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“I like nonsense, it wakes up the brain cells. Fantasy is a necessary ingredient in 

living, it’s a way of looking at life through the wrong end of a telescope. Which 

is what I do, and that enables you to laugh at life’s realities.”

-Dr. Suess

“Leave the beaten trad: occasionally and dive into the woods. Every time you 

do you will be certain to find something you have never seen before.”

-Alexander Graham Bell
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A b s t r a c t

Self-Assembled Monolayers (SAMs) have attracted a great deal of 

attention due to their potential to be used in molecular assembly. In 

the literature the most popular choice of substrate for -thiol mono­

layers is an evaporated gold substrate, generally on a Si wafer with 

either a Ti or Cr adhesion layer. However, even as smooth as evapo­

rated surfaces are, they still generate fairly rough surfaces in molecu­

lar terms and since SAMs are typically monomolecular, this rough­

ness does affect the SAM interface. The effect of this substrate 

roughness on the monolayer interface is investigated with various 

techniques: Atomic Force Microscopy (AFM), Spectroscopic Ellip- 

sometry, Fourier Transform Infrared (FT-IR) and low rate dynamic 

contact angles measured with axisymmetric drop shape analysis - 

profile (ADSA-P) technique. Finally a model is proposed to explain 

the experimental data.
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C h a p t e r  1

I n t r o d u c t io n

Solid-vapor (7^ )  and solid-liquid (7^) interfacial tensions can be determined 

via a relation of the form (that Young [15] recognized in 1805)

where 7 \v, j sv, 7al are the interfacial tensions of the liquid-vapor, solid-vapor, 

and solid-liquid respectively and 9y is the (Yoimg’s) contact angle. The mechan­

ical equilibrium of these interfacial tensions is illustrated in Fig. 1.1. The key

Figure 1.1: Equilibrium of these interfacial tensions as derived by Young.

assumption in deriving this relation is that the surface is idealized as a smooth, 

chemically homogeneous surface. Thus a ‘perfect’ Young’s surface should always 

exhibit the same contact angle since 7jv, 7^ , and jsi (hi Eq.(l.l)) are thermo­

dynamic properties of the solid and liquid. However, in practice the advancing

1

7Iv COS 9y —  7sv Hsi (1.1)
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CHAPTER 1. INTRODUCTION 2

(6a) and receding contact (9r) angles of a liquid on a surface are not identical; 

in addition many metastable contact angles exist which are not equal to Oy in 

E q.(l.l) [16]. Several contact angle approaches of current interest [17-24] are 

inspired by using Young’s equation (Eq.(l.l)) to determine surface energetics. 

While these approaches are logically and conceptually mutually exclusive, they 

share the same basic assumptions:

1. All approaches assume the validity of Young’s equation in determining 

surface energetics from experimental contact angles.

2. Pure liquids are always used since surfactant solutions and mixtures of 

liquids can introduce complications due to preferential adsorption.

3. The values of 7iv, j sv and 7si are assumed to be constant during the exper­

iment; that is, there should be no physical/chemical interaction between 

the liquid and solid.

4. The liquid surface tension of the test liquids should be higher than that 

anticipated from the solid surface tension (ie. 7iv > 7^).

5. The values of 7^  are assumed to be constant, ie. independent of the 

liquids used.

Because contact angles have been shown to be a complex phenomena [6, 12, 

25, 26], it is advantageous to have a  surface where some of these complexities 

(surface roughness and chemical inhomogeneity) are reduced or eliminated. In 

other words an ‘ideal’ Young’s surface would be highly desirable. Hence, if a 

chemically ‘controllable’ interface can be constructed where the effects of surface
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CHAPTER 1. INTRODUCTION 3

roughness and chemical inhomogeneity can be minimized (or eliminated), it is 

of great interest in enabling further fundamental research on Young’s equation 

(Eq.(l.l)), possibly enabling us to better understand the microscopic phenom­

ena that lead to this macroscopic relation.

One possible system for constructing such an ‘ideal’ surface are self-assembled 

monolayers (SAMs) since they modify the surface interfacial properties in a very 

systematic and controllable way [27, 28]. SAMs are two-dimensional organic as­

semblies that form via the spontaneous adsorption of molecules onto metal or 

metal oxide supports. One of the more popular self-assembly systems in lit­

erature is that of n-alkanethiols [SH(CH2)n-iCH3] chemisorbed onto a gold, 

typically A u (lll) , substrate [27, 29]. These molecules consist of a methylene 

(CH2) ‘backbone’ with a sulphur atom at one end which forms a stable Au-S 

bond on the Au substrate. The other end of these molecules consists of a func­

tional tail group which can be modified to obtain different surface properties 

[27, 28]. These molecules have a strong van-der Waals attraction between the 

CH2 backbone chains which yields a stable molecular film on the Au substrate 

[27, 28]. These systems have been very well characterized and there exists a 

relatively large body of data in regards to their formation kinetics and ultimate 

crystalline structure. Therefore, in this thesis, the focus is on these monolayers 

although the results that will be presented here are applicable to other SAM 

systems.

Typically these alkanethiol SAMs are thought of as a smooth interface 

since consist mainly of all-trans zig-zag chains with few gauche defects present 

[28, 29], although relative disorder may exist on the methyl surface [27]. How­
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CHAPTER 1. INTRODUCTION 4

ever contact angle studies on these surfaces present a puzzling picture which de­

mands further investigation: the advancing contact angle obtained for a methyl 

(CH3) terminated alkanethiol is not what is expected for a CH3 surface. To 

explore why this may be the case, this study examined three types of Au sub­

strates — evaporated, annealed, and template-stripped — with differing levels 

of microscopic roughness together with alkanethiol SAMs (specifically octade- 

canethiol and dodecanethiol). The bare Au substrates were examined by AFM 

to characterize the substrate roughness. The adsorbed monolayers were charac­

terized with spectroscopic ellipsometry, FT-IR, and low-rate dynamic contact 

angle studies. Finally, a model is proposed to explain the experimental data and 

the suitability of SAMs in studying E q.(l.l) is confirmed with the construction 

of a ‘near-perfect’ Young’s surface.
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C h a p t e r  2

L it e r a t u r e  R e v ie w

2.1 SAM s on Evaporated Surfaces

2.1.1 H istory

SAMs origins can be traced to an early paper of Zisman et. al [30] where glass 

surfaces were exposed to dilute solutions of long-chained alcohols in hexadecane 

and oriented monolayer films were formed on the part of the substrate not 

wetted by the solvent. Zisman et. al continued with various surfactant-like 

molecules including long-chained amines, carboxylic acids and amides on metal 

and metal oxide surfaces [31, 32]. However, these systems exhibit only modest 

stabilities and were limited to low-energy hydrophobic surfaces. Allara et al. 

extended Zisman’s work by relying on a stronger Au-S bond for molecular self- 

assembly [1, 33-35]. The S interaction also allows adsorption of thiols onto 

other metals such as Ag, Cu, Hg, Pd, GaAs, and InP. This specific S-metal 

interaction is stronger than the physisorbed molecular Langmuir-Blodgett (LB) 

films. SAMs have been extensively investigated due to their potential uses as 

corrosion inhibitors, resist layers, chemical sensors, and models for organic and 

biological surfaces [27-29]; in part due to the fact that they can be modified 

chemically at their surfaces for different terminal functional groups. A schematic

5
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variable terminal functional group

variable hydrocarbon chain length

functional group for attachment to metal 

metal

Figure 2.1: Schematic of a typical self-assembled organic monolayer adsorbed 
onto a metal substrate.

illustrating a typical SAM is shown in Fig.2.1 where the end functional group 

(sulphur) for attachment to the metal surface is the only part of the molecule 

which prefers to attach to the metal (hence the self-assembly).

2.1.2 A lkanethiol SAM s

One of the more popular self-assembly systems in the literature is that of alka- 

nethiols chemisorbed onto an A u (lll)  substrate [27-29]. The structure of the 

CH2 backbone chain is shown schematically in Fig.2.2. The molecule’s position 

can be completely described by three angles: the tilt angle with respect to the 

surface normal 9, the twist angle with respect to rotation about the molecular 

axis 'F, and the projected angle in the x-y plane a. The molecule is considered 

fully extended if gauche defects are not considered [29]. For the simple model 

used in this thesis, the only angle considered is the tilt angle 9. Typical reported 

values for 9, and a  in literature for alkanethiols (where n >  12) adsorbed onto 

A u (lll) axe ~  30° [1, 2, 27-29], ~  55° [2, 27, 29], and ~  8° [29] respectively. The 

monolayer molecules are believed to be all-trans zig-zag chains with few gauche 

defects present [28, 29], although relative disorder may exist on the functional
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X

Figure 2.2: Schematic of the alkanethiol molecule adsorbed on Au. In this case, 
the terminal functional group shown is the methyl (CH3) molecule.
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terminal-group surface [27].

SAMs form spontaneously by immersion into an organic solution with con­

centrations in the micromolar to millimolar range [27, 29]. Kinetic studies of the 

adsorption mechanism of the alkanethiols onto the Au substrate have shown a 

two-step (or even three) adsorption process with a fast step (minutes) achieving 

80-90% of the final monolayer coverage and a slower step (hours) which takes 

many hours for completion [10, 27, 36-38]. Thus it is critical to ensure that 

enough time is allowed for complete monolayer formation.

The substrate that the monolayer forms on is also of interest since the fi­

nal monolayer configuration is dependent upon the metal’s crystallization as 

has been shown in several studies [2, 3, 11, 27-29, 39, 40]: on different metal 

substrates, monolayer formation yields different final configurations.

2.1.3 A tom ic Force M icroscopy (AFM )

The typical A u (lll)  substrate that the SAM is adsorbed onto is an evaporated 

Au surface on a Si(100) wafer with a Ti (titanium) or Cr (chromium) adhe­

sion layer. In the literature such an Au substrate examined by Atomic Force 

Microscopy (AFM) or Scanning Tunneling Microscopy (STM) yields peak to 

valley (PV) roughness values of 8-15nm and an average terrace size of 25-50nm 

depending upon the evaporation rate used [41-45].

2.1.4 Spectroscopic Ellipsom etry

At first, in the literature, the ellipsometry measurement of alkanethiol monolayer 

thickness was performed with a  single wavelength ellipsometer at a  wavelength 

of 632.8nm [1, 3,10, 33, 35, 46-57]. Thus, only one set of values were necessary
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for the optical constants and the values typically chosen for alkanethiols were 

n=1.45 (or 1.46, 1.50) and A;=0 [1, 3, 10, 33, 35, 46-57]. Measurements are 

usually taken at a 70 or 75° angle from the surface (i.e. 10 or 15° from surface 

normal).

The ellipsometric thicknesses reported in the literature for alkanethiol mono­

layers is ~  1.5 A per CH2 molecule (if the number of CH2 > 10) [1, 3, 10] and a 

lower slope when the number of CH2 are <  10. These different regimes can be 

clearly seen in Fig.2.3; the cut-off to different regimes appears to be ~  7 CH2 

molecules.

For alkanethiols the theoretical thickness of a  fully extended all-trans chain 

is expected to be a 4 A intercept plus 1.27 A/CH2 [10], i.e.

i =  4 +  1.2771 (2.1)

where t  is the monolayer thickness (in A) and n is the number of CH2 molecules 

in the alkanethiol backbone. Thus, for a fully extended all-trans octadecanethiol 

monolayer the thickness is calculated by Eq.(2 .1) to be ~  25.6 A; hence an 

octadecanethiol monolayer tilted at an average of 30° would be expected to be

22.2 A thick. For dodecanethiol, the fully extended all-trans monolayer would 

therefore be 19.2 A and a 30° average tilt would yield a thickness of 16.7 A.

2.1.5 Fourier Transform Infrared (FT-IR)

Porter et. al [1] first assigned the typical C-H stretching modes for alkanethiol 

molecules; these assignments are reproduced in Table 2.1 as well as part of their 

experimental results which are typical of literature Fourier Transform Infrared 

(FT-IR) results for alkanethiol monolayers. These orientations were further
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Figure 2.3: Ellipsometric thicknesses reported for SH(CH2)n-iCH 3 (alkanethi­
ols) in [9] (■, as an estimated average thickness) and [10] (o, as an estimated 
thickness). The solid line represents the limiting case of a fully extended all- 
trans molecule (calculated by Eq.(2.1)) and the dotted line is the monolayer 
at a 30° tilt. The dashed line is provided as an aid to the eye to estimate the 
slope of the experimental data. Error bars (± 0 .1  nm) are due to estimation of 
thicknesses from figures in [9, 10].
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elucidated by Laibinis et. al [2]. The peak position clearly shifts from a crys­

talline state (in KBr) to the liquid state; this helps in inferring the relative 

order/disorder of the monolayer adsorbed onto Au — if the peak is shifted 

towards the liquid position it is “liquid-like”, meaning relatively disordered. 

The widths and intensities of the peak also yield useful information regarding 

monolayer structure: tightly banded peaks are consistent with a crystalline-like 

environment [35, 57], thus a widening in the peak is suggestive of increasing 

‘disorder’ in the monolayer.
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Table 2.1: Peak positions for SH(CH2)n_iCH3 C-H stretching inodes for crys­
talline state, liquid state and adsorbed onto Au substrate and the assigned 
direction of the transition dipole (reproduced from [1, 2]). Note that n  =  total 
number of carbon atoms in the molecule.

C-H assigned dir. peak positions0 (cm-1)
stretching of transition in KBr hq. adsorbed on Au
mode6 dipolec n = 2 2 d n = 8e n = 2 2 72=18 72=12 72=6
^(C H 2) ± ccc

backbone plane
2918 2924 2918 2917 2919 2921

^(C H 2) ip CCC
backbone plane, 
ip HCH plane

2851 2855 2850 2850 2851 2852

va(ip)(CH3) ip CCC 
backbone,
J_ C-CH3 bond

/ / 2965 2965 2965 2966

i/a(op)(CH3) _L CCC
backbone plane

2956 2957 9 9 9 9

i/s(FR)(CH3) || C-CH3 bond h h 2937 2938 2937 2939
^(C H 3) || C-CH3 bond h h 2879 2878 2879 2878

° peak positions axe an average of 4 independent spectra and accurate within 1cm-1 
6 vibration mode: va asymmetric stretch, vs symmetric stretch, (ip) in-plane, (op) 
out-of-plane, (FR) Fermi resonance 
c -L perpendicular, || parallel, ip in-plane, op out-of-plane 
d crystalline, SH(CH2)2iCH3 in KBr
* liquid, SH(CH2)7CH3 in liquid prism cell
* the va (ip) is masked by the strong va (op)
9 the position for ^a(op) cannot be determined due to low signal-to-noise ratio. This is a 
result of the orientation of this mode with respect to the surface. 
h both us (FR) bands are masked by the v0(CH2) band.
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2.1.6 Advancing Contact Angle

The contact angle method typically used is a  drop deposited on the surface with 

the needle still in contact with the drop from above and the angle measurements 

are made with a goniometer which has an accuracy of ± 2° [12].

The literature on alkanethiols usually reports a decrease in advancing contact 

angle 0a, with a decrease in the CH2 chain length. This decrease often starts 

somewhere around when the number of carbon atoms in the molecule is less 

than 12 as seen in Fig.2.4.

There are problems with the use of the goniometer in measuring contact 

angles — other than the accuracy of the device. It has been shown [6,12,16, 25] 

that using a  goniometer to measure the contact angle can produce the actual 

advancing angle but often misses the complexity of the contact angle behavior 

and hence one of the following conditions are (inadvertently) violated:

1. there can be no slip/stick movement of the three phase contact line,

2. the contact angle cannot increase/decrease as the drop front advances, 

and

3. the liquid surface tension cannot change as the drop front advances.

Since the goniometer technique may miss these conditions the contact angles 

given in the literature need to be used with caution; especially since at least one 

study [12] has produced non-constant 7\v and 6a for octadecanethiol adsorbed on 

an Au substrate - violating the conditions given above. Therefore, the contact 

angles given for alkanethiol SAMs in the literature are to be approached with 

caution.
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Figure 2.4: Typical curve for advancing contact angles of water on alka­
nethiols adsorbed on Au reported in literature for the different chain lengths, 
SH(CH2)n-iCH3. Plotted values (o) come from [4], (□) from [9] and (0 , method 
B where possible) from [10]. The dotted line is ~  the highest reported contact 
angle on a methyl (CH3) terminated surface ([5, 11] and results shown here). 
The error bars (±  2°) are due to the goniometer error [12], Note the quoted 
reproducibility in [4] is ±  3°.
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2.1.7 Contact A ngle H ysteresis

Recalling the above caution regarding contact angles, the contact angle hystere­

sis reported in literature for alkanethiol SAMs is now examined. Contact angle 

hysteresis (H) is defined as:

H  = 0a —6r (2.2)

where 9a is the advancing contact angle and 9r is the receding contact angle. 

Hysteresis is attributed to several factors in literature: surface roughness [58— 

64], chemical inhomogeneity of the surface [65-72], and molecular mobility and 

packing [73-75]. These causes can be described in terms of metastable states; 

recent studies have focused on ‘true’ hysteresis in the sense of liquid penetration 

and surface swelling [64, 76, 77], or even in terms of liquid retention [64]. Thus, 

contact angle hysteresis in general is suggestive of surface quality [11].

Examining the receding contact angles 6r given in literature for alkanethiols 

adsorbed on an Au substrate (with a corresponding 6a) [2-5] and applying 

Eq.(2.2), Table 2.2 was generated. Prom this table, it is immediately apparent 

that there are variations in the contact angle hysteresis which is consistent with 

literature results for contact angles in general — not just for alkanethiols.

2.1.8 Contact A ngle Interpretation

A large body of work [6- 8, 11, 16, 25, 26, 78-84] has shown that experimental 

contact angles on a large number of polymer surfaces yield smooth curves for 

liv cos 0 versus 7tv, cos 6 versus 7iv, and Wst versus 7iv for one and the same 

solid surface. Changing the solid surface simply shifts the curve in a regular 

manner as shown in Fig.2.5 which suggests that the following relations exist:
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Figure 2.5: (a) The solid-liquid work of adhesion Ws/, (b) the cosine of the 
contact angle, cos 9, and (c) the liquid-vapor surface tension times the cosine of 
the contact angle, 7^  cos 9, versus the liquid vapor surface tension, 7iv. Data 
shown for fluorocarbon FC722 (□), hexatriacontane (o), cholesteryl acetate (♦), 
poly(n-butyl methacrylate) (a), poly(methyl methacrylate/n-butyl methacry­
late) (A), and poly (methyl methacrylate) (<) surfaces

T T
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Table 2.2: Contact angle hysteresis (H) in degrees (°) for SH(CH2)n-iCH 3 ad­
sorbed onto Au for water (H2O) and hexadecane (HD). Data from [2-5]°.

Laibinis Jennings Laibinis, Sondag-•Huethorst
et. al [2] et. al [3] Whitesides [4] et. al [5]

n H20 HD H20  HD H20 HD H20 HD
6 13 11
7 14 10
8 14 12 9 11
9 14 11

10 12 12
11 12 13
12 12 12 11 13 14 15
14 9 9
15 12 10
16 10 9
17 14 12
18 10 12 9 5 10 12 27 20
19 10 10
20 10 10
22 12 11 17 9 29 21

a data from [2] estimated from figures (error at least ±2°). All refs, measured contact 
angles with goniometer (accuracy ±2°).  Blank spaces are left where data was not available.

h v  COS 0  — f i  {p/lvi T stj) (2*3)

COS# =  fc^lv ilsv)  (2.4)

and

Wst = 7s*) (2.5)

The adhesion and contact angle patterns reproduced in Fig.2.5 for the six sur­

faces (fluorocarbon FC722 [6], hexatriacontane [12, 13, 85, 86], poly(n-butyl 

methacrylate) [8], poly (methyl methacrylate/n-butyl methacrylate) [87], and
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poly(methyl methacrylate) [78]) in addition to other results suggest the exis­

tence of universal patterns for low-energy solid surfaces. If a  polymer with 

predominantly methyl (CH3) groups exposed to the surface is chosen to com­

pare with the CH3 terminated alkanethiol monolayers, it is expected that both 

the polymer and the monolayers would fall on the same curve as they both are 

expected to have CH3 surfaces. For this purpose, hexatriacontane was chosen 

as a basis for comparison as it has a predominantly CH3 surface and the quality 

of the hexatriacontane surface prepared by vapor deposition was so good that 

no contact angle hysteresis for water was observed [13]. If the literature val­

ues for advancing contact angles for hexatriacontane are compared with those 

for CH3 terminated alkanethiols in the form of Fig.2.5 (shown in Fig.2.6) it is 

clear that the monolayer data exhibits considerable scatter from the hexatria­

contane. The question then becomes: is this scatter due to some fundamental 

difference between monolayers and polymers or is there some other reason(s) 

which complicate the picture given here?

2.2 Flat substrates

2.2.1 U ltraflat Tem plate-stripped Surfaces

Recently, in the literature, a new method of producing ultra-flat surfaces has 

emerged; that of template-stripping. In this procedure, a metal that is going to 

be used as the monolayer substrate is evaporated onto Si or mica and then either 

mica, Si or glass is glued to the metal which is then “stripped” from the surface 

[45, 88-94]. This freshly “stripped” surface can be immediately immersed in the 

SAM solution thus avoiding problems with atmospheric contamination of the
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Figure 2.6: A comparison of the CH3 terminated polymer hexatriacontane (0  
[13]) with literature data for CH3 terminated alkanethiols (< [10], o [9], and ▲ 
[4] ). (a) The solid-liquid work of adhesion Wsi, (b) the cosine of the contact 
angle, cos 6, and (c) the liquid-vapor surface tension times the cosine of the 
contact angle, 7iv cos 0, versus the liquid vapor surface tension, 7iv.
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metal substrate prior to the monolayer formation. These surfaces exhibit very 

small peak-to-valley and root-mean-square (rms) roughness values relative to 

annealed and especially evaporated surfaces; they are microscopically flat over 

relatively large areas.

There are some difficulties with “stripping” from mica as the force required 

is large [90] and can induce undesirable stresses. Recently Ulman et. al [94] 

reported that the Au coated mica with the glass glued to it can be immersed 

directly in the SAM solution which then releases the metal (the solution is of a 

solvent type reported in [89]) from the mica and coats the metal with the SAM 

simultaneously.
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C h a p t e r  3

E x p e r i m e n t a l  S e t u p

3.1 M aterials

Test grade silicon (Si) wafers (100 orientation) were obtained from Wafer World 

(West Palm Beach, FL) in 100 mm diameter discs. Au (99.999%) and tita­

nium (Ti, 99.995%) shots were obtained from Kurt J. Lesker (Clairton, PA). 

Ethanol (100%) was obtained from the chemistry dept, at the University of Al­

berta. Methanol (100%), octadecanethiol [CH3(CH2)irSH] and dodecanethiol 

[CH3(CH2)hSH] were obtained from Aldrich and used as received.

The liquids chosen for contact angle measurements were selected based on 

the following criteria [17, 19, 95, 96]:

1. they should include a wide range of intermolecular forces;

2 . they should be non-toxic; and

3. the liquid surface tension should be higher than the anticipated solid sur­

face tension (7/„ >  7^ ).

The chosen liquids are listed in Table 3.1 along with their experimentally de­

termined liquid-vapor surface tension (7^) from previous studies [6- 8]. DIUF

21
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Table 3.1: Experimental liquid-vapor surface tensions'* determined via pendant 
drop method (ADSA-P) [6- 8]

liquid 7iv (m j/m 2)
water 72.70 ±  0.09
formamide 59.08 ±  0.01
ethylene glycol 47.55 ±  0.02
bromonaphthalene 44.31 ±  0.05
decanol 28.99 ±  0.01
hexadecane 27.62 ±  0.01

° ±  values are the 95 % confidence limits.

(de-ionized ultra-filtered) water was obtained from Fisher Scientific (Ontario, 

Canada) and used as received. Hexadecane (99+%, anhydrous), 1-bromonaph- 

thalene (97%), decanol (decyl alcohol, 99%), formamide (99.5+%), and ethylene 

glycol (99+%) were obtained from Aldrich and used as received.

The epoxy (EPO-TEK 377) was obtained from Epoxy Technologies (MA) 

and used as received. EPO-TEK 377 is a two part epoxy that contains no 

solvent and is resistant to many organic solvents such as the alcohols typically 

used in the deposition of self-assembled monolayers. EPO-TEK 377 is heat 

activated and requires at least 1 hour at 150°C to cure.

Standard 100 mmx25 mm glass microscope slides were obtained from Fisher 

Scientific (Ontario, Canada) and 1 mm diameter holes were drilled into pieces 

of glass (at least 25 mm square) using a 1 mm diamond bit (SMS-0.027) from 

Lunzer (New York, NY.).
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3.2 Preparation o f Evaporated and Annealed SAM s.

The Si wafer was cut into small into rectangular shapes of about 2.5 cm x 5 

cm. These Si pieces were then drilled with a ~  1 mm bit and thoroughly rinsed 

with ethanol before the Au and Ti were evaporated onto the Si. Samples used 

for AFM studies were evaporated onto ~  1 cm2 (non-drilled) Si samples.

The Au substrates were prepared by sequentially evaporating Ti (~  10 nm) 

and Au (~  100 nm) onto small rectangular silicon wafers in a  diffusion-pumped 

vacuum chamber at ~  10-6 torr. The chamber was backfilled with air and the 

substrates were used within 48 h of preparation. The evaporated surfaces were 

rinsed with ethanol before SAMs formation. SAMs were prepared by immersing 

the Au surfaces into 1 mM of CH3(CH2)i7SH in ethanol overnight. The resulting 

surfaces were thoroughly rinsed with ethanol and blown dry by nitrogen (N2) 

gas before use.

Evaporated gold substrates were also flame annealed for ~  30 s using a 

bunsen burner under ambient laboratory condition. After ~  1 minute, the 

annealed substrate was then immersed into 1 mM of CH3(CH2)i7SH in ethanol 

overnight.

3.3 Preparation o f Tem plate-Stripped SAM s.

Au films were prepared by evaporating Au (~  100 nm) at ^  0.2 nm/s onto 

freshly ‘clean’ silicon wafers in a diffusion-pumped vacuum chamber at «  2 x 

10-6 torr. The chamber was backfilled with air and the substrates were used 

within 24 h of preparation. The two-part epoxy (EPO-TEK377) was mixed at 

1:1 weight ratio and applied carefully to the drilled glass pieces which were then
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placed on the evaporated Au surface. It is critical that air bubbles be eliminated 

from the glue before applying it to the surface. Any bubbles that axe present 

before putting the samples into the oven translate into defects where the gold 

does not attach to the glass. Several samples were forced to  be discarded due 

to defects of this nature. Samples used for AFM studies were glued to ~  1 cm2 

(non-drilled) glass samples.

The epoxy was then cured by placing the wafers in an oven for at least 1 

h at 150°C. The wafers were then removed from the oven and allowed to cool. 

Once cured, the wafers were placed on a shelf for storage until samples were 

needed. Previous studies have found no differences between samples stripped 

immediately after curing the epoxy and those stripped after sitting on the shelf 

for a period up to 2 months [45].

To ‘strip’ a  fresh sample from the wafer, a  razor blade was used. First the 

sharp razor blade was run around the edge of the sample to separate the sample 

from excess epoxy on the surface. Then, the tip of the blade was gently pushed 

under one comer of a sample and used to pry the sample up. Extreme care 

must be taken in removing the glass; several samples were ruined during this 

process and had to be discarded.

To minimize contamination, all template-stripped samples were im m edi­

a te ly  immersed into solution upon removal from the silicon wafer (exposure 

to atmosphere < 30 s) to minimize atmospheric contamination of the Au sub­

strate. Octadecanethiol SAMs were prepared by immersing the stripped sam­

ples in 5 mM of CH3(CH2)irSH in ethanol overnight. Dodecanethiol SAMs 

were prepared by immersing the stripped samples in 2 mM of CH3(CH2)i7SH in
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methanol overnight. The resulting surfaces were rinsed thoroughly with ethanol 

and blown dry by N2 gas before use.

3.4 Characterization o f SAM s.

3.4.1 AFM  —  Evaporated and Annealed Samples

The atomic force microscopy (AFM) measurements were performed using a Dig­

ital Instruments Nanoscope Ilia  atomic force microscope (Digital Instruments, 

Santa Barbara, CA). Commercial silicon nitride cantilevered probes were used 

with a force/spring constant in the range between 0.06 -  0.58 N/m. The AFM 

images of annealed and evaporated Au surfaces were captured by using contact 

mode under ambient laboratory conditions.

3.4.2 AFM  —  Tem plate Stripped Sam ples

The AFM measurements were carried out in contact mode under ambient condi­

tions using commercial Si3N4 cantilevers (ThermoMicroscope) with a force/spring 

constant in the range between 0.05-0.5 N/m and a radius of curvature <  20 nm. 

Digital Instruments Multi-mode and Dimension 3000 microscopes were used to 

perform the measurements. For the root-mean-square (rms) and peak-to-valley 

(PV) roughness values, several scans at random locations across at least two 

different samples were taken and the Digital Instruments software was used to 

determine the roughness of each scan (a first order flattening followed by the 

roughness calculations). The independent values were then averaged and the 

standard deviation taken as an estimate of the error on the quoted values.
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3.4.3 Spectroscopic Ellipsom etry

The prepared SAMs were first characterized by a Sopra GESP5 Variable Angle 

Spectroscopic Ellipsometer. The ellipsometry measurements were performed 

using a rotating polarizer in the current tracking analyzer mode. The measure­

ments were taken over a  wavelength range of 300 -  850 nm at 20 nm intervals. 

The linearly polarized light was directed onto the film surface at an incident 

angle of 75° from the surface normal. Immediately after stripping, tan#  and 

cos A for each bare Au substrate were measured as references. After immersion 

of the substrates into the octadecanethiol/ethanol (or dodecanethiol/methanol) 

solution overnight, a  new set of tan #  and cos A for each sample were measured. 

An ambient/thin-film/substrate model was constructed where:

1. the ambient was set to air (n =  1, k = 0 for all A);

2. the thin-film was set to a crystalline CH3 terminated -thiol monolayer 

adsorbed onto Au (n =  n(A), k «  0) which was obtained independently 

from Sopra, rather than assuming an index of refraction (e.g. n  =  1.46) 

as is typically done in the literature [1, 3, 10, 33, 35, 46-57];

3. the substrate was set to Au, i.e. a calculated refractive index from the 

bare Au reference measurement (calculated with t  =  00).

This model was used for regression to fit the measured curve by varying the thin 

film model thickness t  which was calculated according to the following equation:

( ta n # )e (iA) =  f(r ij(\),k j(X ),tj)  (3.1)
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where the subscript j  represents each layer, n(A) and &(A) are the optical 

constants of each layer, and t  is each layer’s thickness (tsubstrate =  oo and 

tthinfiim =  x, where x  is some reasonable initial guess for the thin film thickness).

3.4.4 FT-IR

Reflectance infrared (IR) spectra of the -thiol SAMs on Au were obtained us­

ing a ThermoNicolet Nexus 670 spectrometer equipped with a VeeMax grazing 

angle accessory. The IR light was incident at 75° normal to the surface and 

the reflected light was passed through a polarizer [97] to a MCT-A (mercury- 

cadmium-tefluride) liquid N2 cooled detector. The spectra resolution was 0.964 

cm-1 and the IR aperture was kept constant at 32 which corresponds to «  0.16 

cm2 IR aperture area. Spectra were referenced to the corresponding bare Au 

substrates and 512 scans were obtained for good signal-to-noise ratios. An in­

frared gain of 4 was selected for all reflectance IR measurements to ensure that 

the input IR signals were constant. All spectra presented in this thesis have 

been baseline corrected for clarity.

The liquid spectra used in this thesis were obtained via an ATR (attenu­

ated total reflection) accessory (Nicolet ARK) with a KBr (potassium bromide) 

trough with the KBr crystal cut at 40°. All spectra were obtained with 256 

scans and at a resolution of 0.482 cm-1 with the IR aperture set to 32 and a 

gain of 1 for all ATR measurements. A background spectra was taken of the 

empty trough and then spectra were obtained for the ethanol, methanol and 

the SAM solutions, respectively. The ethanol/methanol spectra were then sub­

tracted from the solution spectra to obtain the octadecanethiol/ dodecanethiol 

spectra. In this way, the effect of the ethanol and/or methanol can be eliminated
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since their signal is than that of either the octadecanethiol or dodecanethiol 

and completely obscures their contribution to the collected spectra.

3.4.5 Contact A ngle M easurem ents

Contact angle measurements were chosen as the last step for the characteri­

zation of SAMs. A Linux version of the Axisymmetric drop shape analysis - 

profile (ADSA-P) was used for sessile drop contact angle measurements. ADSA- 

P is a technique to determine liquid-fluid interfacial tensions and contact angles 

from the shape of axisymmetric menisci, i.e., from sessile as well as pendant 

drops [98, 99]. Assuming that the experimental drop is Laplacian and axisym­

metric, ADSA-P finds a theoretical profile that best matches the drop profile 

extracted from an image of a real drop, from which the surface tension, contact 

angle, drop volume, surface area and three-phase contact radius can be com­

puted. The strategy employed is to fit the shape of an experimental drop to a 

theoretical drop profile according to the Laplace equation of capillarity, using 

surface/interfacial tension as an adjustable parameter. The best fit identifies 

the correct surface/interfacial tension from which the contact angle can be de­

termined by a numerical integration of the Laplace equation. To collect the 

data to be analyzed by ADSA-P, the set-up shown in Fig.3.1 was used. The 

needle that passes through the sample is carefully wrapped with Teflon tape to 

ensure that liquid does not pass back through the table or sample hole. The 

sessile drop setup must be levelled and is on a vibration free table to ensure 

that accurate contact angles axe measured since no vibrations are passed to 

the liquid. The needle and fittings were carefully cleaned between each probe 

liquid; a different teflon tube was used for each liquid to avoid cross contamina-
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card
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and digital CCD

camera
Sessile
Drop

vibration free levelled C 
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Teflon wrapped 
needle

Teflon
tube

Motor driven syringe

Figure 3.1: Sessile drop experimental setup used to capture images to be ana­
lyzed with ADSA-P.
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tion of liquids. The cleaning method used was to rinse thoroughly with ethanol 

and then sonicate (Aquasonic 75D, VWR Scientific Products) for 15 minutes in 

ethanol before drying with N2 gas and leaving under a drying lamp if necessary.

To capture the data, a drop of liquid ~  0.30 cm in radius was placed carefully 

over the needle to ensure that the drop will increase axisymmetrically when the 

motorized syringe is used to increase the drop volume from beneath the sample. 

Pictures were taken ~  every 0.5 seconds and recorded on the computer hard- 

drive for analysis by ADSA-P. The advancing (6a) and receding (9r) angles are 

obtained by increasing/decreasing the drop volume by pushing/pulling on the 

motorized syringe. This in turn increases/decreases the drop radius and hence 

moves the three-phase contact line. The computer controlled the rate at which 

the motorized syringe supplied liquid to the drop; by adjusting the step count, 

the advancing/receding rate could be controlled. (These procedures can also be 

found elsewhere [6, 25, 98, 99]).

Sessile drop experiments were performed by ADSA-P to determine the ad­

vancing and receding contact angles. The temperature and relative humidity 

were maintained, respectively, at 23.0 ±  0.5°C and at about 30%, by means of 

an air-conditioning unit in the laboratory. It has been found that, since ADSA- 

P assumes an axisymmetric drop shape, the values of liquid surface tensions 

measured from sessile drops are very sensitive to even a very small amount of 

surface imperfection, such as roughness and heterogeneity, while contact angles 

are less sensitive. Therefore, the liquid surface tensions used in this study were 

independently measured by applying ADSA-P to a pendant drop, since the ax- 

isymmetry of the drop is enforced by using a circular capillary. Results of the
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liquid surface tension from previous studies [6- 8] are reproduced in Table 3.1.

In order to use low-rate dynamic contact angle measurements using auto­

mated axisymmetric drop shape analysis (ADSA), three conditions must not be 

violated:

1. there should be no slip/stick movement of the three phase contact line,

2. the contact angle cannot increase/decrease as the drop front advances, 

and

3. the liquid surface tension cannot change as the drop front advances.

Any contact angles determined from data that violates these three conditions 

cannot be used to determine solid surface tensions — and indeed are not Young’s 

contact angles (ie. 9y in Eq.(l.l)) [6, 25, 26].

In this study, at least 4 and up to 16 dynamic contact angle measurements 

at velocities of the three-phase contact line in the range from 0.1 to 1.0 mm/min 

were performed for each liquid. The choice of this velocity range was based on 

previous studies [6, 25, 100, 101] which showed that low-rate dynamic contact 

angles at these velocities — for these relatively smooth surfaces — were essen­

tially identical to the static contact angles. Liquids were supplied from below 

the surface through a hole of ~  1 mm in diameter on the substrate by means 

of a motorized-syringe system. Details of this setup have been described above 

(see also [6, 18]).

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



C h a p t e r  4

R e s u l t s

4.1 AFM

4.1.1 Evaporated Au

Examining Fig.4.1, it is clear that the evaporated Au has an average PV rough­

ness of ~  15 Dm [11]. Furthermore, the average plateau size is estimated to 

be ~  40-50 nm as is seen in Fig.4.1(b). Other studies [40] have reported rms 

roughnesses of 5.9 A for this type of Au surface.

4.1.2 A nnealed A u

The annealed Au plateau sizes are much larger than the original evaporated Au 

as is seen in Fig.4.2. The average plateau size is estimated to  be ~  150 nm. 

The PV roughness is still 15 nm as seen by the scale in Fig.4.2.

4.1.3 Tem plate-Stripped Au

The AFM data for template-stripped surfaces in this section was collected by 

Jason J. Blackstock in a collaborative research effort submitted to Langmuir 

[102].

Figure 4.3 shows AFM images taken of the template-stripped Au surface

32
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collected immediately after the stripping procedure.

It is clear in examining these figures that the template-stripped Au has ter­

races that axe approximately the same dimension as the plateaus of the evapo­

rated Au, i.e. ~  40-50 nm (see Fig.4.1(b) for a zoomed in view of the evaporated 

surface), and far smaller than those of the annealed Au (average ~  150 nm). 

The template-stripped Au, on the other hand, is much smoother as seen in 

Fig.4.3 with a rms roughness of 0.23 nm ±  0.02 nm and a PV roughness of 1.80 

nm ±  0.15 nm.

4.1.4 Com parison o f AFM  im ages for evaporated, annealed, and 
tem plate-stripped Au sam ples

Other studies [45, 88, 89, 93] have reported sim ila r roughnesses for template- 

stripped Au. Recently, Ragan et al. [103] have shown that the steps in the case 

of single crystal platinum exhibit step ‘bunching’, resulting in multi-atomic step 

heights between neighboring terraces. It is very likely that this same structure 

is present on the annealed Au surface — indeed Figure 4.2 seems to support this 

as the plateaus are often surrounded by deep variances in height. Other studies 

[104-106] have shown via STM and AFM that this same phenomena occurs for 

A u(lll). Contrast this to the case of the template-stripped surface where the 

terraces are smaller but the steps axe of a single atomic height [40, 103] as is 

seen in Figure 4.3(a).

These differences in roughness (plateau size and step heights) help explain 

the results seen later in the FT-IR and contact angle characterization of the 

SAMs formed on the different Au surfaces as the substrate the monolayer forms 

on will influence its final configuration as evidenced by different metals (and
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thus differing substrate crystallization), yielding different (internal) monolayer 

configurations [2, 27-29, 39, 40].

4.2 Spectroscopic Ellipsom etry D ata

4.2.1 O ctadecanethiol SAM s on Evaporated, Annealed and Tem­
plate-stripped Au

Spectroscopic ellipsometric measurements were performed on the octadecanethiol 

monolayer formed on the evaporated, annealed and template-stripped Au. The 

measured thickness of octadecanethiol adsorbed on each type of substrate is 

shown in Table 4.1.

Table 4.1: Spectroscopic ellipsometric thickness measurements of octade­
canethiol adsorbed on evaporated, annealed, and template-stripped Au.

Octadecanethiol
SAM Substrate thickness (nm)
evaporated Au 2.0 ±  0.1“

annealed Au 2.1 ±  0.1“
template-stripped Au 2.0 ±  0.1“

a 95% confidence limit.

These thicknesses are in good agreement with those reported in the literature 

(see Fig.2.3), suggesting that the template-stripped octadecanethiol monolayer 

is consistent with earlier results for octadecanethiol monolayers on A u(lll) 

[1, 2, 11, 33-35, 55] and that the monolayer has an average tilt from surface 

normal of around ~  30°. The difference in substrate roughness will have an effect 

on the ellipsometric measurements as the n(A) and k(A) curves for a  crystalline 

alkanethiol SAM with CH3 terminal group were generated from a monolayer
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formed on evaporated Au. This change in roughness is estimated to contribute 

< 10% error to the annealed and template-stripped monolayers [33] which works 

out to ±  0.2 nm in this case. This was verified using the curve-fitting approach 

to Eq.(3.1) and inserting a 1 nm ‘rough’ layer on the substrate for a 2.2 nm 

model of an octadecanethiol SAM; the ‘new’ thickness was calculated to be 2.3 

nm — a change of ~  5%.

4.2.2 D odecanethiol SAM s on Tem plate-stripped Au

Similarly the template-stripped dodecanethiol monolayer was measured via spec­

troscopic ellipsometer and a thickness of 1.6 ±  0.2 nm was obtained which also is 

similar to literature results for dodecanethiol monolayers on Au [3] (see Fig.2.3) 

and again suggests an average tilt of ~  30° for the monolayer. A point of in­

terest is that the optical constant curve — n{A), k{\)  — is not the same as for 

octadecanethiol suggesting a different monolayer density/packing for the dode­

canethiol monolayer although it is also possible that the difference in the number 

of CH2 chains between the monolayers is solely responsible for the change in 

n(A) and k(A).

4.3 FT -IR  data

In this thesis, the focus is on the C-H stretching region of the spectra; hence 

only the 2750-3050cm~1 wavenumber region is shown.

4.3.1 O ctadecanethiol M onolayers on Evaporated, Annealed and Te­
m plate-stripped Au

Figure 4.4 shows the FT-IR spectra for octadecanethiol monolayers formed on 

evaporated, annealed, and template-stripped Au. It is clear from this figure
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that the monolayer structures are similar to previous results for monolayers 

formed on Au; furthermore, the peak positions on all surfaces are consistent 

with literature results for an octadecanethiol SAM formed on non-template- 

stripped Au [1, 35] (see Table 2 .1). Since it is well known that shifts in peak 

position are suggestive of changes in the ‘order/disorder’ of the monolayer [1, 34], 

these results suggest that the overall crystallinity of the monolayers formed on 

different Au substrates (evaporated, annealed, template-stripped) are similar 

— despite having been formed on surfaces of different roughness. That these 

peaks are ordered is borne out in comparing the liquid peaks of octadecanethiol 

to those of the monolayer formed on the template-stripped sample (in Fig.4.5). 

Since the liquid sample allows complete rotational freedom for the molecules 

compared to a crystalline monolayer, the clear shifts in the CH2 peak positions 

and intensities represent an increase in the monolayer ‘order’ (i.e., the CH2 

peaks are oriented in the same direction and respond to the IR signal in the 

same way). The ‘disappearance’ of the ^(CHa) signal in Fig.4.5 is likely due 

to the fact that the i/s(CHa) signal is weak enough that it is not possible to 

distinguish this peak reliably from the spectra noise. In addition, the template- 

stripped monolayer peaks are all narrow banded, suggesting a  highly ordered 

structure [35, 57].

Based on these results and the measured monolayer thickness, it is expected 

that the ~  30° average monolayer tilt reported in literature for an octade­

canethiol monolayer on Au [1, 2, 57] will not change for either evaporated, 

annealed, or template-stripped surface.

To estimate the average tilt of the monolayer from the FT-IR spectra, a
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simple model (shown in Fig.4.6) may be used along with a modified version of 

Debe’s [14] RATIO method [40]. This is a first order approximation; neverthe­

less it provides a fair idea of the monolayer tilt. The original Debe model used 

the following relations:

r(m ) =  cos2W + a  (4.11
sm2(^)sin2(#) +  a

, sm’OTco^CHQ +  a  . .
n  1 sin (■$) sin2(0) +  a  ( ’

where 0, 4f, and a  are the angles shown in Fig.2.2 and r  is the measured FT-IR 

peak intensities. The modified Debe method uses the ratio of the intensity of

on Au, and sets =  0 in Eq.(4.1) to obtain

(CH IN
the two symmetric peaks, ( ■ ), in both a KBr matrix and the monolayer

3(0 X13) /

2,Q , otroN ^(CH2)=  COS (0 ±  35 ) =  v.(CH3)KBr u  <l\
cos2 (90° — 0) ^(gH2) K }

K ‘  *'»(CH3) s a m

since i/s(CH3) is tilted at 34.75° from the surface normal when 0 =  0°

Using Eq.(4.3), an average tilt angle of ~  +31° is obtained for the template- 

stripped monolayer (compared to calculated average tilts of +27° and +28° for 

the evaporated and annealed Au, respectively). This is a  simplified single chain 

model which, although not exactly representative of the monolayer configuration 

on the surface, is nonetheless an approximate indicator of the average tilt of 

the monolayer. That the angles vary slightly between evaporated, annealed 

and template-stripped Au is not surprising as very little change in angle will 

generate fairly large changes in the model calculations (as shown in Fig.4.7).
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4.3.2 D odecanethiol M onolayers on Tem plate-stripped Au

The dodecanethiol monolayer is compared in Figure 4.8 to the octadecanethiol 

monolayer formed on template-stripped Au. All the peak positions match ex­

cept for the ua (CHo) peak which shifts to 2920 cm-1. Since the peak for the 

liquid state is 2924 cm-1 (see Fig. 4.5 and Table 2.1), this suggests that the 

monolayer is still quite crystalline but more disordered than the crystalline 2918 

cm-1 octadecanethiol monolayer [1, 2], The asymmetric CH^ peak is also wider 

which is indicative of a greater degree of internal disorder in the monolayer. 

The ‘shoulder’ evident at 2938 cm-1 is due to the Fermi resonance peak which 

also contributes to the peak widening. Overall the monolayer still exhibits a 

crystalline structure relative to its liquid state (as is evident in Fig.4.5) but it 

is not as ordered as the octadecanethiol monolayer. Again using the modified 

Debe RATIO method, an average tilt of +32° is calculated for the dodecanethiol 

monolayer.

4.4 Contact A ngle D ata

4.4.1 O ctadecanethiol on Evaporated, Annealed and Tem plate-strip­
ped Au

Figures 4.9 and 4.10 shows typical advancing contact angles for water on octade­

canethiol SAMs on evaporated and annealed Au. The large difference between 

these advancing contact angles are statistically different if one looks at all the 

values measured for each probe liquid. The average of all the advancing contact 

angles for all the probe liquids used, together with the 95% confidence limit  axe 

shown in Table 4.2.
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Figure 4.11 shows a typical advancing low-rate dynamic contact angle result 

obtained for water on an octadecanethiol SAM formed on template-stripped 

Au. Averaging the advancing contact angle results for water on the octade­

canethiol template-stripped samples yields a mean value of 108.9°± 1.1° (95% 

confidence limit), which is close to that of the annealed Au (106.9°± 0.5°) and 

significantly lower than that of the evaporated Au (119.1°± 0.8°). The contact 

angle obtained for water on the octadecanethiol SAM formed on evaporated 

Au compares reasonably well with literature results (see Fig.2.4), especially if 

the ±  2° goniometer [12] accuracy is considered. However, the annealed Au 

and template-stripped Au advancing contact angles are much lower than those 

reported in literature for alkanethiol CH3 terminated SAMs. The results for 

all the advancing contact angles and liquids on octadecanethiol are presented 

in Table 4.2. From this table, it is obvious that the template-stripped and an­

nealed samples exhibit essentially the same advancing contact angles for each 

of the liquids.

Table 4.2: A comparison of advancing contact angles (deg.) on octadecanethiol 
monolayers formed on: template-stripped Au (TS), annealed Au (A) and evap­
orated Au (E). Errors shown are the 95% confidence limits.

TS (deg.) A (deg.) E (deg.)
water 108.9 ±  1.1 106.9 ±  0.5 119.1 ±  0.8
form am ide 92.5 ±  1.7 92.4 ±  1.5 88.7 ±  0.8
ethylene glycol 84.1 ±  1.7 81.6 ±  2.4 81.5 ±  0.6
bromonaphthalene a 76.1 ±  0.9 67.2 ±  0.8
decanol a 53.2 ±  0.9 50.7 ±  0.5
hexadecane 44.1 ±  3.8 45.7 ±  0.8 45.4 ±  0.4

a liquids not used to probe template-stripped samples
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Similarly, a  typical result for the receding low-rate dynamic contact angle for 

octadecanethiol monolayers on template-stripped Au is shown in Fig.4.12. Using 

this average receding contact angle, the hysteresis (H) can then be calculated for 

each sample using Eq.(2.2), where 6 a is the advancing contact angle and 6 r is the 

receding contact angle. The hysteresis for the SAMs on evaporated, annealed 

and template-stripped Au substrates axe tabulated in Table 4.3. It is clear that 

the monolayer formed on the template-stripped Au surface exhibits considerably 

less hysteresis than either of the other two samples. This is somewhat surprising 

in the case of annealed Au versus template-stripped Au monolayers as their 

advancing contact angles axe very similar. These results will be returned to 

momentarily; for the moment, recall that studies have attributed contact angle 

hysteresis to surface roughness [58-64], chemical inhomogeneity of the surface 

[65-72], molecular mobility and packing [73-75], liquid penetration and surface 

swelling [64, 76, 77], and liquid retention [64]. Based on these results, it is 

expected that the template-stripped sample has the ‘best’ surface quality since 

it has the lowest hysteresis for all liquids used.

Table 4.3: Experimental contact angle hysteresis (H) on SAMs of octade­
canethiol adsorbed onto template-stripped Au (TS), annealed Au (A), and evap­
orated Au (E). Errors shown axe the 95% confidence limits.

TS A E
H  (deg.) H  (deg.) H  (deg.)

water 5.1 ±  4.7 14.6 18.9
formamide 8.4 ±  3.9 23.2 25.7
ethylene glycol 5.0 ±  3.1 11.8 23.1
hexadecane 3.2 ±  1.8 10.3 < 25.4“

° since 9r <  20.0 it is not possible to know exactly what the contact angle hysteresis is.
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4.4.2 D odecanethiol on Tem plate-stripped Au

Similar to the results for octadecanethiol given above, template-stripped dode­

canethiol advancing contact angles are very close to those of the octadecanethiol 

surface at 109.2°± 1.9°; the complete results are summarized in Table 4.4. These 

results are interesting as other studies [2, 5,10, 33, 39] have reported an increase 

in SAM hydrophobicity with chain length implying a contact angle for dode­

canethiol less than that for octadecanethiol. That this is not reproduced here 

with the dodecanethiol monolayer formed on the template-stripped surface is 

clear from Table 4.4 where there is essentially no difference between the re­

sults for octadecanethiol and dodecanethiol formed on template-stripped Au 

substrates suggesting the same interfacial surface. This observation will be re­

turned to later.

Table 4.4: A comparison of advancing contact angles for octadecanethiol (CIS­
TS) and dodecanethiol (C12-TS) monolayers formed on template-stripped Au. 
For reference 6 a on evaporated monolayers is shown for both octadecanethiol 
(C18-E) and dodecanethiol (C12-E). Errors shown are the 95% confidence limits.

C12-TS C18-TS C12-E C18-E
0 a (deg.) 0 a (deg.) 0 a (deg.) 0 a (deg.)

water 109.2 ±  1.9 108.9 ±  1.1 112“ 119.1 ±  0.8
formamide 94.0 ±  2.0 92.5 ±  1.7 b 88.7 ±  0.8

a The advancing contact angle for water on evaporated dodecanethiol reported in ref. [5] was 
112°. Note that the experimental surfaces used in [5] imply an evaporated Au surface 
similar to the one used here as the octadecanethiol advancing contact angle on the same 
surface is given as 117° (~ the advancing contact angle obtained on the evaporated 
Au/octadecanethiol surfaces used here).
6 No data in [5] for formamide.

To complete the picture, the hysteresis calculated for the template-stripped
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dodecanethiol monolayer in Table 4.5 is shown and compared to that for the 

template-stripped octadecanethiol monolayers and to that for evaporated Au 

surfaces for each monolayer. Again the same trend holds where the hysteresis 

is much less than that calculated for the evaporated monolayers.

Table 4.5: A comparison of advancing contact angles and contact angle hys­
teresis of octadecanethiol (C18-TS) and dodecanethiol (C12-TS) monolayers 
formed on template-stripped Au. For reference hysteresis on evaporated mono­
layers is shown for both octadecanethiol (C18-E) and dodecanethiol (C12-E). 
Errors shown are the 95% confidence limits.

C12-TS C18-TS C12-E C18-E
H  (deg.) H  (deg.) H  (deg.) H  (deg.)

water 4.7 ±  4.6 5.1 ±  4.7 24“ 25.7
formamide 13.0 ±  3.6 8.4 ±  3.9 b 18.9

° Hysteresis calculated from data in ref.[5] via Eq.(2.2). 
c No data in [5] for formamide.

These results suggest that ordered crystalline monolayers — i.e. n  ^  12 — 

will exhibit the same advancing contact angle despite chain length, providing 

that they are formed on ultra-flat surfaces. These results are not extended to 

monolayers where n <  12 since it is well known that alkanethiolate monolayers 

on Au where n < 12 axe less ordered than those with more methylene chains 

[1, 2, 39]. Thus, to determine if the transition point changes on ultra-fiat 

substrates more experiments are needed.
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(a) 1 pm  scan size (height scale 0 -  30nm)

B  30.0nm

I  lS.Onm

Bo.O nm

O 100 200 300
nm

(b) 0.3875 (jxn scan size (height scale 0 -  
30nm)

Figure 4.1: 1 /xm AFM scan size and a zoomed in 0.3875 /xm scan size of 
evaporated Au (~  100 nm) Ti adhesion layer (~  10 nm) on Si substrate.
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Figure 4.2: 1 /im  AFM scan size of annealed Au (~  100 nm) on Ti adhesion 
layer (~  10 nm) on Si substrate.
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(a) angle view

1 nm — —

(b) top view

Figure 4.3: 1 fxm scan size AFM images of template-stripped Au (angle and top 
view)
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u.tCHj) vf(CHj) ^(CHj)
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evaporated Au

annealed Au

template-stripped Au

3000 2900 2800
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Figure 4.4: FT-IR spectra of octadecanethiol monolayers formed on template- 
stripped, annealed and evaporated Au. Peak positions: ^ (C I^ )  2918 cm-1, 
ẑ s (CH2) 2850 cm-1, ^(CHa) 2878 cm-1 (2877 cm-1 for the template-stripped 
sample) and z/a(CH3) 2965 cm-1 (2963 cm" 1 for the template-stripped sample). 
The Fermi peak {vs, CH3) is at 2938 cm-1 for the evaporated sample and 2940 
cm-1 for the annealed and template-stripped samples. The spectra have been 
baseline corrected and offset for clarity.
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(a) Dodecanethiol, (b) Octadecanethiol—  liquid
—  monolayer

—  liquid
—  monolayer

1 a.u. 1 a.u.

no
&
2
<

3000 2900 3000 2900
Wavelength (cm *) Wavelength (cm1)

Figure 4.5: A comparison of liquid and crystalline monolayer spectra for: (a) 
CH3(CH2)nSH, and (b) CH3(CH2)i7SH. The spectra have been baseline cor­
rected and scaled to allow comparison.
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Surface 
Normal

- e +  e

Figure 4.6: A simplified model used to estimate the average tilt of the alka- 
nethiol monolayer using a  modified version of Debe’s [14] RATIO method.
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Figure 4.7: Result for modified Debe RATIO method for monolayers adsorbed 
on evaporated, annealed and template-stripped Au.
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Figure 4.8: FT-IR spectra of octadecanethiol and dodecanethiol monolayers 
formed on template-stripped Au. The spectra have been baseline corrected and 
offset for clarity.
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Figure 4.9: Typical advancing low-rate dynamic contact angle, 9a, results for 
water on octadecanethiol monolayers formed on evaporated Au. As indicated 
in Fig.4.11 the mean values are taken once j\v and 9 are constant.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



CHAPTER 4. RESULTS 52

70  -

T
110

mean 0 = 107.0

~~Q’0 -o , Q"Q cho
106

©
104

T
0.42

£ 0 .40  o
Z  0 .38

0.36

10
Time (sec.)

Figure 4.10: Typical advancing low-rate dynamic contact angle, $a, results for 
water on octadecanethiol monolayers formed on annealed Au. As indicated in 
Fig.4.11 the mean values are taken once 7tv and 6  are constant.
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Figure 4.11: Typical low-rate dynamic advancing contact angle 9a results for 
water on Octadecanethiol monolayers formed on template-stripped Au. As in­
dicated the mean values are taken once 7^  and 9 are constant. It is clear that, 
as per the conditions set out earlier, at this point 6  is constant as the drop 
volume (V) increases and the contact line radius (R) increases steadily.

R e p ro d u c e d  with p e rm iss ion  of th e  copyrigh t ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



CHAPTER 4. RESULTS 54

75

pzrrnrrrrrcrnt? mT3Trm333TnrrrTr^ 

J i i  i
YIv = 70.3 ±0.2 :

0 =  100.8 ±  0.1 -

FCnTirr
E668S)

umxuLiUL LmudiLLum
Si 034

mnnrnrrrrrQ

0333333>  0.08

30 40
Time (sec.)

Figure 4.12: Typical low-rate dynamic receding contact angle 0r results for water 
on Octadecanethiol monolayers formed on template-stripped Au. As indicated 
in Fig.4.11 the mean values are taken once 7jv and 6  are constant. It is clear 
that, as per the conditions set out earlier, at this point 9 is constant as the drop 
volume (V) increases and the contact line radius (R) increases steadily. Note 
that, in this case, clear ‘slip-stick’ behavior (x-axis: 55-61) is demonstrated 
which must not be included when the contact angle is calculated — as noted 
earlier.
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D is c u s s io n

Care must be taken in contact angle interpretation in order not to  violate any 

commonly accepted assumptions. Nevertheless, it is possible to make several 

conclusions about the data presented here. Returning to the advancing contact 

angle data collected, the difference between the octadecanethiol SAMs adsorbed 

on evaporated and the annealed (and template-stripped) Au is first examined. 

These differing advancing contact angles are surprising given that the octade­

canethiol SAM is formed on the same substrate (Au) and the solid-liquid system 

is presumably the same — an octadecanethiol monolayer at an average 30° tilt 

interacting with water (i.e., an expected CH3 surface interacting with water). 

Looking only at the advancing water contact angle for octadecanethiol SAMs on 

evaporated Au, one might be tempted to conclude that a  CH3 surface shares the 

sam e solid surface tension as that of fluorocarbons FC721 and FC722 (water 

advancing contact angle of 118-120° [6, 107]) and one that is h igher than that 

of Teflon poly(tetrafluoroethylene) (water advancing contact angle of 108-110° 

[95,108]). This conclusion is questionable from a surface energetic point of view. 

Considering a CH3 terminated polymer (hexatriacontane), whose surface quality 

was exceptional [13], the advancing contact angle reported was 105-107°. This

55
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is much closer to the advancing contact angles for the octadecanethiol SAMs 

formed on annealed and template-stripped Au implying that these two surfaces 

are composed primarily of CH3 molecules. To independently check the expected 

advancing contact angles for a CH3 surface a study of polymer films by Grundke 

et. al [109] can be employed. They found that as the number of CH2 groups 

increase in the side chains of the maleimide copolymers studied that the very 

polar maleimide groups were ‘shielded’ as well as the polar backbone groups, 

suggesting that eventually only the CH3 would interact with the liquid if the 

n-alkyl side chains were long enough. Considering only the longer chain lengths 

(allowing considerable flexibility for chain rearrangement to lower the surface 

energy) and plotting the results of [109] in terms of the reciprocal of the number 

of CH2 in the n-alkyl side chains as shown in Fig.5.1, an advancing contact angle 

of 108-109° for water is obtained for an infinite number of CH2 groups (i.e., 1/x 

= 0). This infinite CH2 chain length would result in a hypothetically densely 

packed CH3 surface since the side chains are long enough to allow arrangement 

in the lowest possible surface free energy. These values compare well with that 

for hexatriacontane (i.e., 105-107° for water [11, 13]). The advancing contact 

angle on annealed and template-stripped Au therefore is comparable to these 

values, suggesting a CH3 surface exposed to the liquid. Since the annealed and 

template-stripped surfaces seem to be primarily a densely-packed CH3 surface 

the question becomes: is this the case for the evaporated Au? From the FT-IR 

and spectroscopic ellipsometry data it is known that the structure is quite close 

to that of the other two surfaces so the monolayer formed on the evaporated 

Au is still expected to be primarily a CH3 surface. For this case:
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110

—  OSAlkMI copolymer with x-CHj groups
—  QPAlkMI copolymer with x-CH2groups105
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Figure 5.1: Advancing contact angles (9a) for two maleimide copolymers: [1] 
poly(propene-aZt-N-(ra-alkyl)maleimides) or (PAlkMI) [2] poly(styrene-aZt-N- 
(n-alkyl)maleimides), (SAlkMI) versus the reciprocal of the number of CH2 
in the side chain, x

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



CHAPTER 5. DISCUSSION 58

Figure 5.2: A schematic illustrating how the change in the surface structure 
changes the solid-liquid interfacial tension, 7s/. Given that 7^  and 7iv remain 
unchanged the contact angle must increase due to At,*.

1- 1 av ~  constant since the surface is the same (CH3 terminated surface), 

and

2- liv =  constant since the probe liquid is the same for both surfaces.

According to equation 1.1, this means that the change in contact angle on the 

SAM adsorbed onto the evaporated Au must therefore be due to an increase in 

Tsz as illustrated in Figure 5.2. At* 1 can be estimated for the evaporated Au 

using E q.(l.l) and talcing the difference in advancing contact angles with either 

the annealed or template-stripped SAMs, i.e.

A7az =  7to(cos 6 2  -  cos 0i) (5.1)
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Choosing the advancing water contact angles for the template-stripped (#2) 

and evaporated (6 1 ) Au substrates, = 72.7(cos 108.9° — cos 119.1°) =  11.8 

m J/m 2. In other words the solid-liquid surface tension is ~  12 m J/m 2 higher 

for the octadecanethiol SAM adsorbed on the evaporated Au substrate. Note 

that this difference also exists for the dodecanethiol monolayer (although the 

difference in contact angles is lower — likely due to a different mechanism 

which will be explained shortly). Using Eq.(5.1) to calculate A j s/, for the 

template-stripped dodecanethiol monolayer water contact angles, yields ~  3.3 

m J/m 2. The only difference between the three Au systems is in the underlying 

Au substrate topology. Thus, this must somehow be the contributing factor to 

these differences.

From the AFM data it can be concluded that:

1. the evaporated monolayer has formed on a surface with plateaus ~  40-50 

nm in size and large multi-atomic steps between them,

2. the annealed monolayer has formed on a surface with large plateaus ~  

150-200 nm in size but also fairly large multi-atomic steps between them, 

and

3. the template-stripped monolayer has formed on a surface with terraces ~  

40-50 nm in size with atomic size steps (on average) between them.

From spectroscopic ellipsometry and FT-IR data it can be concluded that the 

monolayers on all three surfaces:

1. have the same average thicknesses
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2. have similar average tilts of ~  30°, and

3. have similar crystalline structures.

Thus any model which seeks to explain these differences in contact angle must 

take into account these other pieces of experimental data. Figures 5.3 and 5.4 

shows the monolayers modelled as formed on the different Au surfaces. The 

key difference is the terrace size and step heights which have already been 

elaborated upon. These features are incorporated into the substrates in Fig.5.3 

and 5.4. These models make sense in that various STM studies [110-113] have 

imaged ‘line defects’ — missing alkanethiol molecule rows in the SAM or abrupt 

transitions to different SAM structure regimes — at the grain boundaries of 

A u (lll)  structures, i.e. the terrace and/or plateau edges. The effect of these 

differences in the surface topography of the monolayer are also shown: the 

monolayer on the evaporated and annealed Au has rotational freedom on the 

step edges, allowing the CH2 backbone the ability to rotate as the neighboring 

molecules do not fully constrain the CH2 chain (illustrated in Fig.5.3(a), 5.3(b) 

and 5.4(b)) while the template-stripped Au surface fully constrains the CH2 

backbone — even over the step edges (as illustrated in Fig.5.4(a)). That this 

constraint should not be chain-length dependent is obvious as shorter chains 

will still be constrained on the step edges on a template-stripped surface since 

the step heights are at atomic scale. Based on other studies where the onset 

of liquid-like disorder in alkanethiolates on Au were observed for n  <  8 [1, 

2, 39, 40], one can speculate that ‘disordered’ SAMs will occur in the same 

region on template-stripped Au surfaces as it has been shown that this cut-off 

point is different for different metals [40]. This point also helps explain the
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40nm evaporated "plateau"

(a) Evaporated — possibility A

40nm evaporated "plateau Au "grains

(b) Evaporated — possibility B

Figure 5.3: A model illustrating the differences between monolayers (n >  12) 
formed on evaporated Au. The y-dimension is to scale, i.e. step height to 
molecule length, and molecules are tilted at 30° relative to surface normal. The 
x-direction is no t to scale between the substrate and the SAM as it is not 
possible to fit the number of molecules required to accurately represent the 
SAM.
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40nm template-stripped terrace

(a) Template-stripped

annealed "plateau" ~ 150nm

(b) Annealed

Figure 5.4: A model illustrating the differences between monolayers (n ^  12) 
formed on template-stripped and annealed Au. The y-dimension is to scale,
i.e. step height to molecule length, and molecules are tilted at 30° relative to 
surface normal. The x-direction is no t to scale between the substrate and the 
SAM as it is not possible to fit the number of molecules required to accurately 
represent the SAM.
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lower contact angles seen in literature for shorter CH2 chain lengths as it is 

clear that once a  certain chain length is reached, there is considerable ‘disorder’ 

exhibited (ie. rotational freedom) and the metal may be available to the liquid, 

further reducing the advancing contact angles. The mechanism of the higher 

contact angles seen on the evaporated Au monolayer is not clearly understood 

but it must be due to ‘defects’ at the CH3 surface caused by the substrate 

roughness (and illustrated in Fig.5.3(a) and 5.3(b)). The fact that these ‘defects’ 

are not observable via FT-IR is not surprising as even with a 0.000016 m2 IR 

area the amount of ‘defects’ relative to the surface will be very low. A quick 

estimation shows this to be the case. The IR area is known to be 1.6xl0-5  m2 

and assuming an area per molecule of 21.4 A2 [27] suggests 7.5 xlO23 molecules 

per IR area. If ‘defects’ are assumed around the perimeter of every plateau 

this means ~  1.4-2.8xl017 molecules are defective (depending upon whether 

the number of terraces/IR area is for annealed or template-stripped Au). This 

suggests defects in the order of 0.00002-0.00004% — a clear over-estimation as 

all plateau perimeters are assumed defective over their whole length. This in 

turn seems to indicate that the increase in % 1 for the evaporated Au adsorbed 

SAM is linked somehow to the difference in either surface topography or the 

molecular bonding between CH3 molecules and/or the first few molecules in 

the CH2 backbone. That the CH3 bonding is different between the annealed 

and template-stripped surfaces is clear as both the vs and va CH3 peaks have 

shifted to  a more crystalline position for the template-stripped sample as seen 

in Fig.4.4. This, however, does not seem to affect the advancing contact angles 

as they are very similar for these two surfaces. There do not appear to be many
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differences between the internal structures of the CH2 backbone, judging by the 

peak widths in Fig.4.4. Thus, it appears that the most likely cause of A ^ i  is the 

surface topography, i.e. roughness. This is interesting because although both 

the annealed and evaporated Au share the same PV roughness, the frequency 

of this roughness is higher on the evaporated sample if one compares average 

plateau size.

It is also possible based on the experimental results to assert that, at a 

minimum, fully crystalline SAMs (compared to evaporated Au and possibly 

even annealed Au) exist on template-stripped Au when n  > 12. This explains 

the similar advancing contact angles and contact angle hysteresis between oc­

tadecanethiol and dodecanethiol monolayers formed on template-stripped Au 

— since the internal structure of the monolayer has little to no effect on the 

wettability of the interface [3, 4,114] as the depth to which the liquid can sense 

is believed to be ~  5 A for water and ~  2 A for hexadecane [115, 116] and 

as a result the interfacial surface of both monolayers is expected to consist of 

an atomically flat, densely packed CH3 surface. Therefore, since 7OT, 7S/, and 

7tv are thermodynamic properties of the surface and liquid, and each system 

is the ‘same’, 6y (ie. 9a) should therefore be the same between these different 

chain-length monolayers. That this is essentially the case speaks to the remark­

able similarity of the interfacial surface despite the different internal ordering 

of octadecanethiol and dodecanethiol monolayers (as inferred from the FT-IR 

results shown in Figs.4.5 and 4.8).

SAMs formed on evaporated Au show significant scatter from the hexatri- 

acontane curve as is seen clearly in Fig.5.5, in good agreement with literature
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results (see Fig.2.6). As pointed out earlier, this scatter is due to changes in 

the solid-liquid interfacial tensions which in turn changes the advancing contact 

angles. If the (same) monolayers formed on both the annealed and template- 

stripped Au substrates axe examined, it is found that they fall roughly on the 

hexatriacontane curve as seen in Fig.5.6. The scatter has disappeared and 

the curves are quite smooth, thus confirming that the experimental results are 

compatible with Eqs. 2.3-2.5. These results are yet more evidence that the 

dodecanethiol and octadecanethiol share the same interfacial characteristics; if 

this were not the case, they would ‘scatter’ relative to each other as seen in the 

evaporated Au case in Fig.5.5.

The equation of state approach can also be used to  calculate the solid-vapor 

interfacial tension [12]. The equation of state for solid-liquid surface tension can 

be written as:

7 si =  7 iv +  7 s v ~  2y/7iv7sVe~l3{rilv~lav)2 (5.2)

Combining Eq.(5.2) with Eq.(l.l) yields

cos dY =  - 1  +  2 < (5.3)
V 7 iv

Using the FORTRAN code given in [12] and (3 =  0.0001247 (m2/m J )2 [12, 16], 

7sv can be calculated using the different advancing contact angles. The results 

axe summarized in Table 5.1. The expected 7OT for a  CH3-terminated surface is 

19-20 m J/m 2 [11] so these calculated t w again add evidence that the surface is 

composed primarily of CH3 molecules.

Interestingly enough, even though annealed and template-stripped Au ad­

sorbed SAMs share the same advancing contact angle, thicknesses, average
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Figure 5.5: (a) The solid-liquid work of adhesion, Wsi, (b) the cosine of the 
contact angle, cos 6, and (c) the liquid-vapor surface tension times the cosine of 
the contact angle, cos 0, versus the liquid vapor surface tension, 7iv shown 
for hexatriacontane (o) and SAMs of octadecanethiol (■) and dodecanethiol 
(a ) formed on evaporated Au. Data for dodecanethiol shown here is calculated 
from [5].
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Figure 5.6: (a) The solid-liquid work of adhesion, Wsi, (b) the cosine of the 
contact angle, cos 0, and (c) the liquid-vapor surface tension times the cosine of 
the contact angle, 7*v cos 0, versus the liquid vapor surface tension, jiv. Data 
shown for hexatriacontane (o) and octadecanethiol formed on annealed Au (•) 
are compared to SAMs of octadecanethiol (>*) and dodecanethiol (a ) formed 
on template-stripped Au.
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Table 5.1: 7*, calculated using the equation of state approach with /? =  
0.0001247 (m2/m J )2__________________________________________________

A TS
llv

(mJ/m2)
0c

(deg.)
7so 

(mJ/m2)
ea

(deg.)
Taw

(mJ/m2)
water 72.7 106.9 18.8 108.9 17.7
formamide 59.1 92.4 19.9 92.5 19.8
ethylene 47.6 81.6 19.1 84.1 18.0
glycol
bromonaph-
thalene

44.3 76.1 19.8 O -

decanol 28.9 53.2 18.9 a -
hexadecane 27.6 45.7 20.2 44.1 20.6
average 19.5 ±  0.6* 19.0 ±  1.9*
a no data collected for these probe liquids on template-stripped samples 
6 95% confidence limit

monolayer tilt and internal crystalline structure, there masts a noticeable dif­

ference in contact angle hysteresis between the two Au monolayers. This is 

not likely to be due to changes in the monolayer crystalline structure as it has 

been shown in other studies [2-4, 114] that wetting is not affected by differing 

internal structures of the same monolayer and in any case these monolayers 

appear to be similar to other Au systems in literature in terms of average tilt, 

FT-IR results and thicknesses. Thus, the only difference that must change the 

hysteresis between these systems is the terrace size and step height as these dif­

ferences are expected to also show up on the monolayer interfacial surface. This 

being the case, it is expected that it is primarily the reduced step height for the 

template-stripped samples which is the main contributor to this reduced con­

tact angle hysteresis as the liquid will not as likely to be ‘trapped’ (see Fig.5.3 

and 5.4) by the shallow step heights of the template-stripped surface. Indeed, 

considering the mean van der Waal diameter of water of 2.82 A [117], it can be
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seen that this is very close to the step height on the template-stripped surface. 

Lam et. al [64] showed that a large ‘bulky5 molecule (OCMTS, ie. octamethcy- 

clotetrasiloxane, with a mean molecular dia. ~  9 A ) had a  very small hysteresis 

on the system they were studying. They hypothesize that liquid retention is the 

cause of contact angle hysteresis. If this is the case, the receding contact angle 

would decrease since retention of the liquid on the solid surface will increase 

the solid surface tension (since the liquids they chose as probe liquids — and 

the ones used here — have a  liquid interfacial tension greater than the solid 

surface tension). Thus liquid retention would result in a  higher hysteresis since 

Ba would not change but dT would be smaller. Since the size of the OCMTS 

molecule compared to the step heights on the surface is relatively large this 

would make liquid retention difficult and thus the low contact angle hysteresis 

reported. In the template-stripped case, this is also the case due to the fact 

that the average step height is on the order of several angstroms; thus the step 

height and the liquid molecule axe on the same order of magnitude, making 

liquid retention more difficult. Judging by the very low values of contact angle 

hysteresis tabulated in both Tables 4.3 and 4.4, the template-stripped adsorbed 

SAMs axe close to an ‘ideal5 Young5s surface.
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C o n c l u s io n s  a n d  F u t u r e  W o r k

6.1 Conclusion

This thesis set out to answer the question of the anomaly in contact angle mea­

surements between literature results for SAMs and for similarly terminated sur­

faces that were not monomolecular films. AFM data showed that the template- 

stripped Au surface consisted of 40-50 nm terraces separated by atomic step 

heights. Spectroscopic ellipsometry results yielded a monolayer thickness in line 

with previous literature results for -thiol/Au systems and indirectly pointed to 

a similar average monolayer tilt. FT-IR results showed a crystalline monolayer 

that does not differ significantly from those reported in the literature and a 

calculated average monolayer tilt agreed with both the spectroscopic ellipsom­

etry results and those in literature. Low-rate dynamic contact angle experi­

ments yield an advancing contact angle consistent with what is expected for a 

closely-packed smooth methyl surface. In addition, the contact angle hysteresis 

obtained on the template-stripped surface seems to indicate a largely defect free 

surface of high quality. Taken together, these results seem to indicate that it 

is possible to construct an ‘ideal’ Young’s surface with SAMs on a template- 

stripped Au surface. In addition it was shown that this surface is possible to

70
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achieve on at least a dodecanethiol monolayer and that it may be achievable at 

even lower chain lengths on template-stripped Au substrates.

6.2 Future Work

The work done in this thesis can be extended to:

1. exploring the effect of different chain lengths of the alkanethiol, especially 

in the region n <  12,

2. using low-rate dynamic contact angles to characterize some of the other 

template systems used [88-94], particularly the mica based Au templates 

as they will produce larger terraces which will combine large terraces with 

atomic step heights,

3. different metal substrate/SAM systems which will vary the underlying 

SAM structure as in [40].

4. extending recent work done by Tavana et. al [118] and Lam et. al [64] 

using large ‘bulky’ molecules to eliminate liquid penetration and retention. 

Using these molecules on a template-stripped substrate adsorbed SAM 

may lead to zero hysteresis.

5. impacting drops as the template-stripped/SAM system allows access to 

an ultra-flat, chemically tailorable surface, which can be used in the ex­

ploration of the impact of topography roughness in the impacting droplet 

spreading and recoil.
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