of contact angle hysteresis. 

5.3.2. Alcoltols 

ui the alcohol senes, 1-butanol and 1-undecanol are selected for the DOSCA experiments. The 

contact angle results obtained with aicohols are similar to those obtained with n-alkanes. Figure 

5.7 shows typical results of 1-undecanol with different soaking time (a) 50, (b) 200, (c) 800 and 

(d) 1000 seconds. It can be seen kom Fig. 5.7 that with increasing tirne of solid/liquid contact, 

the transition period £kom advancing to receding also increases. For alcohols, the three-phase 

line also starts to recede at a lower contact angle. Figure 5.8 illustrates the slopes of the receding 

contact angle obtained f?om the linear least-squares fits for different soaking times. It shows that 



the slope decreases as the soaking time increases. The result implies that the rate of liquid 

sorption decreases with time of solid/liquid contact. 

Figure 5.9 shows the plot of both 8. and B, of 1-undecanol versus different soaking time. 

It shows that the advancing contact angles are essentially constant while the extrapolated initial 

receding contact angle decreases with soaking time. Similarly, the initial receding contact angles 

of 1-butanol are shown to decrease with the soaking tirne, as displayed in Fig. 5.10. The 

advancing contact angle, the extrapolated initial receding contact angle and the contact angle 

hysteresis of 1-undecanol and 1-butanol are summarized in Tables 5.3 and 5.4, respectively. 

Figure 5.1 1 illustrates the results of Bhsrr obtained From boh  1-undecanol and 1-butanol 

with different soaking time, and both show an increasing trend. However, while the Oh,,, results 

plotted in Fig. 5.6 showing that the degree of the increase of Bhsst for longer chah molecule (n-  

hexadecane) is smaller than the increase of shorter chain rnolecule (n-octane), Fig. 5.1 1 shows 

that the extent of the increase of 1-undecanol (which has a longer c h i n  molecule) is greater than 

the increase of 1-butanol (which has a much shorter chain molecule). Because of the relatively 

high vapor pressure of the 1-butanol, it stands to reason that liquid sorption would take place 

quickly. Presumably, the process of liquid sorption would slow down as the liquid drop/solid 

systern is closer to equilibnum. Therefore, the slope of the contact angle hysteresis obtained 

with 1-butanol is smaller than the one obtained with 1-undecanol. 



Table 5.1. Sumrnary of the advancing contact angle, O,, the extrapolated initial receding contact 
angle, O,, and the contact angle hysteresis, eh,,, obtained from DOSCA expenments for different 
soaking time with n-hexadecane on FC-732-coated silicon wafer surfaces. 

Time (s) 8, 8, Ohvst 

50 77.2k0.2 70.7 6.4 
77.3I0.2 71.8 5.5 
77.1k0.2 71.5 5.5 

Time (s) 93 en e h y r t  

1 O0 76.7k0.2 69.4 7.2 

Time (s) 0, en h s t  

300 77.1 iO.5 69.9 7.3 
77.3502 70. I 7.2 
77.3k0.2 68.9 5.4 
77.3k0.2 68.0 9.3 
76.6k0.3 69.2 7.4 

mean 77, l f  0.4' 69.2+1.Lm 7.9+1. 1' 

Time (s) 03 0, 0hvsr 

500 76.3 t0.3 67.9 8.4 
77.120.2 69.2 7. 5 
76.8k0.2 69.0 7.8 

Time (s) 93 0, @hvrr 

800 77.1f 0.3 67.8 9.3 
77.2f1.6 68.7 8.6 
77.320.2 69.2 8.1 
77.4k0.2 67.9 9.5 

----  -- 

mean 77.Sk0.2' 68.4k1 .O* 8.9I1 .O* 
Ornean 0 vaiues and the 95% confidence lirnits 



Table 5.1. (cont'd) 

Time (s) 8, en o h m  
IO00 77.5t0.2 67.9 9.6 

77.1 +O2 68.1 9.0 
76.5k0.5 65.8 10.8 
77.4t0.2 66.3 11.1 

Time (s) 6, 0, 0hysr 

1200 77.4k0.2 66.3 11.1 
77.1 t0.2 65.9 11.2 
77.1k0.2 65.8 11.2 

mean 77.2k0.5' 66.0+,0.6' 1 1.2-tO.2' 
mem 8 values and the 95% confidence limits 



Table 5.2. Summary of the advancing contact angle, O,, the extrapolated initial receding contact 
angle, O,, and the contact angle hysteresis, Oh,,, obtained from DOSCA experiments for different 
soaking time with n-octane on FC-732-coated silicon wafer surfaces. 

Time (s) 03 en 0 hvsr 

50 63.7kO. 1 55.4 8.3 

--  

Time (s) 93 en ehw 

Time (s) 03 0, ehvsr 

200 63.7k0.3 49.0 14.7 
64120.3 50.3 13.5 
64.23-0.2 50.5 13.7 
63 .4+,0.4 47.2 16.2 
63 .010.4 47.5 15.5 
63.7i0.4 49 .2 14.6 

Time (s) 8, 0, e h n i  

300 63.1 t0.5 47.7 15.4 
63 .420.3 49.2 14.2 
64.1 k0.3 47.0 17.0 
6 4 . 0 . 4  47.8 16.1 

mem 0 values and the 95% confidence limits 



Table 5.2. (cont'd) 

Time (s) 0, 0, e h ~ ~ t  

500 64.5k0.2 47.6 16.9 
63.5k0.4 46.8 16.7 
63.6k0.2 47.5 16.1 
64.4-t.0.2 47.6 16.8 

Time (s) 0, en e h ~ s t  

700 64.210.2 43 -9 20.3 

mean 0 values and the 95% confidence limits 



Table 5.3. Summary of the advancing contact angle, e,, the extrapolated initial receding contact 
angle, 8,, and the contact angle hysteresis, eh,,,, obtained fiom DOSCA experirnents for different 
soaking time with 1 -undecm01 on FC-732-coated silicon wafer surfaces. 

Time (s) 0, 0, e h ~ ~ t  

50 8 1.8502 69.5 13.3 
82.410.3 68.0 14.4 
52.3k0.2 67.9 14.4 
82.3k0.2 66.5 15.7 

- - - - - - - 

Tirne (s) 0, e h ~ ~ t  

1 O0 52.5-tO.2 65.7 16.8 
82.W0.3 64.6 17.4 
82.1402 62.4 19.6 
82.520.3 62.7 19.7 

Time (s) 0, 0, 0  h-t 

200 33.5+0.2 59.7 22.5 

Time (s) 0, en ~ ~ Y S L  

300 8 1 .7+0.2 63.1 18.5 

Time (s) 0, 0, 9hvrt 

500 82.1 k0.2 54.2 28.0 

mean 8 1.8k0.8' 55.7f3.8' 26.054.6' 
*mean 0 values and the 95% confidence limits 



Table 5.3. (cont'd) 

Tirne (s) 0, 0, e h ~ ~ t  

800 53.4k0.2 53 -6 28.8 

Time (s) 0, 0, e h ~ s t  
1 O00 82.2k0.2 53.6 38.5 

- . -. . .- . - -. - .. . . - -. - 

mean 83.3i0.4' 53.640.6' 28.7k1.9' 
*mean 0 values and the 95% confidence limits 



Table 5.4. Summary of the advancing contact angle, O,, the extrapolated initial receding contact 
angle, On, and the contact angle hysteresis, ohYs,, obtained fkom DOSCA expenments for different 
soaking time with 1-butanol on FC-732-coated silicon wafer surfaces. 

Time (s) 0, 8, e h w  

1 O0 73,610.1 46.3 27.3 
73.7k0.3 46.5 27.2 
73.4k0.2 46.6 26.8 
73.2k0.2 44.0 39.2 

rnean 73.510.3' 45.9k2.0' 27.6k1.7' 

- - - - - - - - - - 

Time (s) 93 0" 0 h ~ ~ t  
200 73.5202 44.5 39.0 

73.1 kO.3 45 .O 28.1 
72.5k0.2 43 -6 29.2 

Time (s) 8, en ehvst 

500 73.3k0.3 42.8 30.5 
73.6+0.2 42.0 31.6 
73.310.2 40 2 33.1 

mean 73.3t-0.5' 4 1.723.4' 3 1 .713.-bm 
'mean 0 values and the 95% confidence limits 
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Figure 5.1. Typical plots f?om a DOSCA experiment for n-hexadecane on FC- 
732-coated silicon wafier surface with a soaking tirne of 50 seconds. 
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Figure 5.2. Dynamic contact angle plots of n-hexadecane on FC-732-coated 
silicon wafer with different soaking times: (a) 50 sec; @) 300 sec; (c) 500 sec; (d) 
1200 sec. 
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Figure 5.3. Cornparison of the slopes of the receding contact angle 
obtained fiom different soaking times (n-hexadecane on FC-732-coated 
surface). 
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Figure 5.6. Contact angle hysteresis Oh,, obtained fiom both n-hexadecane 
and n-octane versus different times of soaking. 
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Figure 5.7. Dynamic contact angle plots of 1-undecanol on FC-732-coated 
silicon wafer with different soaking times: (a) 50 sec; @) 200 sec; (c) 800 sec; (d) 
1000 sec. 
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Figure 5.8. Comparison of the slopes of the receding contact angle 
obtained from different soaking times ( I -undecm01 on FC-732-coated 
surface). 
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Figure 5.10. Advancing contact angles 8, and the extrapolated initial receding 
contact angles 8, of 1-butanol versus different times of soaking. 





CHAPTER 6 

DYNAMIC CYCLING CONTACT ANGLE (DCCA) 

EXPERIMENT 

6.1. Background 

Low-rate dynamic one-cycle contact angles of different liquids on various well-prepared 

polymeric films and coatings have been extensively studied in our laboratory in the past few 

years. The patterns of the output of these films are al1 sirnilar to those presented in Chapter 1 

(see Fig. 6.1): a constant advancing contact angle which ranges kom the beginning of the 

experirnent to t,; a transition period ranges from t, to t,, where the contact angle decreases 

rapidly with stationary motion of three-phase contact line; a time-dependent receding contact 

angle which ranges From t, to b. From evlier chapten (Chapten 4 and j), it has been found ihat 

contact angle hysteresis increases with decreasing chain length of the liquid molecules and 

increasing soaking time for both the alkane and alcohol series. It vanished when the chain length 

was extrapolated to infinity. The molecular size-dependent hysteresis suggests that, at least on 

this smooth hydrophobic surface, contact angle hysteresis phenornena are mainly due to liquid 

penetration and surface swelling, or at least liquid retention. In order to investigate these causes 

of contact angle hysteresis further, the previous single cycle contact angle experiment as 

illustrated in Fig. 6.1 (n-hexadecane on FC-732 surface), is extended to a multiple cycles 

experiment (Le., r e p t e d  advancing and receding of the drop &ont on one and the same solid 

sdace) .  



In a dynamic cycling contact angle (DCCA) expenment, at least 12 cycles (Le., repeated 

the advancing and receding procedures 12 times on the same surface) were performed in this 

research on the same surface. The liquids used in this chapter are the three alkanes n-nonane, n- 

dodecane and n-hexadecane, and the alcohols, I -hexanol, 1 -nonano1 and I -undecanol. 

6.2. Experimental Procedures 

The procedure for dynarnic cycling contact angle (DCCA) experiments was sirnilar to that 

descnbed earlier in Chapters 4 and 5. The difference was the advancing and receding processes 

were repeated on the same solid surface for a much longer period of time in DCCA experiments. 

Therefore, an optical quartz cuvette (4 x 4 x 4 cm3), which was purchased From Hellma (cat#: 

704.002, Concord, Ontario), was needed for sealing the drop-surface system. Before the cuvette 

was placed on the platform to cover the system, a few drops of the liquid used was then 

deposited to the edge of the g l a s  container in order to seal the gap between the platfonn and the 

cuvette. This enclosure rninimizes evaporation of the liquid and creates a saturated vapor 

environment for the drop-surface systern. The motor-driven syringe (2.5 ml, $1 002. GastightB. 

Hamilton Co., USA) was comected to a stepper motor (Mode1 18705, Oriel Corp.. USA) by an 

aluminium coupling. The rnotor was then set to a specific speed to control the volurnetric flow 

rate of the liquid to or from the sessile drop. The overall rnechanism is similar to the previous 

experiments. Therefore, the change of drop volume was the sarne for every cycle. 



6.3. Results and Discussion 

6.3.1. Alkarres 

6.3.1.1. n-huadecane 

Figure 6.2 illustrates a typical result obtained from a cycling experiment for n-hexadecane on a 

FC-732-coated surface. In this experiment, 26 cycles of advancing and receding contact angle 

measurements were performed consecutively in approximately three and a half hours. A 

cornpleie cycle consists of expansion of the liquid drop Born the initial volurndradius to the final 

(mauimum) volume/radius and contraction back to the initial point, which can be identified from 

both the radius and the volume plots as s h o w  in Fig. 6.2(b) and ( c ) .  At the end of the first 

cycle, wetted circular domains of the solid surface nearest the point where liquid retraction starts 

will have had the shortest contact time with the liquid, while the domains closer to the centre of 

the drop will have had longer contact times. in the contact angle plot (Fig. 6.2(a)), the maximum 

value in each cycle represents the advancing contact angle obtained when the IiquicUsolid contact 

time was the shonest and the minimum value represents the receding contact angle obtained 

when the liquid/solid contact time was the longest. It c m  be seen in this plot that the ma imum 

values of the first ten cycles decrease with the increase of number of cycles and remain 

essentially constant beyond the tenth cycle. The minimum values decrease with increasing 

number of cycles and the extent of the decrease becomes smaller as the number of cycles 

increases. It is apparent that both advancing and receding contact angles decrease with 

increasing contact time between solid and liquid. 

Figure 6.3 shows the first four cycles of the same cycling experiment in more detail. For 

the repeated cycling experiments, an additional domain which ranges from time to to time ta is 

introduced. This domain is characterized by constant radius and a rapid increase in contact angle 



upon increasing the drop volume. It represents the transition fTom receding to advancing contact 

angles. Time to is where the motor was switched back to the forward mode and the liquid started 

to flow back into the sessile drop starting the next cycle. Time t, designates the point when the 

three-phase line starts to advance again. As shown in Fig. 6.3, the advancing contact angle in the 

second cycle is time dependent: it increases as the drop radius increases. increases in the third 

and the fourth cycles become more pronounced. It appears from Fig. 6.2 that the slopr of the 

advancing contact angles increases progressively fiorn cycle to cycle. Similarly, the dope of the 

receding contact angles increases gradually with increasing nurnber of cycles. 

For cornparison, the fint, 8th, 16th and 74th cycles are displayed in Fig. 6.4. It can be 

seen that the slope for the advancing contact angle increases with increasing number of cycles. 

The time-dependent advancing contact angles obtained beyond the first cycle indicate that the 

solid surface has changed, presumably due to liquid sorption andor liquid retention during the 

previous cycle/cycies. Figure 6.5 compares the slopes obtained from linear regession of 

different cycles. The dope for the first cycle is expected to be zero but actuaily is finite but very 

small (- -0.0006°/sec), probably reflecting rninor inhomogeneity of the solid surface. It can be 

seen that values of advancing contact angles decrease with the increase of the number of cycles 

(i.e.. the line for advancing contact angles shifts down to lower values). The decrease is 

pronounced in earlier cycles, especially between the fint and the second cycles. The result 

reveals that the hydrophobicity of the surface (or the contact angle) decreases €rom cycle to 

cycle, presumably due to liquid sorption andor retention. When the liquid and the solid are 

brought into contact, liquid molecules may penetrate into andor be retained on the solid, and 

hence will change the properties of the surface. Since contact angle is a measure of surface 

characteristics, the decrease of advancing contact angles reflects an increase of surface tension. 



It can also be obsented that after the first cycle the dope increases with increasing number of 

cycles. AAer the 18th cycle, the dopes becorne essentially constant, but the contact angles still 

decrease overall. This pattern might suggest that there are actually more than one mechanisms 

operative. For instance, the pattern might be caused by a competition between liquid-sorption of 

the polymer surface when in contact with the liquid and evaporation kom the polyrner surface 

when not in contact with the liquid. These processes can have different rate constants, and the 

actual rates of sorption and evaporation will depend on the state of saturation of the solid by the 

liquid. Elucidation of such matters is beyond the scope of this study. 

As noted previously [71], i t  is conceptually impossible to mesure a receding contact 

angle on a dry solid surface. Thus the receding contact angle obtained in the first cycle is time 

dependent, as shown in Fig. 6 .4  Alihough there is no obvious change in the dope for the 

receding contact angle, the overall receding contact angle decreases with increasing nurnber of 

cycles. It can also be seen in Fig. 6.4 that the penods of stationary three-phase line increase. 

The three-phase line starts to advancehecede at a lower advancing/receding contact angle in the 

later cycles. This is a consequence of the design of the expenment which uses a constant liquid 

volume flow rate. Furthemore, it can be observed in the 16th and the 24th cycles (Fig. 6.4) that 

"slip-stick" occurs at the end of the advancing-receding transition, Le., at the begiming of the 

receding domain. The three-phase contact line sticks at the end of the advancing-receding 

transition where the contact angle keeps decreasing; the three-phase line slips suddenly and the 

contact angle jumps to a higher value. The jump becomes more pronounced as the number of 

cycles increases. Apparent1 y, liquid molecules manage to anchor themselves su fficientl y fiml y 

on the solid where the three-phase line is stationary so that the bulk liquid c m  resist the flow 

until a sufficiently large mechanical stress builds up. 



In view of the fact that both the advancing contact angle Ba and receding contact angle 0, 

are time-dependent (except for the advancing contact angle in the first cycle), the conesponding 

advancing and receding contact angles at specijic radii have been chosen in order to compare the 

contact angles kom cycle to cycle (Fig. 6.6). For n-hexadecane, radii at R=O.45 and R=0.50 cm 

are chosen and the corresponding advancing and receding contact angles are determined. Figure 

6.6 illustrates a typical cycle (the 4th cycle in this case). The advancing and receding contact 

angles at R=0.45 cm are denoted by a and a', respectively. Similarly, b and b' indicate the 

corresponding advancing and receding angles at R=O.jO cm. Again, it should be noted that the 

solid/liquid contact tirne increases with decreasing drop radius. 

Figure 6.7 shows the advmcing and receding angles obtained kom the bvo specific radii 

as a Function of the number of cycles. The mean Ba value for the first cycle, together with its 

95% confidence limit is also given in this figure. It c m  be seen clearly that both 8, and 0, data 

obtained at the two radii are decreasing with increasing nurnber of cycles. As the number of 

cycles increases, both the solicüliquid contact time and the hydrophilicity of the solid surface 

increase. It is plausible that liquid sorption and/or retention causes a decrease of both and 0,. 

Furthemore, it can be seen from Fi;. 6.7 that values of 0, and O, obtained at the outer radius 

(R=0.50 cm in this case) are higher than those obtained at the imer radius (R=0.45 cm). This is 

expected since the time of solid/liquid contact is longer at the i ~ e r  radius than at the outer 

radius, and thus the solid surface would be more hydrophilic at the inner radius. The results 

strongly suggest that the time dependence of contact angles on these relatively srnooth and 

homogeneous surfaces is caused by liquid retentiodsorption. 

The contact angle hysteresis QhYSr, which is the difference b e ~ e e n  8, and O, obtained at 

each radius for each cycle, is plotted against the number of cycles in Fig. 6.8. A trend line for 



at each radius is also displayed in this figure. It can be seen that the contact angle hysteresis 

increases rapidly for the first 15 cycles and becomes essentially constant beyond the 15th cycle. 

Ln addition, it can be observed that the trend line obtained at the imer radius is above the one 

obtained at the outer radius; in other words, the eh,,, at the imer radius is larger than that 

obtained at the outer radius. This is expected because surface modification should be greater for 

longer solid/Iiquid contact times. 

6.3.1.2. n-dodecane 

Dynamic cycling contact angle rneasurements with n-dodecane produced results which are quite 

similar to those for n-hexadecane. Figure 6.9 shows a typical cycling measurement with 11- 

dodecane. The pattern from this figure is similar to Fig. 6.2: the mavimum values of the First ten 

cycles decrease with the increase of number of cycles and remain essentially constant beyond the 

tenth cycle. The minimum values decrease with increasing number of cycles and the extent of 

the decrease becomes smaller as the number of cycles increases. It is apparent that both 

advancing and receding contact angles decrease with increasing contact time betrveen solid and 

liquid. 

For this alkane, B, and B, were determined from three radii: R=0.50 cm, 0.60 cm and 

0.70 cm. The pattern of the plot for 0, and O,. versus the number of cycles (as s h o w  in Fig. 

6.10) is similar to the one in Fig. 6.7. Both 0, and 0,. obtained fiom the outer radius have higher 

values than those obtained fiom the imer radius. Figure 6.1 1 shows the plot of the contact angle 

hysteresis obtained at the three radii as a function of the number of cycles. It can be seen clearly 

fiom ihis plot that OhYs[ determined at R=0.50 cm and R=0.60 cm increase initially and level off 

beyond the tenth cycle, as illustrated by the trend lines. The result implies that contact angle 



hysteresis will eventually approach a steady state. The results suggest that after a certain number 

of cycles of advancing and receding, the rate of liquid retention-evaporation or sorption process 

would balance each other. It appears indeed that liquid sorption and/or retention by the solid are 

responsible for the time dependence of contact angle hysteresis phenomena. 

6.3.1.3. n-rmnarre 

The advancing and receding contact angles were determined at R=O.jO cm and 0.60 cm (see 

Figure 6.12). The pattern is similar to that of the other hvo alkanes (see Figs. 6.7 and 6.10): 8, 

and Br decrease with increasing nurnber of cycles. However, due to experimental limitations 

(fast evaporation), only 12 cycles could be obtained. Therefore, this was not possible to detect 

the levelling-off of the trend lines in the plot of the contact angle hysteresis obtained at the hvo 

radii as a h c t i o n  of the number of cycles results as shown in Fig. 6.13. 

Because of the experimental limitations, it would be misleading to make any comparison 

arnong Figs. 6.8, 6.11 and 6.13. The rate of motion of the three-phase line cannot be controlled 

in our current setup, so the times of the solidfliquid contact at the saine radius size for the three 

alkanes are also different. Since hysteresis is strongly dependent on solid/liquid contact time, it 

is not appropriate to compare @y.sr or the trend line from one liquid to the next, even if they are 

obtained at the sarne radius. Furthemore, previous studies [53, 54, 711 concluded that contact 

angle hysteresis depends on molecular size o r  the liquids. Seemingly, Figs. 6.8,6.11 and 6.1 3 do 

not bear this out. Again, the comparison must be rejected. The duration of a cycle at constant 

volume flow rate depends on the contact angle, which changes fiom liquid to liquid and also 

with contact tirne for one and the sarne liquid. 



6.3.2. Alcoliols 

6.3.2.1. 1-nonanol 

Figure 6.14 illustrates a typical result obtained from a cycling expenment for 1-undecanol. In 

this expenment, 20 cycles were obtained. Figure 6.15 shows the first, 5th, 10th and 20th cycles 

chosen from a cycling contact angle measurement. Similar phenornena (see Fig. 6.4) are 

observed: the advancing contact angles in the first cycle are essentially constant; B, beyond the 

first cycle is tirne-dependent; the advancing-receding transition penod increases with the 

increase of the number of cyc!es; the advancing and receding periods generally decrease with 

increasing number of cycles, because the contact angles decrease due to liquid contact. The 

slopes of advancing contact angle (obtained by linear regression) for various cycles with 1- 

nonanol are displayed in Fig. 6.16. As with the alkanes, the greatest change on slopr occurs 

from the first to the second cycles which implies that the surface modification is the most 

pronounced upon first contact with the liquid. Xlthough there is no significant change in the 

siope from the 5th, 13th and 20th cycles (see Fig. 6.16), the advancing contact angles decrease 

with the number of cycles. The advancing and receding contact angles at R=0.60 and 0.65 cm 

are ploned against the number of cycles in Fig. 6.17. The mean 9, obtained by averaging the 

advancing contact angles rneasured in the first advancing procedure, together with its 95% 

confidence limit, is also given in Fig. 6.17. It should be noted that the scales in Figs. 6.7 and 

6.17 are different, and therefore the difference between O, values obtained From R=0.60 and 0.65 

cm is not noticeable. However, it can be seen fkom Fig. 6.1 7 that O,. values obtained at R=0.60 

are smaller than those obtained at R=0.65 cm. Figure 6.18 shows the contact angle hysteresis 

plot for 1-nonanol. This figure shows that the trend lines for approach a steady state, 

suggesting the rate of liquid retention-evaporation or socption process would balance each other. 



This again reconfirms that iiquid sorption andlor retention by the solid are responsible for the 

time dependence of contact angle hysteresis phenornena. Furthemore, the trend lines indicate 

that approaches a steady state somewhat &ter for the smaller radius of contact, in 

agreement with the expectation that this state should be reached the earlier the longer the time of 

liquid contact in each cycle. 

6.3.3.2. I -rtndecanol 

The advancing and receding contact angles were determined at R=0.65 and 0.70 cm, as shown in 

Fig. 6.19. It can be seen that both 0, and 0, decrease with increasing number of cycles. 

However, the extent of the decrease From cycle to cycle is small for 1-undecanol, as c m  be 

observed from the contact angle hysteresis plot given in Figure 6.20. The data show more 

scatter, but the general pattern remains. 

6.3.2.3. 1-he-runoi 

For 1-hexanol, 0, and 8, were read off at three radii: R=0.50, R=0.55 and R=O.60 cm, as 

displayed in Fig. 6.21. This figure is different from those which have been shown earlier. Here. 

in Fig. 6.21, both 6, and 0, do not decrease with the number of cycles; instead, they remain 

constant afier the first cycle. Because of this, no specific trend could be observed in the plot of 

contact angle hysteresis vs. number of cycles (see Fig. 6.22). The contact angle hysteresis data 

obtained fiom each radius scatter within two degrees, instead of the trends which have been seen 

in other systems (c.f. Figs. 6.8, 6.1 1, 6.13, 6.18 and 6.20). This result is reasonable: 1 -hexanol is 

a smaller molecule than the other wo alcohols used in this shidy. Thus, the propensity of liquid 

sorption to take place in the solidniquid systern would be higher. Because of the relatively high 



vapor pressure of the 1-hexanol, it stands to reason that the two processes, sorption and 

evaporation, would balance each other quickly, leading to the observed steady state. 
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Figure 6.1. Low-rate dynamic one-cycle contact angle measurement of n- 
hexadecane on FC-732-coated silicon wafer. 
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Figure 6.4. The k t ,  8th, 16th and 24th cycles &om a dynamic cycling contact angle 
experirnent with n-hexadecane on FC-732-coated surface. 
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Figure 6.5. Cornparison of the slopes of the advancing contact angle obtained 
f?om different cycles (n-hexadecane on FC-732-coated surface). 
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Figure 6.6. A typical cycle (the 4th cycle in this case) in a cycling experiment with n- 
hexadecane on FC-732. a and a' denote the advancing and receding contact angles obtained 
at R=0.45 cm, respectively. b and b' denote the advancing and receding contact angles 
obtained at R4.50 cm, respectively. 
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Figure 6.7. The advancing and receding contact angles of n-hexadecane on a FC- 
732-coated surface obtained for the two specific &op radii (R=0.45 cm and 
R4.50 cm) venus the number of cycles; mean 0. denotes the averaged value of 
advancing contact angles rneasured from the first cycle. 
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Figure 6.8. Contact angle hysteresis ehYst of n-hexadecane on FC-732-coated 
surface, together with the trends obtained at the two specific drop radii (R4.45 
cm and R4.50 cm) versus the number of cvcles. 
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Figure 6.10. The advancing and receding contact angles of n-dodecane on a FC- 
732-coated surf'ace obtained for the three specific drop radii (R=0.50, R=0.60 and 
R4.70 cm) versus the number of cycles; mean 8, denotes the averaged value of 
advancing contact angles rneasured &orn the first cycle. 
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Figure 6.11. Contact angle hysteresis eh,,, of n-dodecane on FC-732-coated 
surface, together with the txends obtained at the three specific drop radii (R4.50, 
R=0.60 and R=0.70 cm) versus the number of cycles. 
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Figure 6.12. The advancing and receding contact angles of n-nonane on a FC- 
732-coated surface obtained for the three specific drop radii (R=0.50 cm and 
R=0.60 cm) versus the number of cycles; mean 0, denotes the averaged value of 
advancing contact angles measured kom the first cycle. 
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Figure 6.13. Contact angle hysteresis of n-nonane on FC-732-coated 
surface, together with the trends obtained at the two specific drop radii (R4.50 
cm and R=0.60 cm) venus the number of cycles. 
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Figure 6.15. The fint, 5th, 10th and 20th cycles fiom a DCCA experirnent with 1- 
nonanol on FC-732-coated suface. 
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Figure 6.16. Cornparison of the dopes of the advancing contact angle obtained 
fiom different cycles (1-nonanol on FC-732-coated surface). 
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Figure 6.17. The advancing and receding contact angles of 1-nonanol on a FC- 
732-coated surface obtained for the two specific drop radii (R4.60 cm and 
R4.65 cm) versus the number of cycles; mean 8. denotes the average value of 
advancing contact angles measured fkom the fïrst cycle. 
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Figure 6.18. Contact angle hysteresis OhYs, of 1-nonanol on FC-732-coated 
surface, together with the trends obtained at the two specific drop radii (R4.60 
cm and R=0.65 cm), versus the number of cycles. 
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Figure 6.19. The advancing and receding contact angles of 1-undecanol on a FC- 
732-coated surface obtained for the two specific drop radii (R4.65 cm and 
R4.70 cm) venus the nurnber of cycles; mean 0, denotes the average value of 
advancing contact angles measured fiom the first cycle. 
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Figure 6.20. Contact angle hysteresis ehYst of' 1-undecanol on FC-732-coated 
surface, together with the trends obtained at the two specific &op radii (R4.65 
cm and R4.70 cm), versus the number of cycles. 
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Figure 6.21. The advancing and receding contact angles of 1-hexanol on a FC- 
732-coated surface obtained for the three specific drop radii (W.50, R=0.55 and 
R=0.60 cm) versus the number of cycles; mean 8. denotes the average value of 
advancing contact angles measured fiom the fint cycle. 
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Figure 6.22. Contact angle hysteresis €lhysr of 1 -hexanol on FC-732-coated 
surface, together with the trends obtained at the three specific &op radii (R=0.50, 
R=0.55 and R=0.60 cm), versus the number of cycles. 



CHAPTER 7 

CONCLUSIONS 

The main contributions of this thesis is a study of the possible cause(s) of contact angle 

hysteresis with an advanced methodology (ADSA-P) and proper experimental procedures, with 

the goal of substantiating the use of the advancing contact angle as the equilibrium contact angle 

and disregarding the receding contact angle in surface energetic calculations. The use of the 

advancing contact angle in conjunction with the Young equation is contentious because of the 

existence of contact angle hysteresis. Therefore, it is significant to camy out research on the 

causes of contact angle hysteresis in order to resolve this difficulty. Although contact angle 

hysteresis has been attributed to surface roughness and heterogeneity, its existence had been 

found on many srnooth and homogeneous surfaces in our studies. in view of this, a large nurnber 

of contact angle measurements were performed on a relatively srnooth and homogeneous surface 

(FC-732-coated silicon wafer) with two homologous series, n-alkanes and 1 -alcohols. The 

contact angle results have shown that receding contact angles are dependent on tirne. This 

finding suggests that liquid sorption, penetration and retention are the main contributors to the 

causes of contact angle hysteresis. The advancing and receding contact angle data conducted in 

this thesis provide an expennental foundation for fùture investigation of the origin and the cause 

of contact angle hysteresis. The conclusions of this work are sumrnarized as follows: 

(1) On a well-prepared, inert and hydrophobic surface, the receding contact angle has been 

shown to reflect liquid retention, penetration, sorption, or swelling. This conclusion is a 

consequence of the fact that hysteresis depends on molecula. size and properties of the 



liquids. The detailed results presented for this fluorocarbon solid surface confirm trends 

observed with al1 other polymeric materials which we have investigated in recent years. 

The result of OMCTS reconfirms that contact angle hysteresis depends on rnolecular size 

of the liquids. 

Models ascnbing contact angle hysteresis to features of the solid surface such as roughness 

and heterogeneity may well be applicable in certain situations, but not on carefully 

prepared films of polymeric materials. 

Contact angle hysteresis depends on solid/liquid contact time in both the DOSCA and the 

DCCA expenments. 

In the DCCA measurements, the advancing and receding contact angles obtained from the 

outer radii (shorter solid/liquid contact time) are found to be greater than those obtained 

fiom the inner radii. This result has been explained in terms of liquid sorption and 

retention: the surface energy of the solid would increase when solid and liquid are brought 

into contact. Therefore, the hydrophilicity of the solid surface would increase with 

increasing solid/liquid contact time. 

Contact angle hysteresis becomes constant after a certain period of advancing and receding, 

presumably due to the balancing of the rate of retention and of evaporation. The results 

confirm that on the solid studied here, liquid sorption, penetration and/or retention are 

major causes of the time dependence of contact angle hysteresis. 

The results kom the DCCA expenments have shown that not oniy the receding contact 

angles, but also the advancing contact angles obtained on a wetted surface (i.e., Ba obtained 

after the fint cycle) reflect an effect of the liquid. Therefore, only the advancing contact 



angle obtained on a dry surface (i.e., B, obtained Crom the first cycle) is appropriate in the 

calculation of surface energetics. 

(8) These findings support the cornmon practice of using advancing contact angles in 

conjunction with Young's equation. The receding contact angles do not reflect only 

properties of the solid, but of the liquid as well. 



CHAPTER 8 

FUTURE WORK 

The present state of knowledge on causes of contact angle hysteresis is surnmarized in Chapter 7. 

Although liquid sorption, penetration, and retention are presurnably the major causes of contact 

angle hysteresis, there remain several unsolved questions relating to the measurernent and the 

interpretation of receding contact angles. 

(1) The rate of motion of the three-phase contact line during advancing and receding cannot be 

controlled in the present setup. If contact angle hysteresis were strongly dependent on the 

solid/liquid contact time, it would be crucial to control the movement of the three-phase 

contact line because that determines the solid/liquid contact time. If the motion of the 

three-phase line c m  be controlled, then the or the trend lines for different liquids 

obtained at the same radius in the DCCA measurernents can be compared. 

It has been proposed that liquid retention by the solid is a cause of contact angle hysteresis. 

In order to verify this proposition, ellipsometry measurements for measuring film thickness 

should be perforrned after the liquid contacted the solid. By this means, one will lcnow that 

liquid is retained on the surface if the thickness of the film increases. Furthermore, it 

would be interesting to observe how the film thickness changes with the number of cycles 

in the DCCA measurements. Therefore, it is suggested to use the ellipsometry 

measurements alongside with the DCCA measurernents. In that case, one would gain more 

knowledge on liquid retention and the effect of the thickness of the liquid film (if there is 



any retained liquid film on the surface) on the advancing contact angle (obtained after the 

first cycle) and the receding contact angle. 

(3) The receding contact angle and the contact angle hysteresis were studied in detail only on 

FC-732-coated surfaces. [t would be interesting to conduct contact angle experiments with 

the two homologous senes on other hydrophobic surfaces. For exarnple, Teflon AF 1600 

from Dupont is recomrnended because it is a very hydrophobic ( ~ r v ~ 1 2  m~lm') coating. It 

has been found from colleagues in Germany that smooth surfaces can be produced by spin- 

coating technique. 

(4) Besides the two homologous senes, n-alkanes and 1-alcohols, it is wonh to try other 

homologous series in order to investigate other possible effects on contact angle hysteresis, 

e g ,  the effect of polarity of liquid on contact angle hysteresis. 

( 5 )  Recently, both advancing and receding contact angles measured by goniometer on different 

well-charactenzed covalently-attached monolayers and surfaces have been studied by 

McCarthy et al. [50, 5 1, 761. They concluded from their findings that liquid penetration 

into the monolayers, which is a consequence of the molecular topography (i.e., surface 

roughness and rigidity), is the key contributor to the observed contact angle hysteresis. 

However, it is known fiom the literature that results obtained from goniometer are 

somewhat subjective and the accuracy of this method is usually e0 at best. This error is 

rather large since some of the results on contact angle hysteresis reported by McCarthy et 

al. [76] were 2 - 3 O .  Therefore, the difference of the advancing and receding contact may 

not reflect the tme contact angle hysteresis, since it may be due to the random error in the 

measurements. From this perspective, it is suggested to conduct contact angle 



measurements on those monolayers by ADSA-P (where a standard deviation of tO.ZO can 

be achieved). 



APPENDIX A 

APPLICATION: STUDY OF ADVANCING AND RECEDING 

CONTACT ANGLES ON BIODEGRADABLE SURFACES [72] 

Al .  Background 

Poly(1actic acid), DL-PLA, and its copolymers with poly(glyco1ic acid), DL-PLGA, (with 

different copolymer ratios) are widely recommended [77-811 as biodegradable drug carriers in 

form of micro- and nanospheres. These polymeric drug delivery systems decompose in the 

human body due to hydrolysis, while releasing the encapsulated drug in the targeted area. Many 

aspects of physico-chernical charactenzation of the biodegradable polymers c m  be found in the 

literature, however, the knowledge about wettability and the composition of the polymer surfaces 

is still not sufficient. In practice, the in vitro surface charactenzation does not represent directly 

the wetting behavior of such polymers in vivo. Nevertheless, the collection of reliable data of 

contact angles as well as the solid surface tensions calculated fiom the contact angles allows 

prediction of the basic wetting behavior of these polymers. The results also provide a guideline 

for the preparation of carriers for successful and optimized drug delivery. 

The wettability might influence both dnig encapsulation and release mechanisms; 

furthemore, the hydrophilicity of the polyrner determines the degree of surface modification, if 

needed, for pharmaceutical purposes [82-841. in view of these, it is important to establish 

whether the surface characteristics of the homo- and copolymers are different f?om each other, 

and whether the wettability increases with the increasing poly(glyco1ic acid) (polar component) 

ratio. It should be noted that only a very limited number of static contact angle data for these 



copolymers were found in the literature [MW].  Recently, the wettability of biodegradable 

poly(1actic acid) and its copolymers were studied regarding the hydrolytic decomposition of 

these copolymers by Vargha-Butler and Kiss [88, 891. Their results contradicted those data 

referred in Refs. [85-871. Therefore, it was suggested to conduct a systematic wettability smdy 

on DL-pol y(1actic acid) homopol ymer and pol y(lactic/gl ycolic acid) copo lyrner surfaces. 

Since the wettability of these dmg carriers may play an important role in dmg delivery, it 

is necessary to distinguish possible differences in surface characteristics. in addition to the 

significance of the hydrophilicity of these substances in the pharmaceutical field, the wettability 

study of the films is of interest from a surface science point of view, because the selected mode1 

surfaces allow variation of the film composition gndually from the 100 percent homopolymer 

(poly(1actic acid)) to a SOI50 percent copolyrner ratio, by increasing the content of the 

poly(glycolic acid). 

Atomic Force Microscopy, M M ,  investigations were also perfonned to obtain insight 

into the topogruphy of pol ymer surfaces [go-921. ui addition, X-ray pho toelectron spectroscop y, 

XPS, was used to analyze the chenlical conlposirion of the surface layer of the polymer films 

[93-951. It should be noted that wettability and XPS measurements were performed on V ~ ~ O U S  

surfaces to obtain quantitative information on the composition of the surface and its conneciion 

with wettability behavior [96,97]. 

AZ. Solids and liquids 

A2.1. Materials 

Poly@L-lactide), DL-PLA, (MW: lO6OOO) and four of its random copolymen with glycolic acid, 

poly(DL-lactide-CO-glycolide), DL-PLGA, with 85/15 and 75/25 (Mw:90000-L26000), as well as 



with 6513 5 and 50/50 (MW: 40000-75000) component ratios of lactide/glycolide obtained from 

Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada) were used in our experiments for polymer 

film preparation. Structural compositions of the components, i.e., the poly(1actic acid) and 

poly(glycolic acid), are illustrated in Figure Al. 

Dichloromethane (ACS reagent HPLC grade) supplied by Sigma-Aldrich was used for sample 

film preparation. Liquids used in the measurement were double distilled water, formamide, 1,2'- 

thiodiethanol and 3-pyridylcarbinol. Selected physical properties of these liquids are 

summarized in Table A 1, 

Silicon wafen 4 0 0 >  (see Chapter 3 for detail) were used as substrates for the polymer films. 

AL2 Sarnple Preparufion 

A?. 2. I Surface Cleaning 

The silicon wafers were cut into rectangular shape of about 2.5 x 1.5 cm from the original 

circular discs with about 10 cm in diameter. The wafer surfaces were then rinsed with ethanol to 

remove the impurities and were soaked in freshly prepared persulfuric acid (volume ratio of 

concentnted sulfunc acid : hydrogen peroxide (30 w/v% solution) = 2 1 )  at least for 2 hours. 

The samples were thoroughly washed and then soaked in distilled water for 30 minutes (with pH 

checked). Finally, the surfaces were dried under an infrared lamp for 15 minutes before the 

coating process. 

A 2  2.2. Film Preparation 

The polymer films were prepared by a solvent casting technique; 2% (w/v) of polymer were 

dissolved in dichloromethane and 200 pl of each polymer solution were deposited ont0 the 



hydrophilic substrate (silicon wafer) with a pipette. in order to prevent fast evaporation of 

solvent which could lead to roughness of the film, the samples were covered for 20 minutes 

allowing the solution to spread on the surface. Then, the polymer films were dried at room 

temperature in a vacuum charnber ovemight. 

-43. Measuring Methods 

A 3.1. Axisynr nt etric Drop Slr ope An alysis - Profile (ADSA-P) 

Details of this technique and the experimental procedures c m  be found in Chapter 2. As 

mentioned earlier, the contact angle and the three-phase contact radius were determined 

simultaneously by ADSA-P, thus the aciual speed of advancing and receding can be determined 

From the dope by Iinear regession. Different rates of advancing and receding were studied for 

each liquid: velocities of the three-phase contact Iine in this study of biodegradable surfaces 

ranged from 0.1 to 1.0 mmirnin for advancing measurements and fkom 0.3 to 2.0 mdmin  for 

receding measurements. 

In this study, the advancing and receding dynamic contact angles were measured with 

drops of four different liquids (distilled water, formamide, 2.2'-thiodiethanol and 3- 

pyridylcarbinol) on five polyrner surfaces. For each polymer with each liquid, 4 to 10 individual 

sessile drops were formed on freshly prepared surfaces. The advancingheceding contact angle of 

each system was obtained by averaging the processed outputs. From these values the mean 

contact angles were calculated and given with 95% confidence limits in al1 tables. The 

experirnents were perfomed at 23.&0.j°C and approximately 45% relative humidity in a 

temperature controlled room. Since liquid surface tensions measured by pendant drop method 

are more accurate than kom sessile drop method, the surface tensions of liquids were determined 



independently with a pendant drop also by ADSA. It has been found that the liquid surface 

tension values measured Frorn sessile drops were less accurate than those obtained from pendant 

drops. 

A3.2. A tom ic Force bficroscopy (A FiW) 

AFM measurements were camied out on DL-PLA 100, DL-PLGA 71/25 and 50150 films by 

means of Nanoscope III (Digital hstruments, CA, USA) atomic force microscope in arnbient 

environment. The instrument was operated in contact mode, by using a DI Si3& tip of 0.12 N/m 

force constant. Areas of different sizes (linrar length of the studied area were 2, 5 and 10 p) 

were scanned and the images gave characteristic morphological features of the studied surfaces. 

Cross section analysis of the surface topography was accomplished by the Nanoscope 4.23r6 

software. The statistical values, which can be obtained From this analysis, give information on 

the surface roughness of different polymer and copolyrner films. The AFM rneasurements for 

this study were performed by 2s. Keresztes and E. KaIrniin in the Department of Surface Science 

and Corrosion Research, Hungary. 

A3.3. X-ray Photoelectron Spectroscopy (XPS) 

Elemental and chernical analysis of polymer (DL-PLA 100) and selected copolymer films (DL- 

PLGA 85/15 and DL-PLGA 50150) were performed by X-ray photoelectron spectroscopy (XPS). 

A monochromatized X-ray source ( A K a  at 1486.6 eV) with a spot size 4 mm x 1 mm was used. 

A flood gun with characteristics of 3 eV and 30% emission was necessary for charge 

compensation. The sarnples were measured at 90 and 25 degrees take-off angles. In addition to 

the usually ernployed 90 degree analysis, the measurement for each sarnple was repeated at 25 



degree detection position, in order to determine the surface composition at the outermost layer of 

polyrner films as well. Al1 spectra were calibrated to the position of the carbon (C) 1s peak. It 

should be nored that the XPS measurements were conducted by Prof. E. Kiss in Biophy Research 

S.A., Marseille, France. 

-44. Results and Discussion 

A 4  1. Contact Angle hfeasurern enis 

A typical ADSA-P output illustrating advancing and receding angles of water on DL-PLA 100 is 

given in Fig. AZ, where the contact angles, the drop radius, the drop volume and also the surface 

tension of the measuring liquid are plotted as a function of tirne. As shown in Fig. A2, From the 

beginning of the experirnent to tirne 10, the advancing contact angle, O,, was formed by purnping 

continuously liquid into the droplet up to the point [o. At time q the flow of liquid was reversed, 

the contact angle started to decrease and the three-phase line became stationary, Le.. the drop 

radius was constant. Meanwhile, the volume of the droplet decreased till 170.  At time 170 the 

radius of the droplet started to decrease and the contact angle measured From that time represents 

the receding angle, O,. Besides the mean advancing and receding contact angles, both the rate of 

the advancing and receding radius, Ra and R ,  are also given in Fig. AZ. It c m  be seen clearly 

that both the advancing and the receding contact angles (which were obtained aAer time [,=O) are 

not dependent on tirne. Surprisingly, unlike the results obtained previously fiom other polymeric 

materials and fluoro-coating which shown time dependence of receding contact angles, the 

receding contact angles are time-independent as shown in Fig. M. The result suggests that any 

molecular mechanism(s) which leads to time dependence of 6, (such as liquid sorption and liquid 

retention) occurred and completed fast enough that the surface had been modified before the 



receding starts or after the solid/liquid contact. Therefore, the constant receding contact angles 

imply that the film had saturated with liquid, presumably by sorption and retention. However, 

this is still a presumption, further investigation is needed for venfication. 

For each set of solidliquid system, the measurements were perfomed at various R, and 

R,. Table M ( a )  sumarizes the advancing contact angles for different advancing rate of motion 

of the three-phase contact line and the mean advancing contact angles together with the 95% 

confidence limits for water on the five polyrnen. It can be concluded that for each solid/water 

system, 8, are independent of Ra. Moreover, there is not significant different between the values 

of mean Ba among these five polymers. The receding contact angles for different receding rate of 

the three-phase contact line for water on the five polymen c m  be found in Table A2(b). Here, it 

also shows that 8, are independent of R, within the speed range used in this study. However, the 

values of mean Br decrease with the increase of poly(g1ycolic acid) component. Figure A3 

illustrates typical contact angles for water on the surface of poly(lactic acid) and its four 

copolymers with poly(glycolic acid). Clearly, the advancing contact angles obtained for the five 

polymen are essentiaily the same, but the receding contact angles decrease with increasing 

poly(glycolic acid) ratio. The results suggest that the increasing polarity of the copolymers is not 

reflected by Oa, but only by Op 

Figure A4 and A5 show ADSA-P contact angle outputs for 2,2'-thiodiethanol and 

formamide, respectively, on the five polymer films. The patterns produced here are similar to 

those obtained for water (see Fig. A3): B. and Br are time-independent; Ba remains the same 

while 8, decreases with the increasing of poly(glyco1ic acid) ratio. The contact angles for 

different rate of motion of the three-phase contact line for 2,2'-thiodiethanol and formamide on 

the five polymers are summarized in Table A3 and Table A4, respectively. 



However, the advancing contact angles of formamide on some DL-PLGA 50150 surfaces 

show a pattern called "stick-slip" [22], as shown in Fig. A6. in that system the radius did not 

start to decrease after reversing the flow direction of the liquid, which means that receding angles 

were not measurable. Al1 these deviations from the pattern of the previous three systems 

(Figures A3, A4 and AS) suggest an interaction such as swelling or absorption of the polymer 

films with 50/50 composition. In addition, an opaque spot was observed after removing the drop 

of formamide from the surface of those 50150 copolymer sarnples which showed the "stick-slip" 

pattern. This observation implies that surface swelling andlor dissolution of solid by the liquid 

might occur during the solid/liquid contact. But even those DL-PLGA 50150 films which 

seemingly did not interact with formamide during the experirnent and yielded constant advancing 

contact angles (which is s h o w  in Fig. AS(e)), receding contact angles were not obtained. It 

should be noted that for the formamide/DL-PLGA 50150 system, only the constant advancing 

contact angles are given in Table Al(a). 

Figure A7 shows typical results for 3-pyridylcarbinol on the five polymer films. It can be 

seen that the advancing contact angles are essentially constant for both the hornopolymer DL- 

PLA and the copolymer DL-PLGA surfaces, while al1 the receding contact angles are changing 

with time. It should be noted that opaque spots at the liquid/solid contact were visible afier the 

experiment on al1 polyrners. The spots were also inspected under a microscope (with 3% 

magnification). It is believed that the films were changed by the liquid during the contact, 

because the contour of the drop remained "etched" into the film, which probably indicates 

surface swelling andor dissolution. The effect of etching is more pronounced for copolyrners 

with higher poly(g1ycolic acid) content. The result is reasonable since it is known fiom the 

literature [78] that poly(glyco1ic acid) is less crystalline, hence less resistant to difierent 



interactions than the poly(1actic acid). Therefore, there is a higher propensity for the liquid to 

react with poly(glyco1ic acid) than with poly(1actic acid). For this reason, the homopolyrner, 

which consists of pure poly(1actic acid), is expected to be the least reactive. Since the solids are 

apparently not inert with respect to 3-pyridylcarbinol, the basic assumptions discussed earlier 

may not be satisfied (see Chapter 3). Therefore, the advancing contact angles measured fiom 

these systems are disregarded. 

Table A6 summarizes both the mean advancing and receding contact angles (with 95% 

confidence limit) measured with the three liquids on the five polymer films, as well as the 

contact angle hysteresis for each liquid/solid system. It can be concluded from Table A6 that the 

increasing ratio of the hydrophilic component (Le., poly(glyco1ic acid)) of the copolyrner does 

not influence the advancing contact angle values. This has been verified by a statistical analysis 

using ANOVA (Le., analysis of variance} that the composition of the copolymers has no 

significant effect on the advancing contact angle of water, 2,Z'-thiodiethanol and formunide, i.e., 

the minor diff'erences in Table 6A are not significant. On the other hand, a11 the receding angles 

measured with three different liquids (i.e., water, 2,2'-thiodiethanol and formamide) show 

uniformly a decrease with the increasing poly(g1ycolic acid) ratio, Le., the receding angles do 

reflect the increasing polarity of the copolymers. Correspondingly, contact angle hysteresis 

increases with the increasing polar component of the film. 

A4.1. I .  Solid Surface Tensions of the Poiylactide-type Biodegradable Polyrners 

For further evaluation, the advancing contact angles were used in the determination of surface 

energies of the polylactide-type biodegradable polymen. The surface tensions of the polymer 

films were evaluated by the equation-of-state approach [5, 701, using the ernpincal constant f l =  



0.0001 247 (m2/m.J)' [66, 701. 

The surface tensions of five polymers with different P L M G A  ratio together with the 

contact angle data that were obtained by ADSA-P technique were summarized in Table A7. The 

y,, values calculated from three different liquids show constancy for al1 surfaces and liquids, i.e., 

35.6t0.2 mllm'. The results indicate that the surface tension of these copolymers do not change 

with their component ratio in different compositions. Three curves of ~LcosO, versus n, (with 

fiV=34.5, 35.6 and 36.5 d l m ' )  are generated with ,&0.0001247 (m2/rnJ)', and the ficos@, data 

obtained from the five poiymers with three liquids (i.e., water, formamide and 2.2'-thiodiethanol) 

are plotted in Fig. AS. It c m  be seen that the data fa11 well on the zv=35.6 rn~/m? curve. The 

contact angle pattern is the same as that observed with any other polymer. We conclude that the 

advancing contact angles do not reflect the chemical composition change caused by the 

increasing poly(glycolic acid) ratio in the copolymen. The average solid surface tension of these 

polylactide/polygiycolide biodegradable polymers is found to be 35.6502 m.Vm2. 

From the surface science point of view, the question arises: why does the advancing 

contact angles not reflect a 50 percent increase of the more hydrophilic component in a 

hydrophobic copolymer. For fûrther clarification AFM and XPS measurements were performed. 

A4.2. A tomic Force Microscopy (A FM) 

It is well h o w n  that the surface morphology could influence the measured contact angles and 

hence the calculated surface tension values, although it appears unlikely that such a response to 

roughness would exactly cancel the effect of polaiity of the polymer surface. Al1 of the films 

proved to be homogeneous on the microscopie scaie but some mechanical heterogeneity was 

observed by the AFM images, especially for copolymer surfaces. With increasing poly(g1ycolic 



acid) ratio, the surface roughness increased significantly as it can be seen in Figure Ag. Images 

are given for DL-PLA 100, DL-PLGA 75125 and DL-PLGA 50/50 films. The image of the 

homopolymer showed a smooth surface, the DL-PLGA 75/25 film had a smooth surface with 

occasional shallow holes, while the whole surface of the 50/50 film was uneven. A typical 

roughness parameter was selected to charactenze the surface roughness: R, (in nrn) represents 

the mean roughness, which means a mean value of a surface cross section relative to the center 

line. 

It should be noted that the mean roughness, R,, increased approximately seven times kom 

the homopolyrner to the DL-PLGA 50/50 sample. The Ra values for DL-PLX 100, DL-PLGA 

75/25 and DL-PLGA 5050 are O.267FO.O 18, O.565kO. 148 and l.gUIO.988 nrn, respectively 

(the errors given are standard deviations). In addition, the RMS values for DL-PLA 100, DL- 

PLGA 75/25 and DL-PLGA 50/50 are 0.397t0.080, 0.808F0.245 and 2.517k1.162 nrn, 

respectively. Although there is an approximately seven times increases in R, and six times 

increases in RMS fiom homopolymcr DL-PLA 100 to DL-PLGA 50150, the magnitude of their 

roughness are still on the order of nanometers. This extent of surface roughness could not be the 

determining factor in the values of contact angles obtained from the ADSA-P rneasurements. 

We conciude that the features on the surfaces are too srnaIl to affect contact angles. For that 

reason we extended our study and used the X-ray photoelectron rnicroscopy to explore the 

chemical surface composition of the polyrner films. 

A4.3. X-ray Photoelectron Spectroscopy (XPS) Study 

The elements detected on the analyzed surfaces were only carbon and oxygen. No other 

elements coming Erom the substrate have been detected, which means that the polymers formed 



continuous films on the substrates with a thickness larger than the analysis depth of XPS 

(approxirnately 10 MI). It was established that the carbonloxygen ratio charactenzing the 

chemical composition measured on the three polymer and copolyrner films (Le., DL-PLA 100, 

DL-PLGA 85/15 and DL-PLGA 50150) are in good agreement with the expected values of the 

stochiometric ratio (not shown here). Deconvolution of the carbon signals and the angular 

dependence measurements provide further information on the structure of the surface films. The 

peak synthesis has been performed on Cls  spectra with the following chemical shifis, C-C and 

C-H at 285.0 eV, C-O at 287.0 eV, O-C=O at 289.0 eV. The results of peak synthesis are 

collected in Table AS. From the analysis performed at 90 degrees detection position. no 

significant difference is found for poly(1actic acid) in carbon component values compared to the 

theoretical composition. However, for the copolymen, the experimentally determined 

composition of the film reflects a higher C-C content at the expense of the more polar C-O and 

O-C=O components in the surface layer. This effect becomes more pronounced as the 

poly(g1ycolic acid) content increased, with the highest effect at PLGA 50150 ratio. 

Based on that obsewation a surface distribution of the monomer segments is suggested: 

while the polymer solution is spreading on the substrate, the polyrner chain is still flexible, hence 

the segments have the freedom of orientation to an energetically favorable position. It is n~ost 

likely that surface activity dominated the conformation of the copolymer chains, i.e., the less 

polar molecular parts tend to tum towards the non-polar surface while the polar groups of the 

molecular chain have a preference for the 'bulk' of the polymer phase andlor the polar substrate. 

That suggestion is further supported by the data obtained at the 25 degrees detection position 

(due to the sampling of a 2.4 times thimer layer than at 90 degrees), which corresponds to the 

surface analysis of the outermost layer (- 4.2 nrn). The deviation of XPS data firom the 



theoretical values in this case is approximately 10% for both copolyrner films, indicating a 

considerable alteration of composition of the surface layer compared to that of the 'bulk' phase of 

the polymer films. 

From the above, we conclude that the polarity or hydrophilicity of surface layer is not in 

accordance with the bulk composition of the poly(lactic/glycolic acid) copolymers. Although the 

advancing contact angles do not show a decreasing trend, the contact angle hysteresis does 

increase with the increasing hydrophilic content (poly(glyco1ic acid)) of the copolymers. 

AS. ConcIusions 

Poly(lactic acid) DL-PLA. and its copolymers with poly(glyco1ic acid) DL-PLGA of different 

copolymer ratios were investigated by Axisyrnrnetric Drop Shape Analysis-Profile, ADSX-P. 

Surface morphology of selected polymer films was investigated by Atomic Force Microscopy 

(MM) and the surface composition of the polyrner layers was studied by X-ray Photoelectron 

Spectroscopy (XPS). 

It was found that: 

The advancing contact angles measured by ADSA-P do not change with copolymer 

composition, but the receding angles decrease with increasing poly(glyco1ic acid) ratio. 

Solid surface tensions of polymer films were calculated by the equation-of-state approach 

and were found to be independent of the polymer composition and the measunng liquids. 

The mean value obtained for solid surface tension of the polylactide-type biodegradable 

polymers (lactide and glycolide copolyrners) was calculated as 35.6k0.2 mllm'. From the 

surface property point of view, this finding here is significant for the pharmaceutical 

industry because it does permit an interchangeable application of these biodegradable 



polymen. 

(3) The surface roughness, which was charactenzed by AFM measurements, increases with 

poly(glyco1ic acid) content in the polymer films. However, the magnitude of the surface 

roughness (approximately 20 A) is too small to affect the advancing contact angles. 

(4) Finally, the ,XPS study suggests that the constant value of the surface tension of these 

polymers is likely due to the surface activity of the nonpolar segments in the copolymer 

chain. These segments must preferentially be onented towards the outermost layer while 

the solid film formed on the hydrophilic substrate. 



Table A l .  Selected physical properties of measuring liquids 

Liquid 

4 

Water 1 HIO 1 72.88" 1 72.70" ( 15.00 1 1 O0 1 0.998 1 1.002 1 
%e-asured by capillary viscometer 

Structural 
formufa 

1 54/28mm 
t 64- 166/20mm 

210 

3-Pyridy lcarbinol 
2,2'-Thiodiethanol 
Formamide 

I Literat. Meas. 

Surface tension 
Yiv 

(m JI m') 

49.30" 
54.00" 
58.5 lZ2 

109.13 
122.19 
45 .O4 

C6H7N0 

CfiioOzS 
CH3N0 

1.124 
1.22 1 
1.134 

1 

(g/mole) 

49.73" 
54.00'~ 
58.35'O 

1 8 . 9  
65 .j9 
4 . 1  1 

Boiling point 

( O c )  

Density 
at 20°C 
(kg/m3) 

Viscosity 

(mPmec) 3tZ00C 1 



Table M(a). Summary of the advancing contact angles [degree] for different advancing rate 
[rnrnirnin] of motion of the three-phase contact line of water on polymer (with different PLAPGA 
copolymer ratio)-coated silicon wafer. 

DL-PLA 100 DL-PLGA 85/15 

DL-PLGA 75125 D L-P LGA 65/3 5 
R, [mm/min] 9 3  [degreel R, [mm/min] 0 3  [ d e i d  

O. 153 50.0740.4 1 0.225 50.38+0. 13 
O. 197 79.1910.23 0.249 S0.29+0.15 
0.3 13 80.29+0.33 0.250 80.0 1 +O. 14 
0.230 80.28k0.34 0.255 80.35kO. 19 
- - 0.358 80.23k0.14 

mean 79.96k0.82' mean 50.25IO. 15' 

DL-PLGA 50150 
Ra [mm/min] @a [ d e p e ]  

0.230 81.01-tO.15 
0.237 8 1.22k0.13 
0.337 8 1.46-0.2 1 
0.233 80.90+,0. 17 
0.25 1 80.68f 0.20 

b - 

mem 0, vaIue and the 95% confidence limits 



Table M(b). Surnrnary of the receding contact angles [degree] for different receding rate 
[mrn/min] of motion of the three-phase contact line of water on polymer (with different PLNPGA 
copolymer ratio)-coated Silicon wafer. 

DL-PLA 100 DL-PLGA 8511 5 
R, [mmfmin] 8, [degree] R, [mm/min] 0, [de.gee] 

0.435 60.62-tO.30 0,372 59.71t0.16 
0.442 61.32k0.19 0.5 17 59.93-tO. 16 
0.452 60.95-tO. 18 0.535 59.90'0. 17 
0.5 10 60.9 120.26 0.55 1 59.67k0.24 
0.5 15 6 1.04-tO.2 1 0.555 59.8420.15 

DL-PLGA 75/25 DL-PLGA 65/35 
R, [mrn/min] gr [degee] Rr [mm/min] B r  [deLw] 

0.346 57.6440.1 O 0.47 1 55.8 III .OS 
0.4 1 O 5 3.44i0.48 0.505 56.4420.19 
0.33 1 58.2 1i0.22 0.527 56.47k0.14 
0.499 59.05k0.19 0.533 56.5E0.2 1 
- - 0.542 56.52-tO.33 

mean 58.34k0.92' mean 56.35k0.37' 

DL-PLGA 50/50 
R, [mrn/min] gr [degee] 

0.492 54.1 lI0.20 
0.501 53.96kO. 18 
0.520 54.16f 0.19 
0.525 54.26'0. 16 
0.534 54.35'026 

mean 8, value and the 95% confidence limits 



Table A3(a). Sumrnary of the advancing contact angles [degree] for di fferent advancing rate 
[mmimin] of motion of the three-phase contact line of 2,2'-thiodiethanol on polymer (with different 
PLNPGA copolymer ratio)-coated silicon wafer. 

DL-PLA 100 
R, [mrn/min] 0, [degree] 

0.397 56.55IO. 19 
0.427 56.90-tO. 13 
0.430 57.0610.20 
0.432 57.02kO. 18 
0.433 56.84k0.21 
rnean 56.87-tO.25' 

DL-PLGA 85/15 
R, [mm/min] 8, [degee] 

0.367 56.42I0.22 
0,416 56.42-t-0.2 1 
0.425 56.22I0.19 
0.430 56.1 1k0.17 
0.44 56.6 1 +O. 19 

DL-PLGA 75/25 
R, [mmimin] 0, [degree] 

0.353 55.8610.18 
0.429 55.42k0.16 
0.45 1 55.61k0.14 
0.533 55.87k0.28 
0.584 56.1210.24 
0.593 55.75'0.19 

DL-PLGA 65/35 
R, [mm/min] 8, [degrce] 

0.413 56.5Ok0.2 1 
0.422 56.6 1 k0.20 
0.426 56.52k0.20 
0.14 1 56.6440.26 
0.475 56.64k0.17 
- - 

DL-PLGA 50/50 
R, [mm/min] 0, [degr=] 

0,412 54.6420.17 
0.4 16 56.86k0.14 
0.423 56.41kO.19 
0.43 8 56.80kO. 17 
0.456 56.7 1k0.22 

Ornean 8, value and the 95% confidence limits 



Table A3(b). Sumrnary of the receding contact angles [degree] for different receding rate 
[mrn/rnin] of motion of the three-phase contact line of 2,Z'-thiodiethanol on polymer (with different 
PLAPG.4 copolymer ratio)-coated silicon wafer. 

DL-PLA 100 DL-PLGA 85/15 
R, [mm/min] 8, [degree] R, [rnm/min] 0, [degree] 

0.591 40.8540.28 0.658 38.74k0.29 
0.702 40.4840.16 0.712 3 8.97k0.30 
0.71 1 40.58k0.22 0.742 38.8240.43 
0.732 30.35+0.25 0.766 38.9 1'0.28 
0.800 40.03k0.38 0.775 38.74k0.37 

DL-PLGA 75/25 
R, [rnmfrnin] 0, [degee] 

0.603 35.29+,0.23 
O. 72 1 38.00k0.27 
0.779 37.53k0.17 
0.552 37.65k0.29 
0,883 37.64+,0. 18 
1.060 37.5540.26 

DL-PLGA 65/35 
R, [mmimin] 8, [degree] 

0.789 36.67+,0.25 
0.536 36.49k0.39 
0.543 36.40kO.36 
0.844 36.53k0.25 
0.907 36.56k0.26 

DL-PLGA 50150 

mean 8, value and the 95% confidence limits 



Table A4(a). Summary of the advancing contact angles [degree] for different advancing rate 
[mm/min] of motion of the three-phase contact line of formamide on polymer (with different 
PLNPGA copolyrner ratio)-coated silicon wafer. 

- - 

DL-PLA 100 DL-PLGA 85/15 
R, [mm/rnin] 8, [degee] R, [mrn/min] €la [degree] 

O .3 06 63.56+,0. 17 0.313 61.59+0. 19 
0.3 17 63.00+0. 17 0.313 6 1 .57+0. 13 
0.325 63.05kO. 15 0.374 6 1.7510.24 
0.404 62.90+0.17 0.352 6 1.35+0. 17 
0.409 62.74+0.16 0.41 8 61.81k0.19 
0.433 62.6 1k0.2 1 0.43 7 62.5 1k0.20 
0 .444 62.68k0.24 - - 

0,485 62.36kO. 15 - - 
0.490 62.782029 - - 
mean 62.85i0.26' mean 6 1.76f 0.42' 

DL-PLGA 75/25 DL-PLGA 65/35 

DL-PLGA 50/50 
R [mm/min] O= [degee] 

0.50 1 60.8 1k0.63 
0.668 60.14e0.40 

- . - . - .- 

h e m  O, vaiue ~ i d  the 95% contidence limits 



Table A4(b). Sumrnary of the receding contact angles [degree] for different receding rate 
[mm/min] of motion of the three-phase contact line of formamide on polyrner (with different 
PLAPGA copolyrner ratio)-coated silicon wafer. 

DL-PLA 100 
R, [ d r n i n ]  0, [degree] 

0.6 1 O 39.73f 0.15 
0.630 39.02'0.18 
0.694 39.5lkO. 19 
0.682 39.53f0.20 
0.704 39.90k0.25 
0,527 39.641rO. 19 
0.90 1 39.43k0.17 
0.902 39.32k0.18 
0.908 39.3OkO. 17 

DL-PLGA 85/15 
R, [mm/min] 0, [degree] 

0.648 3 7.46kO. 1 8 
0.684 36.9 lk0.3 1 
0.706 38.70-tO.22 
0.717 35.49k0.19 
0.770 37.83k0.26 
0.8 19 35.12k0.15 
- - 
- - 
- - 

DL-PLGA 75/25 DL-PLGA 65/35 

-mem 0, value and the 95% confidence tirnits 



Table A5. Advancing, O,, receding, 8,, contact angles, as well as contact angle hysteresis, 
of different liquids on polyrner (with different PLNPGA copolymer ratio)-coated on 

silicon wafer. 

L iqu id 

Formamide 
y,, = 58.51 r n ~ l r n ?  

Copolymer 
ratio 

PLivPG.4 

Mean 
8, f 95% 
(degree) 

79.82 k0.28 

. .- - 

Mean 
0, f 95% 
(deg ree) 

60.97 k0.3 1 

Mean 
ehyrt  f 95% 

(degree) 

18.85 20.55 

Possible interaction at the solidiliquid interface 



Table A6. Surface characteristics of polyrner films (with different PLNPGA ratio) coated on 
silicon wafer. 

DL-PLA 100 

2,KI"iodiethanol 
Formamide 
Water 

DL-PLGA 85/15 

2.2'-Thiodiethanol 
Formamide 
Water 

DL-PLGA 75/25 

2,2'-Thiodiethanol 
Formamide 
Water 

DL-PLGA 65/35 

2,2'-ïhiodiethanol 
Formamide 
Water 

DL-PLGA 50150 

2,2'-Thiodiethanol 
Formamide 
Water 

YIV 
(m JI m') 

9,1t95% 
(degree) 

Ysv 
( m~/rn') 

I 
Equrtioo of state 



Table A7. Chernical composition of surface layer of polylactic acid and - - 
polylactic/glycolic acid copolymer films determined by XPS. 

Polymer 

1 DL-PLA 100 

th eoretical 

XPS at 90 degr. 

XPS at 25 degr. 

1 DL-PLGA 85/15 

th eoretical 

XPS ai 90 degr. 

XPS at 25 degr. 
1 DL-PLGA 50150 

th eo retical 

XPS at 90 degr. 

XPS at 25 degr. 

C-C 

Cls  atorn % 

C-O 

d l .  7 

38.6 

37.2 
Thickness of surface iayer analyzed at 90 and 25 degree detector position of is about 
10 and 3.2 nm, respectively. 



PLA 

\ CH2 / c \ * / c H 2 \ c / o \  
I I 

PGA 

Figure Al .  Chernical composition of poly(1actic acid), PLA, and poly(g1ycolic acid), PGA. 



Time [sec] 

Figure M. Typical results obtained by ADSA-P for water drop on DL-PLA 100 
homopol yrner surface. 



rnean 8,=56.47k0.14~ 
- 
j (d) 

O 200 400 600 800 
Time [sec] 

Figure A3. Typicd results obtained by ADSA-P for water drop on (a) DL-PLA 
100 hornopolymer, @) DL-PLGA 85/15, (c) DL-PLGA 75/25, (d) DL-PLGA 
65/35, and (e) DL-PLGA 5060 surfaces. 



Time [sec] 
Figure A4. Typical results obtained by ADSA-P for 2,2'-thiodiethanol drop on 
(a) DL-PLA 100 homopolymer, (b) DL-PLGA 85/15, (c) DL-PLGA 75/25, (d) 
DL-PLGA 65/35, and (e)  DL-PLGA 50150 surfaces. 



&ure ~ 5 .  l w i c a l  redmbtained ~ ~ & D s A - P  9 6 t q o r m a m i ~ o p  on 
PLA 100 homopolymer, (b) D ~ i P b g & & @ j ,  (c) DL-PLGA 75/25, (d) DL- 
PLGA 65/35, and (e) DL-PLGA 50/50 surfaces. 



qigure A6. Typical result obtained by ADSA-P for formamide droirbn the b ~ -  

Time [sec] 



200 400 
Time [sec] 

Figure A7. Typical results obtained by ADSA-P for 3-pyridylcarbinol drop on 
(a) DL-PLA 100 homopolymer, (b) DL-PLGA 85/15, (c) DL-PLGA 75/25, (d) 
DL-PLGA 65/35, and (e) DL-PLGA 50/50 surfaces. 



O DL- 
1 DL-PLGA 85/15 7 Y\ '\ 

O DL-PLGA 75/25 
A DL-PLGA 65/35 
Q DL-PLGA 50150 

ys,=34.5 rn Jlm 
10 l 1 l l \ I 

50 55 60 65 70 75 

Y,, [m J / ~ ~ I  

Figure A8. Wettability data obtained by ADSA-P presented as a function of 
surface tension of the three measuring liquids for d l  of the polyrner and 
copolymer surfaces. 



(a) DL- PLA 100 
NanoSaope b n t r c t  @RI 
Scrn size 10.00 un 
Setpoint 0 . ~ ~ 0  u 
Scrn rate  2.959 Hz 
N u u k  o t  sawplri 256 

(b) DL - PLGA 75/25 

MrnaScom contact nm 
Scrn s i t e  10.00 uu 
Setpoint O.US0 U 
Scan r a t e  2.969 m 
Murkr of smpt es 256 

(c) DL- PLGA 53/50 

Nrndcopr Contact A n i  
Sein si t e  10.00 v* 

Setpoint 1 . 0 1 5  U 
Scrn r a t e  1.998 Hz 
k m b r r  o f  s a r p l n  256 

Figure Ag. AFM images of (a) DL-PLA 100, (b) DL-PLGA 75/25 and (c) DL-PLGA 50/50 
surfaces. R,=mean roughness: (a) O.267M.018 nm; (b) 0.S65+00. 148 nm; (c) 1.927IO.988 
nm. The errors given are standard deviations. 



APPENDIX B 

STATISTICAL ANALYSIS OF THE TWO-FACTOR 

EXPERIMENT- ANALYSIS OF VARIANCE (AiUOVA) 

The interpretation of the results depends on the way of analyzing the experimental data. I t  is 

desirable to have appropnate statistical analysis to analyze the experimental data in order to find 

out whether any correlation exists arnong the variables and to support the 

conclusioniinterpretation. In the DOSCA experiment (see Chapter j), one might ask whether 

there is interaction between the soaking time and the contact angle hysteresis, or whether the 

extrapolated initial receding contact angle is dependent on measunng liquids (sizes of liquid 

molecules). For the purpose of answering these questions, a statistical analysis technique, i.e.. 

analysis of variance (AVOVA), was used. 

Since there are hvo independent variables (Le., the soaking time and measunng Iiquids) 

involved in a DOSCA expenment, it is considered as the two-factor experiment. Before going to 

the details of the analysis, one should fint distinguish the two hctors or independent variables 

which are involved in the experiment and identify one of the two cases which is suitable to use 

for the experiment. (Case 1 pertains to experirnents without replication and Case 2 pertains to 

experiments with replication.) in the DOSCA experiment, Case 2 is applied because 

measurernents were repeated more than hvice with each measuring liquid for each soaking time. 

Indeed, replication enables us to detemine whether interaction exists between the hvo variables, 

i.e., whether the two variables are independent. Details of this analysis method are descnbed 

below. 



Before considering the details of Case 2, the following points should be noted: 

With A and B denoting the two factors (i.e., independent variables) involved, there are "a" 

treatrnents or rows, Le., "a" levels of A, and "b" blocks or columns, i.e., "b" IeveIs of B. In 

this case, replication allows us to determine whether or not treatment-block or A-B 

interaction effects exist, i.e., whether A and B are indeed independent variables. 

The number of replications involved for each A,B, is "c". 

O By repeating the expenment more than once for each AtBj level, more than one value 

ofs ,  are obtained, i.e., more than one entry corresponding to a given treatment and a 

given block in the Case 1. The raw test data in this case can be tabulated as depicted 

below. 

Block No. 

Or 

"B" level+ 

Treatrnent No. 

Or 

"A" level J. 

Block Mean 

Treatment 

Mean (.Tt ) 



O Here: 

O Moreover, the following five variations are involved: 

(1) A variation behveen treatments given by, 

ss, = C (n -$ = b c z  (F, 

with associated D of F (degree of Freedom) = (a -1). 

( A variation behveen blocks given by, 

ss, = C (T, -q ' = (ICC (Y,  -x)', 

with associated D of F = (b 4). 

(ID) A variation due to possible treatment-block interaction given by, 

ss, = 1 -(Tt  + F, - al2 = CC [E~ - (Tt + X j  - al2, 

with associated D of F = (a -1)@ -1). 



(IV) A residual variation given by, 

with associated D of F = ab(c -1). 

(V) A total variation given by, 

with associated D of F = abc -1. 

O Note that it c m  be shown that SS = SST + SSB + SS, + SSR. 

O The appropriate mathematical mode1 in this case is as follows, 

where Ji is the "grand" mean based on "a" treatments, "b" blocks and "c" 

replications; a, values represent the treatment (or A) effects and are such that 

O 

a, = O so that p, = P + a, ; P ,  values represent the block (or B) effects and are 
1x1 

b 

such that 1 p, = O so that p, = jï + p, ; the 7, values represent the treatment-block 
J"1 

(or A-B) interaction effects or interactions; and the Ae values represent random 

eflects or errors md are considered to be SI Gaussian random variables with mean 

zero and variance a' . 

O On the b a i s  of the facts aven above, the following three nul1 hypotheses c m  be 

posed in this case: 



H;" : (a, = O), 

Le., every a, value is zero, so that al1 treatment (or A-factor) means are the sarne. 

H A ? )  : (p, = O), 

i.e., every p, value is zero, so that al1 block (or B-factor) means are the same. 

Hg3' : (A, = O), 

i.e., every 7, value is zero, so that no interactions exist between treatments (or A- 

factors) and blocks (or B- factors). 

O Moreover, under HA", HA" and HA", the statistics (random variables) 

F, = = -  
ss, / [ a m  - l)] S j ' 

al1 have the Fisher probability density fùnctions ("F" PDF's). 

O Accordingly, for a specified P, = (1-a), we can test H A " ,  H;'' and HA'' by comparing 

Fr. FB and FI with the appropriate values of F,,,,,~obtained from F tables or 

otherwise. 

O The above details are summarized in the following ANOVA table. 



Anal ysis-O f-variance table for two- fac tor expenments with rep 1 ication 

Source of 
Variation 

Behveen 
Treatments 

Between 
Blocks 

interaction 
(A-B) 

Residual 

Total 

- 

S m  of 
Squares 

D o f F  
[VI 

abc - 1 

Mean-square 
value 

O The following points should be noted: 

s i  
(i) In practice, HO" should be tested fint, via - and the appropriate F,,,.,:,, value. 

s i  

(ii) If HA" can be accepted (i.e., if there are no statistically significant interactions), 

s; sg 
then HA" and HA" would be tested using - and - and the appropriate 

s ; s; 

FVt ;y: .= values. 



(iii) If HO" cannot be accepied ( 

then H:" and HA" would 

.e., if there are statistically significant interactions), 

s; sg 
be tested using - and - and the appropriate 

s; s; 

F,.,?., values - since differences in the means due to the A factor alone ancilor 

the B factor alone would be of importance (in all likelihood) only if the effects of 

these factors were large compared with the interaction effects. 

(iv) If interactions are known (or specified) to be zero, Le., y,, = O ,  then the above 

model becomes: 

r =F+a,  +Pi + A u k ,  
rlk 

and SSI= O, so that, 

SSR = SS, - ( SST+ SSB). 

In the ANOVA for, say alkanes, in chapter 5, the blocks would be the two measuring Iiquids (n- 

octane and n-hexadecane) and the treatrnents would be the different soaking times. M e r  the 

ANOVA for contact angle hysteresis, the following table is obtained: 

Source of Variation l Of Squares 

Betsveen Di fferent 
Soaking times (A) 

Total 

I 

D of F 1 Mern-square 
[VI value 

Between Di fferent 
MeasUring Liquids (Et) 

Interaction (A-B) 

Residual 

F ! 

287.434 

115.1 12 

38.983 

1 1.263 

287.434 1 
586.96 
[ l ,  231 

3 

3 

23 

38.371 

12.994 

0.490 

78.36 
[3,23] 

26.54 
[3,23] 1 



From the Fisher distribution table [98] ,  with F ,;,:, = F,;,,;. = Fr = 26.54, a is found to be much 

less than 0.001, so that Pa, = 1-a > 99.99%. Thus, HA", i.e., the hypothesis that no 

interaction exists between treatments (soaking time) and blocks (measunng liquidkhain length 

of liquid molecular), must be rejected. It can be concluded that the effects of soaking time and 

s; sg 
molecular size are dependent. We can therefore test Hi') and HA" using - and - 

s; s; ' 

respec tivel y. 

s; 
With ,= 22.12 =F,:,,:, , a is found to be less than 0.01, so that Pa, = 1-a > 99.99%. Thus, 

s Ï 

H:" , Le., the 

be concluded 

hypothesis that al1 the treatment means (pl's) are the sarne, must be rejected. [t cm 

that soaking time has a very significant effect on the contact angle hysteresis. 

s; 
With -= 2.95 = F,:,,:, , a is found to be 0.056, so that Pa,, = 1-a > 94.44%. Thus, HA", i.e., 

s; 

the hypothesis that al1 the treatment means (fi's) are the same, must be rejected. It can be 

concluded that the molecular size of liquid also has a significant effect on the contact angle 

hysteresis. 

Similar results are obtained from APJOVA with alcohols, therefore, it can be concluded 

that both molecular size of liquid and soaking time have significant effects on contact angle 

hysteresis. 
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