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Abstract

Owing to a large number of applications, starting from pharmaceutical packaging to

advancement in nanotechnology and microfluidic devices, wetting characteristics has

always been regarded as an essential prerequisite for many phenomenal processes. In

the present time, the term ‘wetting’ is not limited to spreading of a liquid on a solid

but also portrays displacement ability of a gas over a liquid. To quantify wetting of

a solid surface by a liquid, numerous established theories argue that interactions be-

tween polar–polar, polar–non-polar and non-polar–non-polar components of surface

tension or equivalently, surface energy dictate the final equilibrium contact angle.

In this work, the extent to which individual phases of binary liquid−vapor and

solid−liquid system interacts, and how such interactions are influenced by the polar

and the dispersive components of the surface tension is examined. For liquid−fluid
systems, the e↵ect of the polarity of the surrounding (saturated) vapor medium on the

equilibrium surface tension, �eq is critically investigated. Such measurements being

prone to inaccuracy for highly volatile liquids, a standard protocol to obtain �eq with

reasonable accuracy has been developed. A wide range of fluids covering polar−polar,
polar−nonpolar and nonpolar−nonpolar liquid-vapor combinations, are studied and

results confirm that the influence of molecular weight of both of the phases (drop and

surrounding saturated vapor) must be accounted for in addition to the interactions

(polar-polar, polar-nonpolar etc.) that occur therein. For the case of polar-polar and

nonpolar-nonpolar combination, observations suggest that the liquid drop interface

becomes active only if the molecular weight of vapor is lower than the liquid phase.

Further, it is observed that �p of drop (for polar liquid) influences the interaction
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between �eq and Fowkes’ dispersive interaction. Similar influence of the polar compo-

nent of the surface tension has been observed for the solid−liquid systems where the

percentage polarity of the (gold) substrates are varied by means of functionalization

with mixed self assembled monolayer, SAM. Moreover, the surface characterization

using X-ray photoelectron spectroscopy (XPS) proved that the mole fraction of the

chemicals on the surface is di↵erent than that of the immersion solution.
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”A river cuts through rock not because of its power, but because of its persistence.”

- Jim Watkins
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Chapter 1

Introduction

The dynamics of the bulk much depends on the very thin layer at the surface of the

liquid, that we call interface. Understanding the interface requires realization of the

intricate physics at the molecular scale. The interaction that occurs at such scale is

very well described by the celebrated Van der Waals theory [1]. In light of this theory,

Fowkes [2] introduced the idea of decomposing the surface tension or, equivalently,

the surface energy, into two components, namely, the polar and the dispersive/nonpo-

lar component. This promising theory initiated a string of investigations to quantify

the interaction between two phases [3–6]. However, it was de Gennes’s theory which

introduced a more qualitative approach that re-defined the solid−liquid interaction.

In his pioneering works, de Gennes [7] demonstrated that a liquid forms zero contact

angle solid surface if the former has lower polarizability. Owing to all the aforemen-

tioned theories and others, several investigations have been pursued that shows e↵ect

of polar−polar and nonpolar−nonpolar interaction on solid−liquid combinations [8–

11]. Additionally, this concept has been successfully extended for liquid−liquid com-

binations [12, 13].

Despite the extensive investigations, literature lacks any generalization either for

liquid−vapor or for solid−liquid combinations. This thesis attempts to fill this void in

understanding how the equilibrium surface tension of a binary liquid-vapor interface

(where the liquid phase is of di↵erent substance than the vapor phase) or a solid-liquid
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interface is e↵ected or modified by the individual polar and dispersive components of

surface tension of the constituent phases. Henceforth, any reference to a liquid-vapor

system shall refer to a binary system unless mentioned otherwise.

With the aim of maintaining individual chapters as stand alone documents, the

liquid−vapor and solid−liquid cases are discussed in Chapter 2 and 3 each having their

own elaborate introductions and conclusions. Parts of these chapters are adopted for

preparing scientific papers that will shortly be submitted for journal publications.

Despite Chapter 2 and 3 having su�cient elaboration on the relevant literature, this

Introduction does touch upon the key ideas that the remaining of this thesis develops

upon. A brief discussion of the forces that influence polar and dispersive components

is presented in section 1.1, along with the relevant background and applications in

sections 1.2.1 and 1.2.2, respectively, for the liquid-vapor combinations. Later in sec-

tions 1.3.1 and 1.3.2 the background and applications for solid-vapor interfaces have

been discussed. Further, the self assembled monolayer (SAM) and x-ray photoelec-

tron spectroscopy (XPS) are briefly discussed in sections 1.3.3 and 1.3.5 to highlight

their essence in our study. Finally, this chapter is concluded with a concise overview

of each of the chapters in section 1.4.
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1.1 Polar-Polar and Nonpolar-Nonpolar Interac-
tion

In pursuit of this investigation, an understanding of polar and nonpolar components of

the surface tension or surface energy is essential. For this investigation, the description

of the polar and dispersive components is more aligned with Fowkes model rather

than that of Van Oss-Good model. This is because, the former is well suited for

moderately polar phases whereas the latter for highly polar phases [14]. As most

of the substances are organic with moderate polarity (even solid substrates are thiol

functionalized surfaces), Fowkes decomposition of surface tension is more accurate.

Molecular origin of dispersive component:

Nonpolar component is linked to the dispersive forces which is dependent on the size of

electron cloud of a molecule [15]. The electron cloud of molecules randomly fluctuates

and temporarily concentrates the negative charge on one side or another, creating

induced dipoles. This temporary distribution of charge increases with increasing

number of electrons. The interactions between induced dipole-induced dipole results

into Van der Waals’ dispersive force, more famously know as London force [16].

And this force is responsible for the dispersive component of surface tension. As the

dispersive component arises from the very existence of the electron cloud, it always

assumes a finite value.

Molecular origin of polar component:

Although nonpolar forces are available between molecules as described above, polar

force is not so common. They originate from the di↵erence in eletronegativity be-

tween the bonded atoms of a molecules [1]. Consequently, polar components in polar

molecules are a result of polar interactions that occur in molecules with a dipole

moment [15]. Thus, polar components constitute of Van der Waal’s dipole forces

that are result of permanent dipole-dipole interactions (Keesom force) and perma-
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nent dipole - induced dipole interactions (Debye force) [16–19].

As narrated by Owens and Wendt [20], Rabel [21], Kaelble [22] and Wu [4] the surface

tension of a substance arises due to imbalance of cohesive interactions between like

molecules at the surface, which can be divided into polar forces and nonpolar forces.

Thus, surface tension can be decomposed to polar and dispersive components. On

the other hand, for interaction between two phases, cohesive forces between similar

molecules along with adhesive forces between dissimilar molecules a↵ects the surface

tension. Since the Van der Waals forces contribute to the adhesive forces as well [15],

the interfacial tension or the contact angle between two phases can be accounted by

the polar−polar (�p

1v
− �p

2v
) and nonpolar−nonpolar (�d

1v
− �d

2v
) interaction.

E↵ect of dispersive component on contact angle

The Van der Waal’s force of attraction between molecules are very weak. Hence,

increasing dispersive component of a solid in contact with a completely nonpolar

liquid will result into small decrease in contact angle. However, it may or may not

show any substantial change in wettability when in contact with a polar liquid due

to its weaker interaction [23].

E↵ect of polar component on contact angle

The e↵ect of polar component on the contact angle can be described based on experi-

mental data and results from literature. By varying the polar component of the solid,

negligible change in interaction is observed with a completely nonpolar liquid. This

is because polar component of solid interacts only with polar component of liquid [6,

8–11, 20–22]. However, if a polar liquid. i.e., water is considered then the contact

angle will decrease with the increase of polar component of the solid. Essentially,

increasing polar component increases the permanent dipole-permanent dipole inter-

action between the solid and liquid molecules, resulting into an increase in adhesion
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force at the solid interface [23]. Thus, wettability of the pair increases and contact

angle decreases.

1.2 Liquid-Fluid Interface

1.2.1 Literature Review

Surface characterization using surface tension and interfacial tension has been stud-

ied extensively over the past few decades [24–28]. These earlier studies are briefly

reviewed in Chapter 2. It has been suggested that this property is one of the key

features to explain the molecular interaction that influences mass and energy trans-

fer at surface or interface [29]. Necessarily, several investigations are performed, both

experimental and molecular dynamics simulations, to measure surface tension of mix-

ture of miscible fluids [30–32] and interfacial tension of immiscible fluids [27, 33–36].

In addition, polar and dispersive components of surface tension of one liquid are used

to identify surface tensions of another liquid by considering the interfacial tension of

the binary system [8, 37, 38]. Though these results provide su�cient evidence for

surface characteristics of binary liquid systems, it fails to explain interaction happen-

ing on a liquid surface in the presence of saturated vapor medium. Thus, to expand

the horizon of scientific field, experiments have been performed in miscible vapor

medium of di↵erent concentrations and saturated medium of immiscible fluids or air

saturated medium to characterize liquid−vapor system [39–42]. However, no such

study is available, to the knowledge of the author, for saturated medium of miscible

or partially miscible volatile liquids- a binary system which is susceptible to high mass

transfer rate across surface. Hence, an investigation is conducted for miscible, immis-

cible and partially miscible liquid−vapor system to observe the interaction between

them. Furthermore, the results are utilized to develop a generalized characterization

of their interface by considering polar−polar and dispersive−dispersive interaction
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of the combination. To pursue this, a total of forty cases (ten polar−polar, eleven
polar−non-polar, and nineteen non-polar − non-polar combinations - please refer to

Table A.6 of Appendix for the details) are studied which further hypothesized the

relation between all the liquid−vapor interface.

Now, surface characterization involving volatile liquids is very di�cult due to high

mass transfer rate at the surface (liquid in vapor medium) or interface (liquid in liquid

medium) [43–45]. As measurement of surface tension is considered one of the most

prevalent quantification to characterize a surface, several methods have been utilized

to determine the surface tension of volatile liquids, such as maximum bubble pressure

method, acoustic levitation method and fibre drop analysis method [43, 44, 46].

However, it is desired to measure surface tension using pendant drop method because

of its precision and high degree of flexibility [47]. Essentially, this provides better

accuracy than many other techniques [48–51], utilizing only small amount of liquid

and measuring surface or interfacial tension even at high pressure [52–54]. Therefore,

a method has been developed to measure the surface tension of a liquid in its own

saturated medium to obtain an authenticate surface tension value. Consequently, the

accuracy of the quantification is not compromised because the surface tension of a

liquid in its own saturated medium di↵ers by only 0.1mN/m compared to that in air

medium [55]. This method is then modified further to investigate the liquid−fluid
interface, i.e, a binary system (discussed in Chapter 2).

1.2.2 Applications

Liquid−vapor interfacial tension has wide range of applications starting from dictating

heat and mass transfer between two phases across an interface [56]. It is important

in several engineering, industrial and biological processes like modelling of distillation

and adsorption, checking generation and stability of foams on addition of surfactants

in foaming industries or e↵ects of pulmonary surfactants on oxygenation process [47,
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57, 58]. Moreover, Krishnan et. al utilized study of interfacial tension between water

of blood plasma and air medium to compare plasma of four species, including human

[59]. Besides that interfacial tension is considered to be the dominant parameter that

controls the capillary trapping force that is utilized to trap fluids in the pore struc-

tures of reservoirs [60]. Additionally, this property dictates the flow process as well

as controls the e�ciency of capillary sealing for storage of carbon dioxide [61]. It

has been also suggested that the knowledge of interfacial behavior is also necessary

for recovery operation of enhanced carbon dioxide based oil [62]. Therefore, having

an approximate idea of the interfacial tension using the presented generalization in

this study, could save a huge portion of time that can be utilized in other areas of

development.

1.3 Solid-Liquid Interface

1.3.1 Literature Review

Study of contact angle has been in practice for over couple of centuries [63, 64], which

have been briefly discussed in Chapter 3. The importance of spreading phenomenon

has influenced extensive research to understand the factors which dictates the equilib-

rium contact angle of a liquid on a solid surface [65–69] as this assists in determining

the wetting characteristics of a liquid on a solid. However, this wetting characteris-

tics, along with theoretical formulation, changes with characteristics of solid, liquid

and condition of the surrounding medium [37, 63, 70, 71]. Considering only the solid

characteristics, Wenzel [72] suggested that Young’s [73] equation, which is further

discussed in Chapter 3, cannot account for contact angle on rough surfaces. Moreover,

Cassie and Baxter [74–76] suggested a similar theory for heterogeneous and porous

substrates. According to them, Young’s equation being only applicable for smooth,

chemically homogeneous, inert, rigid, insoluble and non-reactive surfaces [73] cannot
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account for the change in surface characteristics of the non-ideal surface. It has also

been suggested that the reason of this discrimination for rough and heterogeneous

surfaces is the di�culty in assessment of the molecular interaction at the three-phase

contact line [77]. In addition, liquid properties, such as viscosity, also has an e↵ect

on the equilibrium contact angle [78, 79]. Moreover, new parameters like surface

temperature of liquids has an altering e↵ect on equilibrium contact angle [80]. Even

surrounding conditions like temperature and pressure also e↵ects equilibrium contact

angle [70, 81]. In the presence of all these influential parameters, de Gennes’s hypoth-

esis provided a constant parameter for most of the cases. He suggested that a liquid

spreads completely on a solid if its polarizability is lower [7]. This theory curved

the path to several investigations that confirmed that equilibrium contact angle has

a dependency on polar−polar and dispersive−dispersive interaction between solid and

liquid [9–11]. However, a generalization has not yet been reported which considers

all possible solid and liquids (excluding specially fabricated species).

The investigation outlined in Chapter 3 provides a graphical relation, which can lay

out a quick approximate idea about the contact angle of a solid liquid combination

if polar and dispersive components are known or vice versa. For this investigation,

substrates with a range of polarity was a necessity. Accordingly, SAM functionalized

substrates are utilized and the fundamentals of the process is discussed in the fol-

lowing sections. Moreover, surface characterization using xps (discussed in upcoming

section) was also performed to validate the contact angle measurements for solution

concentration.

1.3.2 Applications

Wettability is an important parameter in many manufacturing processes where adher-

ence as well as repulsion is desirable. The spreading of a drop on a smooth dry surface

is important for processes like fuel injection, surface cooling, spray painting, as well
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as on aircraft wings [67, 82–84]. Spray painting or coating is an example where max-

imum adhesion is required, i.e low contact angle combination [85]. Another example

like this is spraying pesticides on crop fields for better yield [86]. In comparison,

there are processes where repulsion, i.e high contact angle is beneficial. For instance,

while designing impermeable clothing the main focus is to design a material that has

high contact angle with water [87]. Same characteristics is prudent for developing

materials with anti-icing properties [88]. Therefore, as mentioned above, in devel-

opment of materials contact angle usually has an influence, if not often. Therefore,

having an approximate idea of the surface energy (summation of polar and dispersive

components) from the generalization could prove to be beneficial.

1.3.3 Self Assembled Monolayer (SAM)

Self assembled monolayer (SAM) is an ultra-thin film that forms on a surface due to

strong chemisorption from a solution on immersed solid substrates [89–91]. These

are stable, closely packed, well-organized monolayers of chemicals, such as, thiols

and disulfides [92–96]. Essentially, this particular solutions are chosen based on

some important characteristic for functionalization purpose: 1) they must have func-

tional group which interacts with the metal surface and 2) they should be able to be

adsorbed and arranged on the surface without any external influence to form high

density, unidirectional monolayers [97]. In combination with these solution, metal

surfaces like gold, silver, copper or platinum could be utilized [98–105]. However,

thiols are preferred over disulfides (unless thiols are reactive to the terminal group of a

target liquid) [106] and gold is preferred over other metals because it is comparatively

inert and does not have a stable oxide surface, resulting into negligible atmospheric

contamination [89, 107]. Considering thiol SAM and gold substrate, combination

used in this investigation, the supposedly two-dimensional monolayers are formed by

covalent bond between sulphur (S) of thiol and gold molecule (Au), i.e. Au−S bond.

After the thiol molecules are adsorbed on gold surface, they reorient themselves de-
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pending on the Van der Waals forces between themselves [89, 108–110]. Moreover,

procedure for SAM preparation is quite simple compared to other surface treatment

procedures as shown in Fig. 1.1. Further discussion on the SAM preparation is found

in Chapter 3.

Deposited gold 
on Si wafers

1cm

2cm

Immersed substrate 
in ethanolic thiol 
solution for 24 hrs

Sonicated with 
ethanol for 15 
min

Dried with stream of 
nitrogen

Figure 1.1: Schematic of the preparation method of SAM.

Apart from concentration of the thiol solution, the formation of SAM is dependent

on type of solvent and temperature and time of immersion [89, 111–113]. Neverthe-

less, the scope of this investigation is not dependent on this factors as the conditions

are constant for all the substrates. The functionalization procedure has become im-

mensely popular due to its wide range of practical applications such as controlling

surface properties, corrosion inhibition, patterning, fabrication of semiconductor de-

vices, chemical sensor, biosensor etc [114–119]. In addition, it can be used to study

the elemental phenomenon like single electron transfer mechanism or electron transfer

that is dependent on distance [120, 121]. .

1.3.4 Mixed Self Assembled Monolayer (Mixed SAM)

There are three ways to prepare Mixed SAM [100, 108, 110, 122, 123]. They are:

• Mixing two di↵erent solution of thiols
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• Backfilling method

• Using asymmetric disulfide derivatives

In this study, we have utilized the process of mixing two thiol solution to obtain mixed

SAM. All these processes are dependent on favoured deposition of the most stable

SAM. Furthermore, as suggested by Bain et. al [124], Laibinis et. al [100], Stranick

et. al [122], and Lokanathan et. al [123], the surface composition is not same as

the immersion solution mole fraction. As a result, it is important to characterize

the surface using methods like Scanning Probe Microscopy (SPM) [125], which is a

group of methods like Scanning Tunneling Microscopy (STM) [126] and Atomic Force

Microscopy (AFM) [110]; Surface plasmon resonance (SPR) [127]; Quartz Crystal

Microbalance (QCM) [128]; Cyclic Voltammogram (CV) [129], Secondary Ion Mass

Spectrometry (SIMS) [130] and X-ray photoelectron spectroscopy (XPS) [124]. For

this investigation XPS is used for surface characterization and its method of operation

is described in next section.

1.3.5 X-ray photoelectron spectroscopy (XPS)

XPS is a type of spectroscopic technique that facilitates the quantification of surface

composition, as well as the chemical and electronic state of the molecules on a surface.

It was mainly developed by Siegbahn in 1960s [131, 132]. This method utilizes detec-

tion and measurement of the kinetic energy of electrons that are emitted from sample

molecules within 5nm depth when bombarded with X-ray photon from a source [133,

134]. Conveniently, this kinetic energy of electron is equivalent to the binding energy

of the electron to the atom, which are distinctive for individual elements but lacks

molecular specification [135, 136]. However, its tendency to provide highly surface

specific reading because the ejected electrons can move only a short range [135, 137]

makes it a popular choice. Moreover, XPS technique is considered to be a chemical

analysis technique that is very straight forward, can be used for all three phases and is
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Figure 1.2: Sample of a survey scan from XPS measurement for 1H,1H,2H,2H-
Perfluorodecanethiol (PFDT).

basically non-destructive [136]. A survey scan of 1H,1H,2H,2H-Perfluorodecanethiol

(PFDT) which is obtained from XPS measurement is shown in Fig. 1.2.
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1.4 Thesis Outline

The key question that we sought answer to in this thesis is how the polar and the

dispersive components of the surface tension of two contacting phases influence the

interfacial activity between liquid − solid or liquid − vapor. Essentially, it involves

the study of saturation of medium, development of a protocol for measurement of

interfacial tension, functionalization, surface characterization, and spreading. This

extensive study has been categorically described in Chapter 2 and 3.

In Chapter 2, a relation is obtained to represent the interaction at the droplet interface

of miscible, immiscible, and partially miscible liquid−fluid combination. To pursue

this, experiments are conducted for a total of forty liquid and saturated vapor medium

combinations to assess the polar−polar, polar−nonpolar and nonpolar−nonpolar inter-
actions. In the process, a protocol has been developed to obtain accurate equilibrium

surface tension, �eq for binary combinations, where mass transfer rate across interface

is considerably high.

Chapter 3 constitutes an elaborate discussion for solid−liquid interaction quantified

by the contact angle, and their dependence on the individual polar and dispersive

components of the surface tension. Experiments are conducted on SAM functional-

ized substrates to conduct experiements on surface of various polarity. The process

of functionaliztion and surface characterization is also described elaborately in this

chapter. The findings from the proposed methodology are then applied to existing

literature to confirm its accuracy.

Finally in Chapter 4, a summary of the key findings as well as the future scope of

this study is discussed.
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Chapter 2

Role of Polarity on Liquid-Fluid
Interface

This chapter focuses on the dependency of equilibrium surface tension of a liquid in a

saturated vapor medium of a di↵erent fluid on the polar and dispersive components

of individual surface tension. In pursuit of this, the chapter starts with a small intro-

duction, followed by the experimental section, and results and discussion. Finally, a

conclusion is provided for the role of polarity on liquid−fluid interface.

2.1 Introduction

“A liquid spread completely if it is less polarizable than solid [7].” Polar-dispersive

components of surface tension/surface energy, as well as the polarizability of the

molecules is primarily governed by the inter-molecular interactions [16–19]. In ac-

cordance with this theory, for equilibrium configuration of drop on a solid surface,

it is argued that the extend of interactions between polar−nonpolar, components of

interfacial energies of solid and liquids dictate the final equilibrium contact angle

[9–11]. Since 16th century, the theoretical concept of surface tension or energy is in

practice, and J. A. von Segner [138] gets the credit to coin the term surface tension.

Seminal theories and attempts have been to made predict and comment on the inter-

facial tension. Benjamin Franklin [139], Ms. Pockles [140] and Lord Rayliegh’s [141]
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experiments are a few noteworthy pioneering attempts to demonstrate the measure-

ments of surface tension. But in our opinion, Berthelot’s geometric mean rule of

mixing [142], based on London theory of dispersion forces − the attractive forces

between like and that between unlike molecules − is a basis of modern theories on

predictions of interfacial tension. Based on Dupre’s [143] work of adhesion, Berth-

elot’s theory results into the relationship of surface or interfacial tension between two

phases [142, 144, 145]:

�12 = �1v + �2v − 2√�1v�2v (2.1)

In the later years [1, 146], it was proven that this combining rule is unable to accu-

rately quantify the strength of interaction between unlike molecules if the intermolec-

ular potential di↵erence between two phases is considerable.

In 1907, Antonow proposed Eq. 2.2, the simplest empirical relation for immiscible or

partially miscible liquids suggesting their interfacial tension is equal to the individual

surface tension of the liquid (in air or vapor medium), which has failed for a number of

liquid-liquid cases but proved to be marginally accurate for solid-liquid combinations

[75, 147, 148].

�12 = ��1v − �2v� (2.2)

Girifalco and Good [3] utilized Berthelot’s theory and extended similar concept as

Berthlot with an addition of constant �. As depicted in Eq. 2.3, this theory suggests

that, for two dispersed phases, geometric mean of free energy of cohesion between

molecules of same component and the free energy of adhesion between molecules of

di↵erent components must be considered for the quantification of interfacial tension
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[3, 149].

�12 = �1v + �2v − 2�√�1v�2v (2.3)

Later Fowkes [2], for the first time, pinpointed the role of polar and dispersive com-

ponents of two involved phases while quantifying the equivalent surface tension. The

resultant equation was presenetd as:

�12 = �1v + �2v − 2��d

1v
�d

2v
(2.4)

Here, �d and �p are dispersive and polar components of surface tensions. It is as-

sumed that the polar and dispersive components are only two major contributors for

total surface tension magnitude of �1v or �2v. Though this expression is applicable for

both similar and dissimilar phases, its validity is restricted to insoluble cases where

at least one phase is completely nonpolar.

In 1971, Wu proved that though dispersive interaction can be represented by geo-

metric mean relation, it is invalid for polar interactions. To accurately represent the

dependency on polar and dispersive components, harmonic mean was proposed [4]:

�12 = �1v + �2v − 4�d

1v
�d

2v

�d

1v
+ �d

2v

− 4�p

1v
�p

2v

�p

1v
+ �p

2v

(2.5)

This expression has been validated for insoluble and partially soluble cases but it

fails to account the large di↵erence in polarizability as well as polar and dispersive

components of the phases. These investigations works for solid-liquid or insoluble

combinations. Similar conclusion cannot be portrayed for the miscible or immisci-

ble liquid-fluid interface. Such interpretation can be be utilized to characterize the

impact of the polarity of both the phases, drop and surrounding, on the equilibrium

interfacial or surface tension �eq.

In around 1986, Van Oss, Good, and Chaudhury proposed that surface tension is

indeed the summation of two components but not in terms of polar and dispersive

components of surface tensions. Considering Lifshtiz van der Waals component (con-

sisting of London, Keesom and Debye forces) and short range or Lewis acid-base
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component (consisting forces that only work within short range like hydrogen bond)

[150] the following equation was proposed.

� = �LW + �SR (2.6)

where �= surface tension of a phase, �LW is Lifshtiz or dispersive component and �SR

is short range or polar component which is represented by product of electron donor

(�−) and electron acceptor (�+) parameters: �SR = 2
√
�+�−. Based on this theory,

the interfacial tension between two phases can be provided by:

�12 = �1v + �2v − 2[(��LW

1v
�LW

2v
) + (��+

1v
�−
2v
) + (��−

1v
�+
2v
)] (2.7)

This method is not limited to finding components of the dispersive phases only, pro-

vided at least three liquids with known components are used. Though these methods

are extensively used for solid-liquid and liquid-liquid cases, but. cannot comment on

the role of polar-dispersive components of the each involved phases on the interfacial

tension.

17



Table 2.1: Established dependency of interfacial tension with advantages
and disadvantages

Method Equation Advantage Disadvantage

Berthelot’s
theory

Eq. 2.1 Basis of modern
theories to inves-
tigate interfacial
tension

Overestimates
strength of inter-
action between
unlike molecules

Antonow’s
theory

Eq. 2.2 Marginally ac-
curate for solid-
liquid combina-
tion

Failed for a num-
ber of liquid cases
where either ini-
tial spreading is
negative or highly
positive

Girifalco
and
Good’s
theory

Eq. 2.3 Valid for both
miscible and
immiscible com-
binations

Valid if either or
both phases are
dispersive

Fowkes’s
theory

Eq. 2.4 Valid for both
similar and
dissimilar phases

Valid only for
insoluble combi-
nation and atleast
one phase should
be completely
nonpolar

Wu’s
theory

Eq. 2.5 Accurately quan-
tifies both polar
and dispersive in-
teraction

Not validated for
soluble cases and
cannot account
for large di↵erence
in polarizability,
i.e, polarity of the
phases

Van
Oss,
Good,
and
Chaud-
hury’s
theory

Eq. 2.7 Is not limited to
dispersive phase

Atleast three liq-
uids with known
polar and disper-
sive components
are required
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These models are further described in Appendix A.3.

We acknowledge that there are numerous recent studies [12, 22, 151, 152] that focuses

on studying the role of di↵erent components of each phase’s surface tension on the

resulting interfacial tension between two phases. We believe starting from Van der

Waals [1, 144] to Wu and many more [2, 142, 147, 150, 153, 154] attempted to quantify

the theoretical interfacial tension between two phases with the detailed knowledge of

individual phase chemical composition in particular, based on the di↵erent quantifi-

able inter-molecular interaction contributing towards the individual surface tension.

We strongly believe in the theory proposed by Fowkes, Gennes, and Wu where the

polarity of each phase and interaction amongst themselves has been identified as

a key component for the resultant interfacial tension between two phases. In the

present study, a critical investigation is performed for a wide range of combinations,

polar−polar, polar−nonpolar and nonpolar−nonpolar, to establish the role of polarity

of surface tension components, of two involved phases, on the resultant equilibrated

surface or interfacial tension. To specifically comment on polar component in total,

forty cases (ten polar−polar, eleven polar−non-polar, and nineteen nonpolar− non-

olar combinations - please refer to Table A.6 of Appendix for the details) are studied

which further hypothesized the generalized interaction at the fluid-vapor interface.

2.2 Experimental Section

The Pendant drop method - a popular technique in the surface tension measurement

(see Appendix A.2 for detail discussion) - employs the generation of a drop so that

it is barely attached to the needle. All the surface tension values in this study were

measured by pendant drop method using Drop Shape Analyser (DSA 100E, Krüss

GmbH). Materials information and experimental procedure is further discussed in the

following subsections.
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2.2.1 Materials

Deionized water that is used for experimental, as well as cleaning purpose was pro-

duced in the lab using Milli-Q A10 (Millipore). Organic solvents such as ethanol,

hexane, decane and hexadecane were purchased from Fischer Scientific with purity

≥ 95% while others were from Millipore Sigma (purity ≥ 99%). Purity of all the chem-

icals are confirmed by experimental measurement of the surface tension of the liquids

at 22 ± 2○C. Appreciating the sensitivity of surface tension to surface impurities (see

Appendix A.5), adequate measures were taken to maintain a control environment and

to minimize any possible contamination from the ambient. For cleaning procedure

of the cuvette and flat tip needle (outer diameter= 1.827±0.2) isopropanol, deionized
water and compressed air flow was utilized. To ensure visibility through cuvette after

vapor saturation, the cuvette was further sterilized by benzomatic flame.

In Table. 2.2, surface tension of the pure liquids in air medium, from current ex-

periments (�exp) as well as those from previous studies, are presented. Additionally,

the constituent polar and dispersive components of the surface tension, as obtained

from Fowkes’ model in these respective studies, are tabulated. Fowkes model is more

in line with our study, which is capable of providing results of high accuracy for

nonpolar and moderately polar cases[14]. The agreement between the current experi-

ments and those from previous studies precludes any concerns regarding the existence

of any surface active impurities. Note, the tabulated surface tension from previous

studies correspond to a temperature of 20○C, except for methanol and ethanol (25○)
and pentan-1,5-diol (0○)C. The minute deviation of present measurements from the

previous studies can be attributed to this temperature di↵erence.

2.2.2 Methods

The complete experimental setup is shown in Fig. 2.1(a). Experiments were con-

ducted by generating a pendant drop in a sealed cuvette, with a small opening to

discharge the organic liquid. A small amount of organic liquid (≈ 0.3mL to 0.5mL)
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Table 2.2: Measured and literature values of surface tension of the liquids
used for experiments

Name �exp � �p �d Molecular Mw

(mN/m) (mN/m) formula (g/mol)

✏max = ±0.56 [Literature]

Polar molecules

Water 72.36 72.80 [155] 51.00 21.80 H2O 18

Methanol 22.22 22.00 [153] 6.05 15.95 CH3OH 32

Ethanol 22.33 22.30 [153] 3.30 19.00 C2H5OH 46

Butanol 23.73 24.60 [156] 1.60 23.00 C4H9OH 74

Pentanol 24.83 25.60 [156] 1.40 24.20 C5H11OH 88

Pentane-1,5-diol 42.38 43.30 [157] 15.70 27.60 C5H10(OH)2 104

Nonpolar molecules

Pentane 16.00 16.10 [158] 0 16.10 C5H12 72

Hexane 18.73 18.49 [8] 0 18.49 C6H14 86

Heptane 20.09 20.30 [8] 0 20.30 C7H16 100

Octane 20.72 21.80 [8] 0 21.80 C8H18 114

Iso-octane 18.62 18.77 [159] 0 18.77 C8H18 114

Nonane 22.20 22.91 [8] 0 22.91 C9H20 128

Decane 22.92 23.90 [8] 0 23.90 C10H22 142

Dodecane 24.28 25.08 [8] 0 25.08 C12H26 170

Hexadecane 26.63 26.35 [8] 0 26.35 C16H34 226

Butyl acetate 24.54 24.85 [29] 0 24.85 C6H12O2 116

was then discharged at the bottom of the cuvette and sealed completely. For liquids

of low volatility, a sealed cuvette with the saturating fluid is kept for a maximum of

three days before conducting the experiments. Saturation was confirmed in separate
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Figure 2.1: (a) Schematic of the experimental setup: 1. Sealed cuvette with saturated
vapor, 2. Imager, 3. Liquid remains after saturation, 4. Pendant drop, 5. Illumina-
tion, 6. Flow controlling unit. Image of pendant drop in the inset is captured using
the imager. (b) Surface tension as a function of measurement time and initial volume
for hexadecane drop in saturated environment of pentane vapor. The open symbols
represent surface tension, � and the filled symbols represent the change in volume,
V. This time evolution has been examined for five di↵erent initial volumes, Vo: 14µL
(blue), 11µL (pink), 10µL (maroon), 9µL (green) and 8µL (orange). At the time
when drop dettaches from the needle, the volume for all last four cases are similar.

experiments, by observing no change in volume of pendant drop of same liquid as in

the saturated environment.

As the ‘pendant’ drop hangs from the needle, the surface force just balances the

gravitational pull so that any further increase to the drop volume would detach the

droplet from the needle. The droplet remains in its mechanical equilibrium, iterative

approximations are used to fit the droplet profile to obtain the radii of curvatures.

The modified Young-Laplace equation is solved to estimate the surface tension for

a liquid with known density di↵erence with respect to surrounding medium [160].

Four trials for each combinations were performed to ensure reproducibility.
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2.3 Results and Discussion

2.3.1 Accurate Quantification for the Interface with Mass
Transfer

The pendant drop method often fails to estimate an accurate surface tension for

liquid−vapor interfaces with very high mass transfer rate [45]. Such scenarios are

commonly observed for highly volatile liquid drops or highly reactive surrounding me-

dia. In such cases, accurate fitting of the droplet profile/shape is a challenging task

since it is essential for quantifying the radii of curvature and thus the correct surface

tension. For example, if the pendant drop method is deployed for volatile liquids

such as small chain alcohols and alkanes, the measurement becomes challenging, if

not impossible in many cases. The di�culty arises due to inability to maintain the

mechanical equilibrium which is triggered due to the rapid mass transfer at the in-

terface either due to evaporation (drop to medium) or adsorption (medium to drop).

Drop equilibrium is paramount for the the accurate quantification of surface tension

but due to sudden increase or decrease in the drop volume, the drop shape disturbs

the equilibrium. In the case of adsorption drop volume increases and detachment of

droplet from the needle is unavoidable whereas in the case of evaporation the me-

chanical equilibrium is di�cult to achieve. Therefore, a protocol is necessary prior

to obtain the equilibrium surface tension measurements. Here we established such

protocol for a methanol in air medium, as described in Appendix A.4. This protocol

is further extended for systems where surrounding medium is other than air or satu-

rated vapour of the same liquid as the drop.

For a volatile liquid in air medium, we start with a largest pendant drop volume,

termed as initial volume (Vo) and we measured the instantaneous change in the sur-

face tension until the volume decreases rapidly due to evaporation, imposing a di�-

culty to accurately contour the pendant drop shape. For such cases, saturating the
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surrounding medium with the vapor of the same liquid ensures accurate measurement

of surface tension. Temporal variation of surface tension and volume of methanol,

for both the cases − air medium and saturated medium of methanol − is provided in

Appendix (Fig. A.2). It is evident that saturated medium is paramount for obtaining

the equilibrium surface tension measurements.

For a binary system where mass transfer at the surface is very high due to rapid

adsorption, the drop detaches from the needle. To ensure accurate measurement of

�eq, the initial volume, Vo, of the drop is decreased gradually to delay the drop de-

tachment, so to observe the maximum amount of interaction which would result in

an steady-state value for the surface tension. In Fig. 2.1(b), the blue circles represent

the case with largest Vo, i.e., 14µL, for which the drop remains barely attached to

the needle. Here open and filled circles represent the instantaneous surface tension

and volume of drop, respectively. It is evident that the drop detaches from the needle

within a few seconds, as the cuvette gets saturated, before reaching any steady state

value.

Similar experiments have been carried out, but for di↵erent Vo, i.e., 12µL (pink cir-

cles), 10µL (maroon circles), 9µL (green circles) and 8µL (orange circles) to attain

the equilibrium value for the surface tension. With reduced Vo, considerable delay

of the drop detachment was observed, and a longer steady state period was achieved

for an initial volume of 8µL. This method of measuring surface tension in saturated

vapor, with varied initial volume, not only provides results for immiscible combina-

tions, but for miscible and partially miscible combinations as well. Hereafter, we will

denote the value of the surface tension of pure liquid by �o and the equilibrium surface

tension by �eq.
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2.3.2 Polar-Dispersive components and Equilibrium Surface
Tension

Polar Drop in Saturated Polar Medium

Figure 2.2: Temporal evolution of surface tension for di↵erent combi-
nations of water and amphiphilic fluids: (a) water-methanol, (b) water-
ethanol, (c) water-butanol, and (d) water-pentanol. Open symbols rep-
resent the cases where drop liquid was water with surrounding envi-
ronment saturated with the vapor of amphiphilic liquids, whereas filled
symbols denote the opposite cases, i.e, drops of amphiphilic liquids were
surrounded by water-vapor saturated environment.

Experiments are conducted for water and amphiphilic chemicals, which cover both

miscible (methanol and ethanol), slightly miscible (butanol) and immiscible (pen-

tanol) combinations. Fig. 2.2 shows the attainment of equilibrium surface tension

for combinations of water drop in four di↵erent small chain amphiphilic vapor and

vice versa against dimensionless time (nondimensionalised by the final time, ⌧ , for
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the completion of each set of experiment). Water is an anomalous liquid which has

exceptionally high �p (≈ 70%) whereas alcohols have considerably lower percentage

of �p (≈ 4−30%). Attributed to the presence of �p , these combinations are consid-

ered polar−polar interactions. Fig. 2.2 (a) shows the case where drops of di↵erent Vo

of water were generated in saturated medium of methanol, until the point where a

steady surface tension value, �eq, was achieved. To ensure the extent of interaction,

another experiment is conducted with methanol drop in saturated water environment.

Methanol being a highly volatile liquid evaporates in a matter of few seconds, which

imposes a di�culty in reaching a steady value. So, to reach steady state surface ten-

sion as shown in Fig. 2.2 (a), the cuvette is saturated with both water and methanol

to ensure negligible amount of evaporation takes place during this period of time.

From the figure it is observed that the surface tension curves of water in saturated

methanol and methanol in saturated water have converged. This suggests that sur-

face tension is a function of polar and dispersive components of the liquid, as well as

of the surrounding medium.

It has been suggested that interfacial activity is di↵erent for miscible and immisci-

ble fluids because in the former the liquid has to be saturated before the surface is

activated [161]. Furthermore, the degree of activity on surface for miscible liquids is

greatly a↵ected by the di↵erence in solubility in bulk and in surface. This is dependent

on the surface orientation of the vapor molecules, concentration of the vapor in the

medium and facilitation of hydrogen bond for polar chemicals [161, 162]. Since in this

study, we primarily investigate surface tension in saturated medium, the orientation

of the molecules on the interface and ease of hydrogen bond formation between water

and alcohol molecules can be deemed as dominating factor for the slight di↵erence in

converging �eq values (Appendix Table. A.6) as seen in Fig. 2.2 (a), (b) and (c).

The molecules of water and alcohols in the interface orient di↵erently where the

former arrange themselves so that their dipoles are aligned parallel to the surface
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[163]. On the other hand, the alcohol molecules from the medium are adsorbed

perpendicularly with its alkyl chain pointing away from the surface [161]. As a

result, these orientations easily propagate formation of hydrogen bond between water

and alcohols. For the other case with alcohol drops in water medium, the Langmuir

monolayer is formed with the alkyl chain standing upright with its hydrocarbon chain

pointing towards the interface, while the alcohol moiety is oriented towards the bulk

liquid [164].

With the increase of carbon chain length from methanol (C1) to pentanol (C5), the

-OH group moves further away from the surface of alcohol drop. As a consequence,

hydrogen bond formation between water molecule and alcohol moiety becomes di�-

cult. From Fig. 2.2, it is evident that with the increase in carbon chain length, the

di↵erence between the surface tension of pure fluid, �o and equilibrium surface ten-

sion, �eq, i.e. �� increases. This is clearly seen in Fig. 2.2, where less surface activity

is observed for butanol and pentanol drop in water medium compared to methanol

and ethanol drop in water medium. In addition, the immiscibility of water-pentanol

combination results into vapor accumulation on the drop surface [40]. Hence, with

the decrease of miscibility, the �eq is equivalent to surface tension of the vapor as

depicted in Fig. 2.2 (d).

Nonpolar Drop in Saturated Nonpolar Medium

Owing to the symmetry and low electronegativity di↵erence between atoms of straight

chain alkanes, the surface tension of these molecules has no polar component and � =

�d (Table 2.2). For a nonpolar drop in a nonpolar medium, it has been suggested that

the Fowke’s dispersive interaction (suggested by Fowkes [2] (�d

d
�d
m
)1�2) increases with

increasing molecular weight of either drop or volume and consequently an increase

in the observed surface tension of the drop (Fig. 2.3). To evaluate this, experiments

are performed with nonpolar-nonpolar combinations of heptane drop or medium in

alkane (varying hydrocarbon chain length) medium or drop, respectively. When lower
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Figure 2.3: Experimental results of �eq for heptane-alkane combination
as a function of di↵erence between molecular weight of drop and medium
(Mw,d −Mw,m) (open symbols). The right hand axis denotes Fowkes dis-
persive interaction (�d

d
�d
m
)1�2 of liquid-vapor system depending on their

molecular weight (filled symbol), with dotted line as guide to the eye.
Individual �d are obtained from the experimental values by Jańczuk et
al. [8]. The circles represent heptane drop in alkane vapor and the
squares represent alkane drop in heptane vapor. The alkanes are: pen-
tane (pink), hexane (orange), octane (purple), nonane (yellow), decane
(brown), dodecane (green) and hexadecane (indigo).

molecular weight alkane medium is used with heptane drop, increasing surface ten-

sions with increasing molecular weights are exhibited. This observation coincides well

with Fowkes’ statement and is also seen with alkane drops in a heptane medium for

as long as the molecular weight of the alkane drop is higher compared to that of the

heptane medium. The smaller alkane molecules have been shown to populate and

decrease the surface tension of the higher molecular weight drop surface [165]. Inter-

estingly, however, constant surface tensions with no drop surface activity are observed

with heptane drops in alkane medium of higher molecular weights. This is counter to

the above statement, and it can be concluded that surface activity occurs if �d
m
< �d

d
.

Apart from that, Fig. 2.3 also exhibits that with increasing carbon number in either

drop or vapor phase, �eq value increases.

28



Dependence on molecular weight was not observed for water-amphiphilic case. Hence,

further analysis has been conducted using alcohol-alcohol combinations, which fol-

lowed the same dependency as nonpolar-nonpolar combination (results shown in Ap-

pendix A.7). Probable cause for this di↵erence can be contributed to the anomalous

behavior of liquid water.

Polar−Nonpolar Combinations

Contrary to the surface tension dependence on molecular weight with the nonpolar

drop and medium combinations, for polar−nonpolar cases, surface activity does not

depend on �d
m
< �d

d
. Instead, experimental results show that activity occur on drop

surface only if drop is polar and medium is nonpolar. For miscible combinations,

the orientation of the molecules plays a huge role in promoting or hindering surface

activity. When a polar drop is dispensed in a nonpolar medium, the polar molecules

arrange themselves where the alkyl group is perpendicular to the surface and the

terminal alcohol moiety is towards the bulk phase of the drop [164]. This allows

for the adsorption of the nonpolar alkane molecules in the saturated vapor medium

parallel to the surface [166] resulting to a decrease in the surface tension of drop

[148, 165]. In this case, dependence of surface tension on the polar and dispersive

components of both the liquid and the vapor can be further observed in Fig. 2.4 (c).

For a nonpolar drop in a polar medium, the orientation of the alkane molecules in

the drop is similar to the nonpolar medium of the previous case where the alkane

molecules are parallel to the drop surface. The alcohol molecules in the saturated

medium are then initially absorbed with their alkyl group entering perpendicularly

to the drop surface. The molecules then rearrange with the alcohol moieties orientated

towards the bulk of the drop. Similar findings are seen with nonpolar and polar liquid

combinations [165]. Although alcohol molecules are absorbed, no change in surface

tension of the drop which signifies no measurable surface activity. However, similar
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Figure 2.4: Role of �p

d
and �p

m on �eq as a function of Fowkes dispersive
interaction (�d

d
�d
m
)1�2 for all types of combinations: (a) polar drop-polar

medium, (b) nonpolar drop-nonpolar medium, (c) polar drop-nonpolar
medium and (d) nonpolar drop-polar medium.

trend is observed for immiscible cases because they populate the surface in similar

orientation as miscible molecules just before absorption.

Generalized Relation

A generalised relationship for �eq in terms of �p and �d is obtained for drop (polar

or nonpolar) and medium (polar or nonpolar) combinations as depicted in Fig. 2.4.

Fig. 2.4 (a) and (b) show polar−polar and nonpolar−nonpolar combinations, respec-

tively, where the dispersive component of the drop is higher than that of the medium,

i.e., �d

d
> �d

m
. For the latter figure, the y-axis label is kept identical to that of the

former to manitain consistency even though (�p

d
+�p

m) = 0. Evident from both figures,

�eq − (�p

d
+ �p

m) shows a linear correlation with the Fowkes dispersive interactions. In
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Figure 2.5: Temporal variation of the interaction between (a) polar-polar
and polar-nonpolar fluids with fixed number of carbons: pentane-1,5-
diol in pentanol (square) and pentane-1,5-diol in pentane (circle) and
pentanol in pentane (triangle) (b) two structural isomers of C8 alkanes:
octane and iso-octane.

contrast to this, no surface activity is observed where �d

d
< �d

m
, which is also seen

in Fig. 2.3. As discussed earlier, �p and �d is related to the polarizability of both

the liquid and vapor, and the above observation shows that �eq is dependent on the

polar and dispersive components of both the liquid and medium. This agrees well

with Gennes. Fig. 2.4 (c) and (d) are for polar drop-nonpolar medium and nonpolar

drop-polar medium respectively. Similar to Fig. 2.4 (a) and (b), a linear relationship

is also observed between �eq − (�p

d
+ �p

m) and Fowkes’s dispersive interaction. Fig. 2.4

(c) further shows that if �p of the drop is present, it has an influence on the relation-

ship between �eq and Fowkes’s dispersive interaction. In contrast, Fig. 2.4 (d) shows

nonpolar drop in polar medium. There is no visible surface activity, however, it is

still included to show that all combinations have been explored.

2.3.3 Role of Molecular Orientation and Branching

The consequences associated with surface orientation is further analysed in this sec-

tion. Fig. 2.5(a) represents a comparison between fluids with C5 alkanes and alcohols.
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The higher reduction of surface tension for pentane−1,5−diol in saturated pentane

vapor than in pentanol vapor is evident from this figure. As such, the �eq of the former

combination (27.17±0.14) is considerably lower than that of the latter (35.54±0.29).
It is observed that the dispersive components of pentane has interacted almost com-

pletely with dispersive component of pentane−1,5−diol (dispersive component values

in Table 2.2) that can be evidently seen with the large change in surface tension of

the drop. This change can be attributed to contributing factors, such as surface or-

dering [161, 166]. In contrast, with the pentane−1,5−diol in the presence of pentanol

medium, the high polar component of surface tension of the drop has not resulted

into a stronger polar-polar and dispersive-dispersive interaction. It is suggested that

the -OH groups of the pentane−1,5−diol anchors the molecule in a parallel position

with the interface [167], which facilitates hydrogen bond formation between the alco-

hol moieties. Similar results can be observed with other alcohol-alcohol combinations

(Appendix Fig. A.3). The absorption of pentanol or pentane results in low or high

surface activity with pentane−1,5−diol, respectively.
For an identical medium of saturated pentane vapor, Fig. 2.5 (a) further shows that

�� for pentane−1,5−diol is considerably di↵erent than �� for pentanol drop even

though both pentanol and pentane-1,5-diol has same number of carbons. This di↵er-

ence can be attributed to the di↵erence in orientation of the two alcohol molecules

in pentane medium. Compared to the parallel positioning of pentane−1,5−diol, pen-
tanol alligns in a perpendicular fashion with −OH group oriented towards the bulk of

the drop [164], which is also seen in alcohol drop−water medium case (Fig. 2.2). The

di↵erence in �eq values in Fig. 2.5 indicates that surface orientation has an impact on

the nonpolar-nonpolar interaction, as well as confirming the e↵ect of polar surface

tension component on the nonpolar-nonpolar interaction.

Fig. 2.5 (b) shows the interaction between octane and iso-octane. Although both of

these molecules are structural isomers of C8 alkanes, they demonstrate non-identical

initial surface tensions (�o), resulting into di↵erent dispersive component of surface
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Figure 2.6: Temporal variation of surface tension for combinations of
di↵erent linear alkanes and structural isomers of C8 to portray the dif-
ference due to branching. Octane (circle) and iso-octane (square) with(a)
hexadecane, (b) dodecane, (c) heptane, (d) hexane.

tension as seen in Table 2.2. The nonpolar-nonpolar surface tension interaction follows

the same trend as in between two di↵erent nonpolar chemicals. From this figure, a

decrease from �o to �eq for octane drop in saturated iso-octane vapor is observed while

no visible change for iso-octane drop in saturted octane environment. Saturating the

environment with branched isooctane vapor weakens the van der Waals interaction

between linear octane molecules present at the interface [168], which results into the

decrease in �o for first case. On the other hand, the weak intermolecular force in the

latter case cannot be compensated by the stronger intermolecular forces of the few

number of linear octane molecules at the interface.
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To further investigate the e↵ect of branching, similar experiments were performed

with octane or iso-octane combined with four linear alkanes, i.e., hexane, heptane,

dodecane and hexadecane, Fig. 2.6. Hexadecane drop in octane (open circles) and iso-

octane (open squares) (Fig. 2.6(a)) shows that the measured initial surface tension

of the drop is similar for both media. The latter case, however, exhibited a more

profound decrease suggesting that there is more surface activity of the hexadecane

drop in iso-octane compared to that in octane medium. Similar results can be seen

further with the dodecane drop in both media (Fig. 2.6(b)). In cases wherein heptane

or hexane drop in iso-octane or octane medium, or iso-octane or octane drop in

hexadecane or dodecane medium, no surface activity is observed (figure shown in

Appendix Fig. A.5 and A.6). This is in line with our previous findings where surface

activity is observed if molecular weight of the medium is smaller than the molecular

weight of the drop and �d
m
< �d

d
. Fig. 2.6(c) and (d) further shows that minimal and

no surface activity is seen with octane and iso-octane drop, respectively, in heptane

and hexane vapor. It is evident that though surface tension of octane drop changes

in saturated vapor of heptane and hexane, no interaction is observed for iso-octane

drop because of weak intermolecular forces between these branched molecules at the

surface cannot be strengthened by the small number of linear alkanes that are present

in the saturated vapor. Thus, it can be deduced from Fig. 2.6 that branched structure

has an influence on nonpolar-nonpolar interaction.

2.4 Conclusion

The importance of polar and dispersive components of the surface tension on the

�eq values is critically investigated for a wide range of liquids in saturated mediums

of miscible, partially miscible and immiscible drop-vapor combinations. It has been

shown that both the polar and dispersive components greatly influence the overall

�eq of a drop in a medium. For nonpolar−nonpolar and polar−polar of drop-medium

pairs, Mw,d and Mw,m are important parameters that determine if surface activity of
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the drop is or not observed. For instance, only when the Mw,d is greater than Mw,m

surface activity can be seen. In addition, a linear correlation for these combinations is

seen between Fowkes dispersive component with equilibrium surface tension, which is

influenced by the polar and dispersive components of the surface tension of the drop

and medium. For combination pairs with comparable molecular weights, surface

activity is only observed with linear alkane drop in a branched alkane medium. In

addition, for both cases where a higher Mw linear alkane drop in a lower Mw linear

or branched medium, surface activity is seen more predominantly with the linear

drop−branched medium combination. Interestingly, these observations are not seen

with polar-nonpolar combinations. The drop needs to be polar and the medium

nonpolar to exhibit surface activity and, is enhanced if the drop molecules are in the

parallel orientation.
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Chapter 3

Role of Polarity on Solid-Liquid
Interface

Chapter 3 elaborately describes the study that has been conducted to quantify the

solid−liquid interaction, and their dependence on the individual polarity of the surface

tensions. Beginning with a small introduction, the chapter extends to experimental

section, and results and discussion. The chapter ends with the conclusion that consists

the observations of the study of solid−liquid interface.

3.1 Introduction

The determination of contact angle, which is a key parameter to quantify surface

and interfacial interaction for solid and liquid, has frequently been utilized to ascer-

tain fundamental properties of surface and interfaces [169]. It plays a vital role in

many important processes like printing, oil recovery, liquid coating, spray quenching,

etc. [170–173]. Such versatile applications induced an extensive study of its control-

ling parameters. One of the major contribution was from Gennes, who suggested

that a liquid spreads completely on a solid if the polarizability of the former is lower

[7]. Based on this theory, several demonstrations has been successfully verified which

shows that the interactions between polar−nonpolar components of interfacial ener-

gies of solid and liquids influences the contact angle at equilibrium position [9–11].

To understand the dependency on polar and dispersive components, a brief introduc-
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tion to its development is necessary.

In 1805, Young’s qualitative description relating contact angle with surface tension

of solid and liquids had provided a revolutionary guidance towards this path. He

stated that the contact angle between a liquid and solid is the result of the me-

chanical equilibrium of each phase along the three phase contact line [73]. Though

Galileo’s observation of water drop not spreading over superhydrophobic cabbage leaf

is considered to be the first representation of contact angle phenomenon [174], it is

Young who coined the term [73]. Laplace developed similar theory mathematically

around the same time as Young, but it was Gauss who combined these two theories

in 1830 and developed a di↵erential equation along with boundary conditions [175].

Later in 1937, Bangham and Razouk formulated the famous Young’s equation that

is presently in use [176] as shown below:

�SV = �SL + �LVcos✓ (3.1)

where �SV is surface energy of solid, �LV is surface tension of liquid, �SL and ✓ is

interfacial tension and contact angle between solid and liquid respectively. Young’s

thermodynamic equation of contact angle is applicable for smooth, isotropic and rigid

solid surfaces where an assumption of negligible liquid or vapor adsorption is valid

[144, 149]. According to this theory, wetting is favored if surface energy of solid is

high whereas surface tension of liquid and interfacial energy between solid and liquid

is low. In later years, pioneering theories and attempts has been published by Berth-

elot [142], Antonow [147], Girifalco and Good [3] which relates interfacial tension of

two phases with individual surface tension in air medium.

Consecutively, Zisman published the method to calculate the surface energy of solid

by considering critical surface tension. According to this method, the intercept of

cos ✓ = 1 line and the extrapolated plot of cos ✓ versus �LV for a specific solid is
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known as the critical surface tension, �c which is assumed to be equal to the solid

surface energy. This is a widely used relation which enables the measurement of solid

surface energy by using a few liquids. In 1964, Fowkes introduced the concept of

polar and dispersive interaction of two involved phases to represent the equilibrium

surface tension [2]. The resultant equation was presented as:

�SL = �SV + �LV − 2��d

SV
�d

LV
(3.2)

Here, �SL is interfacial tension between to constituents, whereas �SV and �LV are sur-

face tension values in air medium of chemical 1 and 2, respectively. �d

SV
and �d

LV
are

dispersive components of phase 1 and phase 2. Based on this theory, OWRK method

is developed [6, 20–22] which is utilized in this study to calculate surface energy.

This method will be discussed further in the following sections. OWRK method re-

lates interfacial tension with interaction between polar and dispersive components,

which combined with Young’s equation provides relation between contact angle and

polar−dispersive components. Although, role of polar−nonpolar components have

been developed and studied extensively, no generalization is developed to the knowl-

edge of the authors.

In this investigation, a generalized relationship between contact angle and role of

polar−dispersive components has been developed graphically. To achieve this goal,

functionalized gold substrates by Self Assembled Monolayer (SAM) has been utilized.

The details of the chemicals used as SAM is provided in the succeeding section.
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3.2 Experimental Section

3.2.1 Materials

This study utilizes gold substrates that are prepared by depositing gold (Au) on prime

silicon wafers of diameter 100mm (Silicon Material Inc., USA). For the purpose of gold

substrate functionalization, thiol samples are purchased from Milipore Sigma consist-

ing of 1H,1H,2H,2H - Perfluorodecanethiol (97%, PFDT), 11-Amino-1-undecanethiol

hydrochloride (97%, 11AUT), 3- Mercaptopropionic acid (≥99%, 3MPA) and 11-

Mercaptoundecanoic acid (95%, 11MUA). The properties of these thiols are shown

in Table 3.3. Anhydrous ethanol (Ethyl alcohol 200 proof in HDPE container) from

Comercial Alcohols has been used to form the solution. Deionized water that is used

for contact angle measurement, as well as cleaning purpose was produced in the lab

using Milli-Q A10 (Millipore). Diiodomethane (99+% stabilized) is purchased form

Fischer scientific.

Table 3.3: Chemical and physical properties of thiols at 25○C

Name Chemical Formula Molecular Weight Form Density

(g/mol) (g/mL)

PFDT CF3(CF2)7CH2CH2SH 480.18 liquid 1.678

11AUT HSCH2(CH2)9CH2NH2·HCl 239.85 solid −
11MUA HS(CH2)10COOH 218.36 solid −
3MPA HSCH2CH2COOH 106.14 liquid 1.218

3.2.2 Method

This study can be divided into four segments: preparation of gold substrates, function-

alization of the substrates, surface characterization and contact angle measurement.

• The gold substrates are prepared by depositing 10nm of chromium followed by
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Figure 3.1: Schematic of (a) functionalization of the gold substrates
(b) experimental setup for contact angle measurement: 1. Illumi-
nation, 2. Functionalized substrates, 3. Sessile drop of liquid, 4.
Imager. The inset shows the functionalized substrate.

100nm of gold on prime silicon wafers.

• These freshly prepared substrates are then immersed in 1mM ethanolic solutions

of the intended thiols for 24 hours.

• After the proposed time, equilibrium contact angle of water and diiodomethane

sessile drops, resting on these functionalized substrates, are measured using a

Mobile Surface Analyzer (MSA, KRÜSS GmbH) and a data analysis software.

This software measures the contact angle by drawing a tangent to the two

dimensional image of the drop at the three-phase contact point.The contact

angles are then utilized to calculate the surface energy of the solid using OWRK

method.

• Surface characterization of the functionalized substrates are performed using X-

ray Photoelectron Spectroscopy (XPS) to compare the mole ratio of the thiols

40



These processes are briefly described in the following sections. Experimental setup for

the functionalization process and the contact angle measurement is shown in Fig. 3.1.

Gold Substrate Preparation

Prime silicon wafers of diameter 100mm (Silicon Material Inc., USA) are coated with

10nm chromium (Cr) followed by 100nm gold (Au) using physical vapor deposition

(PVD) method. This process deposits metal film of preferred thickness at a partic-

ular rate (23nm/min for Cr and 14.2nm/min for Au) using a load-locked, computer

controlled, three inches planar magnetron sputtering system (Kurt J. Lesker, USA).

The pressure inside the cryogenically pumped deposition chamber is maintained at

pressure less than 1 × 10−7 torr, with Argon as the process gas. The Cr layer im-

proves the adhesion of gold to silicon substrates [177]. Prior to the metal deposition,

the silicon substrates are cleaned with piranha solution for 15 min which consists of

a mixture of Sulfuric acid (H2SO4) and Hydrogen Peroxide (H2O2) in the ratio of

3:1. While mixing the aforementioned chemicals for piranha bath, extra precautions

should be observed as the solution is prone to explosion. The precautions include care-

ful addition of (H2O2) without exceeding 50% concentration, keeping the solution in

open container to avoid gas generation resulting into pressurization and usage of glass

lab-wares only. After piranha cleaning, the wafers are washed with DI water for five

cycles in the dump rinser and dried with nitrogen in Semitool 870-S Spin Rinser dryer

(Sitek Process, USA). Next, the gold substrates are cut into 1.0cm × 2.0cm chips us-

ing diamond blades of DAD 321 Dicing Saw (Disco Corporation, USA). This chips

are then sonicated in ethanol for 15 minutes and dried with stream of 99.999% ultra

pure nitrogen (Linde, Canada). The gold substrates are submerged in thiol solution

soon after.
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SAM functionalization on gold surface

For the SAM of all the pure thiols, the freshly prepared gold substrates are completely

submerged in 1mM ethanolic solutions of alkanethiols at room temperature. Each

substrate is soaked separately in small glass beakers for 24 hrs. This soaking time is

optimum because the monolayers are absorbed onto clean gold substrates within 10

minutes of deposition and then slowly arrangers themselves to convenient orientations

within few hours, depending on the van der Waal’s interaction between them [89,

109, 110]. Similarly, the mixed SAM of PFDT-11AUT, PFDT-11MUA and PFDT-

3MPA are formed by exposing the gold substrates in mixtures of variable composition

of pure 1mM thiol solutions. The solutions were mixed by volume to ensure that the

concentration of solution is maintained at 1mM. After 24 hrs of soaking time, all

the substrates are sonicated and rinsed with anhydrous ethanol followed by drying

with nitrogen stream. A detailed discussion of the molecular mechanism and e↵ect

of variable parameters on our chosen combinations are provided in Appendix A.12.

Surface Characterization by X-ray Photoelectron Spectroscopy (XPS)

In this study, composition of SAM monolayer deposited gold substrates are charac-

terized from the survey spectra of major elemental peaks obtained by XPS. In XPS,

the core electrons are knocked out, the binding energy of which helps determine the

composition of the surface elements of the monolayers. The XPS measurements are

performed using Kratos Axis Ultra (Kratos Ltd, UK) with monochromatic Al K↵

source (hu = 1486.72 eV). The pressure in the analysis chamber of the equipment is

about 5 × 10−10 torr and the electron energy analyzer works at pass energy of 20 eV to

160 eV to obtain core-level spectra and survey spectrum respectively. The equipment

has glove box to allow loading of samples in controlled environment. CASAXPS soft-

ware was used to analyze the atomic concentration from the peak areas. The samples

were loaded for XPS measurement within a few hours of extracting them from the

solution.
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Contact angle measurement

Contact angle or wetting angle is an important indicator of a surface’s wetting prop-

erty, as well as of its surface energy. Appendix A.10 elucidates the definition, classifi-

cation and some challenges associated with its proper (experimental) quantification.

Contact angles of the functionalized substrates are measured to calculate the surface

energy depending on variable SAM composition. Moreover, contact angle measure-

ments are utilized to quantify the e↵ect of percentage polarity of solid on solid-liquid

interaction. The measurement involved recording images of 1µL sessile droplets on

di↵erent substrates using fully automated Mobile Surface Analyzer (MSA, KRÜSS

GmbH). This particular instrument is used because it utilizes liquid needle deposi-

tion, which has been proven to be more accurate than pendant drop deposition [178].

The resulting images are analysed by data analysis software to obtain contact angle

measurements. The measurements were repeated four times for each SAM composi-

tion.

3.3 Results and Discussion

3.3.1 Surface energy of the functionalized substrates

Figure 3.2: Static contact angle measurement of (a) water and (b)
diiodomethane on the functionalised substrates.
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The contact angle of water and diiodomethane as a function of mole fraction of so-

lution used to functionalize the gold substrates are shown in Fig. 3.2(a) and (b)

respectively. Here we have considered xsolution and xsurface to be the mole fraction of

11AUT/11MUA/3MPA in mixture with PFDT. In this figure, it is observed that the

decrease in contact angle with increase in 11AUT mole fraction is less than antici-

pated considering the measured contact angle for 100% 11AUT SAM. Essentially, this

indicates that the mole fraction of 11AUT on surface is lower than in solution, which

will be further investigated in the next section. For the 11MUA SAM, the decrease

in water contact angle in Fig. 3.2(a) with increase in mole fraction of the acids seems

appropriate. However, considering the water contact angle for 100% 3MPA SAM,

the decrease in contact angle value with increase in mole fraction of 3MPA is not

consistent. Moreover, 3MPA is a small hydrocarbon chain acidic thiol (C3) that is

susceptible to form disorganised SAM layer on metal surfaces possibly resulting into

interaction between the liquid and the metal [179]. This propensity should have en-

hanced the hydrophilic characteristics of these surfaces with 3MPA SAM more than

that is seen in Fig. 3.2(a). These discrepancies will be further investigated in the sur-

face characteristics section. In addition, the trend in contact angle of diiodomethane

drop on the functionalized substrates as shown in Fig. 3.2(b) are almost consistent

with the contact angles of water [Fig. 3.2(a)].

Figure 3.3: Surface energy of substrates functionalized by mixed SAM of (a) PFDT-
11AUT, (b) PFDT-11MUA, and (c) PFDT-3MPA.
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To determine the surface energy of the functionalized substrate (shown in Fig. 3.3),

first the contact angles of highly polar (water) and completely nonpolar (diiodomethane)

drops on the substrates are measured. Having the contact angles known, the Owens,

Wendt, Rabel and Kaelble (OWRK) model [6, 20–22] is used to obtain the polar

and the dispersive components of the surface tension. Initially, Owens and Wendt

proposed the following equation [20] and solved it with two liquids of known polar

and dispersive components:

�SL = �SV + �LV − 2���D

SV
�D

LV
+��P

SV
�P

LV
� (3.3)

Here, �SL is solid-liquid interfacial tension, �SV and �LV represents surface tension

in air medium of solid and liquid respectively. The superscripts p and d signifies

polar and dispersive components of the appropriate surface tension. Later, Kaelble

solved the equation for a number of combinations of two liquids and estimated the

surface energy of a solid by averaging the obtained values [22]. Rabel took it to the

final step by fitting a regression line using a number of data points in the plot of

�LV(1+cos ✓)
2
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d
LV

versus
�

�
p
LV

�
d
LV
. The equation of the regression line, in combination with

Young’s theory, is [21]:

�LV(1 + cos ✓)
2
�
�d

LV

=��p

SV

�����p

LV

�d

LV
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SV
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Hence, the polar and the dispersive components of the surface energy is found from the

gradient and the intercept, respectively. The OWRK model is generally favored over

others due to its relative simplicity and better accuracy [6]. Other theoretical models

that have been developed over the years are briefly discussed in Appendix A.11.

As observed from Fig. 3.3, the SAM functionalization resulted into solid substrates

that exhibited increase in surface energy with increasing xsolution. The reason for uti-

lizing this particular mixed SAM was to investigate whether functionalization process

can result into constant dispersive component with changing polarity like corona treat-

ment, plasma treatment, UV treatment, etc [23, 180, 181]. However, like earlier stud-

ies, it showed same increasing dispersive component along with increasing polarity for
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increase in surface energy [182]. Despite this limitation, these substrates are appro-

priate to provide a generalized relation between solid-liquid interaction and respective

polar-dispersive components because the percentage polarity extends from 6.9% for

PFDT−11AUT mixture with xsolution = 0.2 [Fig. 3.3(a)] to 38.6% for PFDT−3MPA

mixture with xsolution = 1, see Fig. 3.3(c).

3.3.2 Surface Characteristics

Existence of mixed SAM on the gold substrates is confirmed using x-ray photo-

electron spectroscopy. Here, Fig. 3.4 represents xps results for sixteen types of SAM

monolayers (single or mixed) on gold surface. The peaks indicate the presence of the

chemical component, the area of which is dependent on the number of monolayers

consisting the particular element [183]. Fig. 3.4(a) focuses on fluorine by considering

the binding energy of bombarded electron from F 1s orbital (688.65 eV) [184] for

PFDT and 11AUT mixture. The bottom line (black) represents 100% PFDT SAM,

whereas the top line (yellow) represents 100% 11AUT. In between the two extremities

lies the variable mole fraction of the two chemicals as mentioned in the figure. It is ob-

served that the peak height of F 1s decreases as the mole-fraction of PFDT decreases.

Fig. 3.4(b) is quite di↵erent because it shows more than one peak for carbon depend-

ing on chemical bond. It has one peak for −CF3 at binding energy of 291.3−293.4 eV

[184, 185] and one for cumulative −CH and −CN because their peaks coincided with

each other (-CH lies between 284eV-285.2eV depending on environmental condition;

-CN 285.7eV) [184, 185]. Moreover, Fig. 3.4(b) shows the slow disappearance of −CF3

peak whereas in Fig. 3.4(c) the appearance of the N 1s peak at 402.4 eV (399.5-402 eV

[186]) is clearly visible as the composition of the mixture approaches 100% 11AUT.

Similar behavior is observed for F 1s orbital in Fig. 3.4(d) and (g) for PFDT-11MUA

and PFDT-3MPA mixtures respectively. 11AUT has amine functional group whereas

11MUA and 3MPA have carboxylic functional group. Hence, Fig. 3.4(e) and (h)

shows another small peak for −C = O [187, 188] at binding energy of 288.6 and 290.5
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Figure 3.4: XPS of mixed thiol monolayers on gold surface showing de-
pendency on molar ratio. Mixture of 11AUT and PFDT representing
composition of (a)F 1s, (b)C 1s, (c)N 1s ; mixture of 11MUA and PFDT
representing composition of (d)F 1s, (e)C 1s, (f)O 1s ; Mixture of 3MPA
and PFDT representing composition of (g)F 1s, (h)C 1s, (i)O 1s.
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eV for 3MPA and 11MUA respectively which is very small compared to the other

carbon bonds. As surface mole fraction data using only carbon peaks is highly unre-

liable [189], the xps result for O 1s is considered as shown in Fig. 3.4(f) and (i) for

variable 11MUA and 3MPA composition respectively. The change in peak at binding

energy 532.8 eV [187] from 0 to 100% acid functional group further confirms the

presence of varying composition. The intensity results obtained from survey spectra

using CasaXps is further normalized to calculate the percentage atomic concentra-

tion of the individual elements to perceive the mole fraction of the constituents of the

mixed SAM on the gold surface (calculation shown in Appendix A.13).

Figure 3.5: The surface molar ratio, xsurface as a function of solution
molar ratio, xsolution where x represents mole fraction of 11AUT(square),
11MUA(triangle) and 3MPA(circle) SAM in mixed solution with PFDT.

Fig. 3.5 represents the relationship between surface composition of the −NH2 func-

tionality for 11AUT and −COOH functionality for 11MUA and 3MPA on the binary

mixed SAM and the solution mole fraction of the mentioned thiols in the mixture

with PFDT. For mixture of 3MPA and PFDT, it is observed that the surface mole

fraction of 3MPA is often less than that in solution. This e↵ect can be attributed

to the higher preference of PFDT molecules to be deposited on the gold surface be-
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cause molecules with longer carbon chain is more likely to be adsorbed over molecules

with shorter carbon chain. The main reason for the preference of adsorption is the

enhanced Van der Waals interaction between SAM molecules with increase in car-

bon chain length [123, 190]. The slight increase in 3MPA mole fraction on surface,

xsurface = 0.88 at xsolution = 0.8, can be attributed to the segregation e↵ect that is ob-

served for mixed SAM of di↵erent chain length [123, 190–192]. The segregation

e↵ect deposits more carboxyic acid group thiols on the surface due to their domi-

nance over hydrogen bonding system with each other that ensures stability [193].

Furthermore, a similar lower xsurface observation can be made from Fig. 3.5 for mixed

SAM of 11MUA and PFDT even though their chain length is similar (C11). This

e↵ect can be attributed to the fact that PFDT has a lower solubility in ethanol com-

pared to 11MUA [190]. The mixed SAM of 11AUT and PFDT shows the lowest

surface coverage by 11AUT with decrease of PFDT mole fraction due to preference

of protonation of aliphatic −NH2 that leads to formation of bi-layers with free thiols

[194, 195]. Moreover, this protonation of −NH2 group results into a dipole repulsion

between the molecules, which a↵ects the deposition of amine terminated thiols on

gold substrates [196]. Fig. 3.5 concludes that the mole fraction of mixed SAM on

surface is di↵erent than mole fraction of the solution and the variation does not have

any particular pattern [124].

3.3.3 Generalized Relation

A generalized relation representing the contact angle of a liquid on a solid surface and

their polar/dispersive interaction in shown in Fig. 3.6, where, we have shown that all

liquid-solid interaction will fall on the bounded arc.

To construct this figure, the contact angle of the liquid on the solid surfaces are

obtained experimentally using portable surface analyzer (MSA, KRÜSS GmbH). Till

to date, no experimental method has been established to directly measure the polar

and dispersive components of surface energy or surface tension. However, several well
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Figure 3.6: Contact angle as a function of polar and dispersive interac-
tion of surface tension. Similar correlation between cos ✓ and �p∗

S
�d∗
S

is
observed for current experiments (filled symbols) and previous studies
(open symbols) [12–14, 197–207]. The symbols represents experimental
data for water (�,�), diiodomethane( , ◯), ↵ − bromonaphthalein(△),
formamide (�), ethyele glycol (�), glycerol (▽), TCP (9), bromoben-
zene (◁), bromoform (▷).

established theoretical models [2, 6, 20–22, 150, 208] can decompose surface tension

into these constituent parts. In line with previous studies [12–14, 197–207], we adopt

the well known OWRK method and utilizing our experimental data for the contact

angles, polar and dispersive components of the surface tension are obtained because

only two liquids are required for this process, provided their surface tension values

are known prior.

To confirm the generalization, some already published results of nine di↵erent liq-

uids are utilized [12–14, 197–207] along with our experimental results obtained using

functionalized substrates. The names of the literature liquids are provided in the

figure. Although the y-axis has a range from -1 to 1 (same as the range of cosine),

the value of cos ✓ lie well within the range shown by the plot as maximum contact

angle of a liquid on a smooth, clean substrate is around 120○ (for water), provided

50



the surface or the liquid is not specially engineered [209]. On the other hand, x-axis

is defined as a product of non-dimensionalized polar and dispersive components of

solid. Here, �p∗
S
= �p

S
�(�p

S
+ �p

L
) and �d∗

S
= �d

S
�(�d

S
+ �d

L
) which are chosen to represent

the polar and dispersive components of solid surface as a ratio of the polar−polar
and dispersive-dispersive interaction of solid and liquid. Components of solid surface

energy is preferred because wetting is dependent on the nature of liquid provided the

solid surface is smooth and clean [78, 153]. This characteristics is also noticeable

in Fig. 3.6 where each liquid has their individual curve. Necessarily, both polar and

dispersive interactions are considered because one as well as the other has an impact

on polar liquid and polar solid interactions. Moreover, this plot is also applicable

if either of the phase is completely nonpolar as in this case the polar component is

nullified. The range of x-axis is chosen based on Gennes’s theory where he suggests

that a liquid with lower polarizability than a solid spreads completely on the solid

surface [7]. As a result, after �p∗
S
�d∗
S
= 0.5 only a straight line parallel to x-axis

(approximately at cos ✓ = 1) represents the high energy or engineered surfaces, which

are special cases and are not shown in this study. This graph can also provide an

estimation of the polarity of the surface if the liquid is known. As observed from

Fig. 3.6, the polarity of the surface increases as value of cos ✓ increases, depending

on the liquid.

3.4 Conclusion

This study investigated and developed an extended graphical relation between liq-

uid contact angle on a solid surface and polar−polar as well as dispersive−dispersive
interaction between the two phases. It is observed that the generalization is appli-

cable for a wide range of liquids and standard solid substrates. In addition, it is in

agreement with Gennes’s theory while also considering the maximum possible con-

tact angles on a typical substrate [7, 209]. In the process, mixed SAM substrates are
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functionalized with combinations of 11AUT, 11MUA and 3MPA with PFDT. This

particular mixture further confirmed that substrates of variable percentage polarity

can be fabricated with this method. This generalization does not include specially

engineered surfaces or liquids because their contact angle values will usually be very

close to 0○ or 180○ which will result in to data points parallel and very close to either

x or y axis of Fig. 3.6.
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Chapter 4

Conclusion

4.1 Summary

This thesis addresses the fundamental aspect concerning the influence of intermolecu-

lar forces on the interaction between two phases. In this pursuit, interaction between

solid−liquid and liquid−fluid has been investigated which is essentially represented by

contact angle and equilibrium surface tension, respectively. This investigation shows

that polar and dispersive components of surface tension of each phase influences in-

terfacial activity since it has been suggested that polar−polar and nonpolar−nonpolar
interactions at interface are result of intermolecular attraction or repulsion.

In Chapter 2, the dependency of �eq on the polar and the dispersive components of

the surface tension of the constituent liquid and vapor phases is examined. Based

on the experimental and literature results, individual trend of �eq as function of �d

interaction is obtained for polar-polar, polar-nonpolar and nonpolar-nonpolar combi-

nations. Evidently, our results suggested that molecular weight, Mw of both liquid

and vapor has an impact on �eq, with the surface of drop becoming active only if

Mw,drop >Mw,medium for polar−polar and nonpolar−nonpolar cases. Surprisingly, sur-
face activity for the polar−nonpolar case was only visible when the drop was polar

and the vapor was nonpolar due to their molecular orientation at interface. This

developed relation further demonstrated that if �p of the drop is present, it has an
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influence on the relationship between �eq and Fowkes’s dispersive interaction. Addi-

tionally, the e↵ect of orientation and branched structure was explored. These factors

seem to have an positive impact on the interaction between dispersive components of

surface tension of individul phases, resulting into lower equilibrium surface tension.

Apart from maneuvering the di�culty of measuring the equilibrium surface tension in

saturated medium, the challenge of the miscibility of the volatile vapor with the liq-

uid has been conquered. This miscibility has initiated high mass transfer rate across

the interface, which resulted into drop detachment from the needle before reaching an

equilibrium value. Nevertheless, this challenge was subdued by developing a protocol.

Chapter 3 developed a graphical relation that shows dependency of liquid contact

angle on a solid surface on polar−polar as well as dispersive−dispersive interaction

between the two phases. This characterization includes experimental as well as litera-

ture data that also shows consistency with Gennes’s well established theory. However,

this investigation does not include specially engineered surfaces or liquids. This inves-

tigation further proved that functionalization by mixed SAM is capable of providing

surfaces of variable percentage polarity.

To summarize, the contribution of this thesis to existing scientific literature are:

• Establishment of a generalized dependency of �eq on polar and dispersive com-

ponents of surface tension of individual phases for all possible combinations:

polar−polar, polar−nonpolar and nonpolar−nonpolar liquid-fluid.
• Obtained experimental �eq of miscible, partially miscible and immiscible liquid

and saturated vapor combination.

• Development of a standard protocol to obtain �eq value for binary liquid−fluid
combinations with high mass transfer rate across the drop surface.
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• Confirmation of the fact that surface activity is only visible if molecular weight

of drop is greater than the molecular weight of vapor for polar−polar and

nonpolar−nonpolar combination

• Identification of the role of branching and orientation of molecules on favourable

dispersive interaction.

• Establishment of a graphical relation between contact angle of a liquid drop on

a solid surface and the polar and nonpolar components of the surface tension

of each phase.

• Confirmation that mixed SAMs functionalized substrate are capable of provid-

ing substrates of variable percentage polarity.

55



4.2 Scope of the future work

In the previous chapters, experimental analyses have been reported, in light with

relevant theories, on the interactions of the two phases (liquid−vapor or liquid−solid)
at the interface. For studying the solid-liquid interface, substrates were functionalized

to manipulate the percentage polarity. On the other hand, for liquid−fluid interface,

forty di↵erent combinations were used to study the e↵ect of individual polar and

dispersive components. While doing so, combinations with variable miscibility were

utilized.

These special characteristics of the interfaces has paved the way for some very inter-

esting experimental, as well as theoretical possibilities, some of which are mentioned

in this section. Some of the experimental scopes are:

• For the liquid-vapor combinations presented in Chapter 2, the interfacial tension

(of the two phases) shows linear variation with the polar and dispersive compo-

nents of the individual surface tensions. An interesting extension of this would

be to examine whether similar relation is observed for liquid-liquid interfaces.

• The study of dependency of solid−fluid contact angle on polar and nonpolar

interaction has been continued for decades. Nevertheless, with each investi-

gation the scope of this field extends. The relation that is provided here is

limited to standard solid and liquid combinations, disregarding any specially

fabricated constituent (super-hydrophobic combinations) as their dependency

scale is di↵erent. Investigation of this category could possibly result into a

similar dependency as in this study, however, in a di↵erent range.

• As suggested by Cassie and Baxter [74–76], Young’s equation is not valid for

porous and heterogeneous substrates. Thus, a study can be pursued using these

substrates to observe whether they portray the same dependency on polarity as

the present investigation.
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• Experimental investigation could be pursued for solid−fluid interfacial tension.

It would be interesting to examine whether the solid−fluid interfacial activity

shows a dependency on polarity of the individual constituent like the other

combinations.

• This study experimentally investigated miscible liquid−fluid interfaces. These

results can be further utilized to observe the e↵ect of liquid−fluid interaction

on the equilibrium contact angle of the liquid drop on a solid surface.

Apart from the experimental endeavours highlighted above, an in-depth understand-

ing of the e↵ect of polar and dispersive components on the interfacial tension, and

on the interface as a whole, would require and extensive theoretical/computational

investigation. It would be interesting to compare and combine theoretical models

and experimental analysis to portray the e↵ect of individual polarity on each type

of binary interfaces, i.e., for liquid−fluid, solid−liquid and solid−fluid interfaces. It

could be initiated by investigating the dependency of the solid−fluid combinations

on the polar and dispersive interaction. Development of a theoretical framework to

define the interactions of the interfaces, would be a major contribution in the field of

interface science.
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[25] K. Loubière and G. Hébrard, “Influence of liquid surface tension (surfactants)
on bubble formation at rigid and flexible orifices,” Chemical Engineering and
Processing: Process Intensification, vol. 43, no. 11, pp. 1361–1369, 2004.

[26] R Miller, V. Fainerman, R Wüstneck, J Krägel, and D. Trukhin, “Charac-
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“Surface characterization of poly (4-vinylpyridine) quaternized with tetrade-
cyl bromide: E↵ect of the degree of quaternization,” Journal of colloid and
interface science, vol. 271, no. 1, pp. 181–186, 2004.

[207] T. Senturk Parreidt, M. Schmid, and C. Hauser, “Validation of a novel tech-
nique and evaluation of the surface free energy of food,” Foods, vol. 6, no. 4,
p. 31, 2017.

[208] A. Neumann, R. Good, C. Hope, and M Sejpal, “An equation-of-state approach
to determine surface tensions of low-energy solids from contact angles,” Jour-
nal of colloid and interface science, vol. 49, no. 2, pp. 291–304, 1974.

[209] M. F. Montemor, Smart composite coatings and membranes: Transport, struc-
tural, environmental and energy applications. Elsevier, 2015.

[210] P.-G. De Gennes, F. Brochard-Wyart, D. Quéré, et al., Capillarity and wetting
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Appendix A:

A.1 Literature review

A literature overview of the solid−liquid and liquid−vapor interface has been tabulated
chronologically in Table A.4.

Table A.4: Literature overview in chronological order

Year Author Key contribution

1612 Galileo Recognized the wetting phenomena for the
very first time [174].

1751 J. A. von Segner Introduced theoretical concept of surface ten-
sion [138].

1774 Benjamin Franklin Observed reduction of surface tension which
resulted into wave-calming e↵ect of oil [139].

1805 Young Developed theory to measure contact angle
of a liquid on a solid using individual surface
tension [73].

1879 Lord Rayleigh Introduced theoretical framework to measure
surface tension by jet-vibration [141].

1891 Ms. Agnes Pockles Invented a small device to measure surface
tension [140].

1898 Berthelot Published geometric mean rule of mixing
based on which the theories of measurement
of interfacial tension are standing [142].

1907 Antonow Established simplest empirical relation be-
tween interfacial tension and individual sur-
face tensions [147].

1936 Wenzel Suggested that Young’s equation is not valid
for rough surfaces [72].

Continued on next page
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Table A.4 – continued from previous page

Year Author Key contribution

1941 Alexander Experimentally measured interfacial tension
of immicible liquids using ring method [34].

1944 Cassie and Baxter Established that Young’s equation is not
valid for porous surfaces [74].

1957 Girifalco and Good Suggested mathematical theory that re-
lates interfacial tension between two phases
and the individual surface tension of those
phases. [3].

1964 Fowkes Pinpointed role of polar and nonpolar com-
ponents of individual surface tension on the
interfacial tension, provided at least one
phase is completely nonpolar[2].

1964 Zisman Published the method to calculate surface
energy of solid using critical surface tension
[70].

1969-1971 Owens and Wendt,
Rabel, Kaelble

Developed mathematical formula that sug-
gests that interfacial tension between a solid
and a liquid is dependant on individual sur-
face tension as well as polar and nonpolar
components of the individual surface tension
[6, 20–22].

1971 Wu Proposed harmonic mean equation to rep-
resent polar−polar interaction between two
phases [4].

1985 de Gennes Suggested that a liquid spreads completely
on a solid if the polarizability of the former
is lower [7].

1986 Van Oss, Good, and
Chaudhury

Introduced new definition for the compo-
nents of surface tension: Lifshitz van der
Waals and short range components. This is
accurately applicable for inorganic combina-
tions [150].

1989 Jańczuk et al. Utilized liquid surface tension values and
polar-nonpolar components to measure sur-
face energy of solid [12].

Continued on next page
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Table A.4 – continued from previous page

Year Author Key contribution

1993 Jańczuk et al. Utilized surface tension values and polar-
nonpolar components of one liquid to mea-
sure surface tension of another liquid [200].

1995 Vazquez et al. Experimentally measured interfacial tension
of miscible liquids [30].

1997 Goebel et al. Computationally measured interfacial ten-
sion values of immiscible liquids [27].

2002 Rolo et al. Compared surface tension values of miscible
liquids, that are obtained experimentally and
computationally [31].

2002 Chen et al. Computationally measured surface tension of
a liquid in saturated miscible vapor [161].

2004 Duncan et al. Experimentally measured surface tension
value of a liquid in saturated immiscible va-
por [42].

2012 Firooz et al. Experimentally measured surface tension
value of a liquid in miscible vapor of variable
concentrations [39].
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A.2 Pendant Drop Method for Surface Tension
Measurement

Figure A.1: Schematic representation of the contour of a pendant drop. O is the
lowest point (apex) of the drop, and Q (x,z) sits on an arbitrary location on the
surface.

The surface tension of the liquid-fluid combinations reported in this study were
measured by DSA 100E (KRÜSS GmbH) utilizing the integrated image analysis soft-
ware, ADVANCE. To measure the surface tension, first a pendant drop is generated
in a controlled environment. The image acquisition unit of DSA 100E records the
time-evolution of the drop shape and subsequently measures the surface tension, � us-
ing the pendant drop technique. Once � attains a steady state value (i.e., d��dt→ 0),
it is considered to be the equilibrium surface tension, �eq. The pendant drop method
of surface tension measurement is elaborated in subsequent sections.

Pendant drop method: The interfacial curvature of a drop or bubble is a mani-
festation of the pressure imbalance, �P between the inner and the outer phases, i.e.,
the liquid and the vapor phases [210, 211]. The curvature of the interface can be
related to �P through the well known Young-Laplace equation:

�P = � � 1

R1

+ 1

R2

� (A.1)

where, R1 and R2 are the principal radii of curvature.

Figure A.1 schematically represents a pendant drop of pear-like shape. To describe
the curvature of such a drop, we consider the apex of the drop, O (x = 0, z = zmin)
and an arbitrary point on the drop surface, Q (x, z). The axial symmetry of the drop
allows to re-write (A.1) at O as:

�PO = 2�

Ro

(A.2)
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where, R0 = R1 = R2. At Q (x, z), however, the original form of (A.1) retains, i.e.,

�PQ = � � 1

RQ1

+ 1

RQ2

� (A.3)

where, RQ1 and RQ2 are the principal radii of curvature at Q .

The di↵erence of �P at points O and Q , i.e., �PO −�PQ can also be realized from
the hydro-mechanical equilibrium [212],

�PO −�PQ =�⇢gz (A.4)

where, �⇢ is the density di↵erence between the two phases, g is the gravitational
acceleration, and z = zQ − zO. Combining (A.2), (A.3) and (A.4), one obtains:

� � 1

RQ1

+ 1

RQ2

� = 2�

R0

−�⇢gz (A.5)

The curvature at Q can be analytically expressed through di↵erential geometry
as [210, 213]:

1

RQ1

= ⌘xx

(1 + ⌘2
x
)3�2 =

d�

ds

and,
1

RQ2

= ⌘x

x (1 + ⌘2
x
)1�2 =

sin�

x

where, � is the angle intersected by a tangent drawn at Q with the horizontal axis,
x (see Fig. A.1), ⌘ defines the curved surface, the subscripts refer to the derivatives.
With the above expressions for RQ1 and RQ2, (A.5) reduces to:

d�

ds
= 2

R0

− �⇢gz

�
− sin�

x
(A.6)

Non-dimensionalizing (A.6) such that, x = Xlc, z = Zlc, S = slc and, R0 = ⇠lc, the
Bashforth and Adams equation [214–217] is retrieved:

d�

dS
= 2

⇠
−Z − sin�

X
(A.7)

Here, ⇠ = R0�� �

�⇢g
is the shape parameter of the drop, and lc is the capillary length,

i.e., lc =���(�⇢g). By iterative techniques, ⇠ is varied to best-fit the pendant drop
profile acquired through an image acquisition unit.

Uncertainties and the counter-measures:

Similar to any experimental method, it is not unusual that the pendant drop sur-
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face tension measurement technique that has been employed in this study, has its
uncertainties. Despite confirming controlled and systematic experimentation, errors
or uncertainties may arise from a number of sources, and are elaborated below along
with their counter-measures.

Experimental uncertainties:

Dispensing an accurate volume of pendant drop for surface tension measurement is
not barred of uncertainties. To properly address this, we have used computer con-
trolled drop dispensing feature of DSA 100E [218] which ensures a resolution of 0.1µL
with glass syringe.

The reproducibility of the data has been confirmed through repeated measurements
and for each data points, the average of at-least four measurements has been reported
in this study.

Instrumentation/data analysis error:

1. Proper focus: High quality and properly focused images of the pendant drop are
essential so that the principal radii can be accurately measured [35, 219]. The Drop
Shape Analyzer (DSA 100E, KRÜSS GmbH) acquires the drop profile at 60 fps using
CF04 camera (1920 × 1200 pixels) and its integrated image analysis software (AD-
VANCE) employs the measurement recipe at every time step to measure the surface
tension of a pendant drop with a resolution of 0.01mN�m [218].

2. Droplet size: The size of the pendant drop should be small enough to ensure that
surface tension dominates inertia. As a result, drops size should be maintained such
that the Bond number, Bo (defined in Eq. A.8) is maintained below unity, i.e., Bo < 1.
However, droplets with Bo → 0 should be avoided in surface tension measurements
since they might result into fitting problems [35, 219]. For the present study, the Bo
is maintained within the range of 0.5 − 0.7.

Bo = �⇢gR2
o

�
(A.8)

3. Noise factors: Unwanted vibrations and air current [35] from the surroundings
may often lead to an angular variation of the drop from the plane of symmetry re-
sulting in inaccuracies in the measurements. To mitigate such uncertainties, the drop
shape analyser was placed on an anti-vibration table, and the drop was generated in
a sealed cuvette.

4. Uncertainties in liquid density: The accuracy of density di↵erence (�⇢) of the drop
liquid, ⇢l and the surrounding vapor, ⇢v, e↵ects the measurement of surface tension.
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The surface tension data can be regarded as of higher precision if the Worthington
number, Wo is closer to unity [35]. For a droplet of volume V and needle diameter �,
Wo is defined in Eq. A.9 and scales from 0 to 1.

Wo = �⇢gV

⇡��
(A.9)

As shown in Table A.5, Wo obtained from current experiments advocates for higher
precision of our measurements.

Table A.5: Measurement of Wo for water-methanol (polar-polar), ethanol-pentane
(polar-non polar) and hexadecane-pentane (non polar - non polar).

properties water−methanol ethanol−pentane hexadecane−pentane
⇢l(kg�m3) 997 789 769

⇢v(kg�m3) 0.215 3.0 3.0

V (µL) 24 11 14

�(mN�m) 42.25 18.76 21.68

Wo 0.97 0.79 0.85
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A.3 Theoretical Models for Prediction of Interfa-
cial Tension

Few key models for the prediction of interfacial tension of binary phases from their
individual surface tensions are briefly discussed in subsequent sections.

A.3.1 Berthelot’s combining rule

Berthelot’s mixing [142] suggests work of adhesion, W12 between two phases is solely
based on London theory of dispersion forces and it can be accurately quantified by
the geometric mean of work of cohesion in phase 1 (W11) and phase 2 (W22) as:

W12 =�W11W22 (A.10)

Here, W11= 2�1v and W22= 2�2v, with �1v and �2v denoting the surface tension of the
individual phases. Later, Dupre defined that the amount of reversible work required
for the separation of an interface to form two new surfaces is dependent on the
interfacial tension, �12 of the two contacting phases [143].

W12 = �1v + �2v − �12 (A.11)

Combining Eqs. (A.10) and (A.11) one obtains [142, 144, 145]:

�12 = �1v + �2v − 2√�1v�2v (A.12)

A.3.2 Antonow’s rule

Antonow proposed that surface free energy is the result of the broken bond at surface,
which must be balanced by the formation of new bonds between two contacting, im-
miscible phases. This resulted into the development of the following simple empirical
relation, as shown in Eq. A.13 [75, 147, 148].

�12 = ��1v − �2v� (A.13)

A.3.3 Good and Girifalco’s rule

Girifalco and Good [3] utilized Berthelot’s mixing rule and extended similar concept
as Berthelot which accurately relates the interfacial tension of two contacting phases
(consisting of similar molecules) to their individual surface tension [142]. However,
for cases where predominant forces are di↵erent between the contacting phases, a
considerable deviation occurs from the estimated interfacial interaction. To address
this, Girifalco and Good introduced a factor � in Eq. (A.12) as:

�12 = �1v + �2v − 2�√�1v�2v (A.14)
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Girifalco and Good defined � as the ratio of the adhesive and the cohesive energy
for the two contacting phases. The value of � varies depending on the predominant
forces in the individual phases, which has been evaluated elsewhere [3]. If the forces
are of di↵erent types, � < 1, whereas it can assume values larger than unity for some
cases where interactions between the phases are very strong.

A.3.4 Fowkes’ rule

Fowkes [2], for the first time, decomposed the surface tension of two involved phases
into polar and dispersive components. He proposed that polar (permanent dipole-
permanent dipole and permanent dipole-induced dipole) and dispersive components
(induced dipole- induced dipole) are the only parameters that influence surface tension
�1v or �2v.
While proposing the relation for interfacial tension, Fowkes utilized similar method as
Good and Girifalco. In his theory, the geometric mean has been specifically applied
to the dispersive interaction, provided at least one phase is completely nonpolar.
Expressed mathematically,

�12 = �1v + �2v − 2��d

1v
�d

2v
(A.15)

where, �d and �p are dispersive and polar components of surface tensions and �d+�p =
�.

A.3.5 Wu’s rule

The inter-molecular forces responsible for polar-polar interaction are permanent dipole-
permanent dipole and permanent dipole- induced dipole, out of which permanent
dipole-permanent dipole plays the key role [15]. Wu proved by empirical method-
ology that even though induced dipole-induced dipole interaction can be accurately
quantified by geometric mean relation, it cannot accurately represent polar interac-
tions. Hence, the harmonic mean was proposed [4]:

�12 = �1v + �2v − 4�d

1v
�d

2v

�d

1v
+ �d

2v

− 4�p

1v
�p

2v

�p

1v
+ �p

2v

(A.16)

This expression has been validated for insoluble cases, provided the polarizabilities
are nearly equal.

A.3.6 Van Oss’s rule

In around 1984, Chaudhury proposed that all the van der waal’s interaction are
additive and can be represented accurately by a single quantity [220]. Thus, to
accurately quantify polar interactions such as that in acid-base (where applicable),
the electron acceptor and electron donor approach has been used [145]. In this theory,
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surface tension has been decomposed to Lifshtiz van der Waals component (consisting
of London, Keesom and Debye forces) and short range or Lewis acid-base component
[150].

� = �LW + �SR (A.17)

where �= surface tension of a phase, �LW is Lifshtiz or dispersive component and
�SR is short range or polar component which is represented by product of electron
donor (�−) and electron acceptor (�+) parameters: �SR = 2√�+�−.
While deveoping this theory, Van Oss, Good, and Chaudhury pinpointed the asym-
metrical interaction between Lewis acid-base groups. This di↵erence arises because
electron-donor and electron-acceptor parameters vary for a given phase, which has an
impact on the interfacial interaction. Thus to accommodate all the variables, inter-
action between electron acceptor of phase 1 (�+

1v
) and electron donor of phase 2 (�−

2v
)

as well as interaction between electron donor of phase 1 (�−
1v
) and electron acceptor

of phase 2 (�+
2v
) are considered separately. Based on these, the interfacial tension

between two phases can be provided by:

�12 = �1v + �2v − 2[(��LW

1v
�LW

2v
) + (��+

1v
�−
2v
) + (��−

1v
�+
2v
)] (A.18)

This method is well established for cases where the interactions between two phases
are not limited to the Van der Waals forces.
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A.4 Surface Tension in Air Medium

Figure A.2: Temporal variation of (a) surface tension, � and (b) Volume, V for
methanol in saturated methanol vapor (blue circle) and methanol in unsaturated air
medium (black square).

Surface tension measurement of volatile liquids in air medium is very di�cult due
to high mass transfer rate at the surface. As seen from Fig. A.2 (a), the surface
tension of methanol in unsaturated air medium (black square) does not reach an
equilibrium value due to rapid decrease of pendant drop volume in Fig. A.2 (b). To
mitigate this problem, the environment is saturated with methanol vapor to obtain
an equilibrium mass transfer across the surface. Thus, an equilibrium result of the
surface tension of methanol is obtained (blue circle).
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A.5 Impact of Impurities on Surface Tension:

Surface active impurities are known to have e↵ects on the interfacial properties, more
specifically on the surface tension. Depending on the experimental procedure or ob-
jective of the study, these may exist at the interface either as impurities from the
ambient, or as inherent impurity of the solvent itself. And in most cases, surface
tension is decreased due to their presence [221, 222]. Furthermore, the concentration
gradients of surface active impurities at the surface results in gradients of surface ten-
sion across the liquid-vapor interface causing soluto-capillary flows [223–225]. There-
fore, for any experimental study concerning surface tension and contact angles, it is
essential to conduct measurements in a controlled environment to avoid any possible
contamination of the liquids as well as to minimize impurities from ambient. Addi-
tionally, observing the dynamic behaviour of surface tension is crucial [221].

To minimize the above mentioned uncertainties, all measurements reported in this
study were carried out in a controlled environment. The variation of surface tension
over time was measured until a plateau was reached. Since the impurities inherent in
the solvent were not known, average of repeated measurements [226] (with a maximum
deviation of ±0.5mN�m) was compared to available literature of pure liquids which
shows good agreement. This confirms that any impurity that may have existed were
not surface active and hence precludes any concern.
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A.6 Equilibrium Surface Tension of Binary Com-
binations

Several experiments are conducted to obtain a generalised relations between �eq
and polar and dispersive components of surface tensioon of both the liquid and the
medium. The temperature was maintained at 22±2○C and repeated three-four times.
The combinations used are: polar−polar, polar−nonpolar and nonpolar−nonpolar.
The experimental results are provided in Table. A.6.

Table A.6: Experimental results of equilibrium surface tension, �eq for
polar-polar, polar-nonpolar and nonpolar-nonpolar combinations along
with their miscibility.

Chemical 1 Chemical 2 �eq,(drop−medium) Solubility

(mN/m) (g/L)

�eq,(1−2) �eq,(2−1)
Polar-polar

Water Methanol 42.25 ± 0.39 39.41 ± 1.94 miscible

Water Ethanol 36.81 ± 0.57 34.73 ± 2.51 miscible

Water Butanol 29.82 ± 0.23 25.67 ± 0.26 immiscible

Water Pentanol 26.16 ± 0.34 24.67 ± 0.41 immiscible

Ethanol Methanol 21.71 ± 0.05 22.23 ± 0.12 miscible

Butanol Methanol 23.21 ± 0.04 22.25 ± 0.20 miscible

Pentanol Methanol 23.63 ± 0.03 22.23 ± 0.16 miscible

Butanol Ethanol 23.29 ± 0.08 22.60 ± 0.27 miscible

Pentanol Ethanol 23.77 ± 0.03 22.21 ± 0.02 miscible

Pentane-1,5-diol Pentanol 35.24 ± 0.30 − miscible

Polar-nonpolar

Methanol Pentane 18.83 ± 0.23 15.74 ± 0.10 immiscible

Ethanol Pentane 18.76 ± 0.29 15.76 ± 0.09 miscible

Pentanol Pentane 20.60 ± 0.31 16.01 ± 0.17 miscible

Methanol Hexane 20.79 ± 0.08 18.05 ± 0.01 immiscible

Continued on next page
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Table A.6 – continued from previous page

Chemical 1 Chemical 2 �eq,(drop−medium) Solubility

(mN/m) (g/L)

�eq,(1−2) �eq,(2−1)
Ethanol Hexane 20.17 ± 0.08 17.97 ± 0.12 miscible

Butanol Hexane 21.84 ± 0.09 18.49 ± 0.15 miscible

Pentanol Hexane 21.67 ± 0.38 18.37 ± 0.14 miscible

Methanol Heptane 21.64 ± 0.35 19.25 ± 0.08 immiscible

Ethanol Heptane 20.19 ± 0.21 18.40 ± 0.48 miscible

Ethanol Octane 21.26 ± 0.26 20.56 ± 0.05 miscible

Ethanol Iso-octane 20.56 ± 0.25 17.84 ± 0.18 miscible

Nonpolar-nonpolar

Pentane Heptane 21.26 ± 0.26 18.21 ± 0.05 miscible

Pentane Hexadecane 15.51 ± 0.50 21.68 ± 0.18 miscible

Hexane Heptane 18.28 ± 0.26 18.92 ± 0.18 miscible

Hexane Octane 18.37 ± 0.28 19.93 ± 0.48 miscible

Hexane Iso-octane 18.25 ± 0.16 18.10 ± 0.18 miscible

Hexane Decane 18.03 ± 0.52 21.09 ± 0.18 miscible

Hexane Dodecane 18.12 ± 0.11 21.45 ± 0.18 miscible

Heptane Octane 19.88 ± 0.17 20.33 ± 0.17 miscible

Heptane Iso-octane 19.18 ± 0.18 18.58 ± 0.05 miscible

Heptane Nonane 19.88 ± 0.19 21.52 ± 0.12 miscible

Heptane Decane 19.85 ± 0.13 21.17 ± 0.15 miscible

Heptane Dodecane 19.71 ± 0.58 22.38 ± 0.07 miscible

Heptane Hexadecane 19.58 ± 0.67 23.56 ± 0.33 miscible

Heptane Butyl acetate 19.66 ± 0.11 23.36 ± 0.26 miscible

Octane Iso-octane 19.96 ± 0.02 18.53 ± 0.22 miscible

Octane Dodecane 23.77 ± 0.06 20.30 ± 0.16 miscible

Continued on next page
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Table A.6 – continued from previous page

Chemical 1 Chemical 2 �eq,(drop−medium) Solubility

(mN/m) (g/L)

�eq,(1−2) �eq,(2−1)
Octane Hexadecane 20.84 ± 0.13 24.70 ± 0.49 miscible

Iso-octane Dodecane 18.26 ± 0.45 22.24 ± 0.01 miscible

Iso-octane Hexadecane 18.24 ± 0.26 22.92 ± 0.27 miscible
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A.7 Dependence of Equilibrium Surface Tension
on Molecular Weight, Polar and Dispersive
Components

Figure A.3: Experimental results of �eq for butanol-polar amphiphile as a function
of di↵erence between molecular weight of drop and medium (Mw(d) −Mw(m)) (open
symbols). The right hand axis denotes interaction of �d of liquid-vapor system de-
pending on their molecular weight (filled symbol). Individual �d are obtained from
the experimental values by Jańczuk et al. [8]. The circles represents butanol drop in
alcohol vapor and the squares represent alcohol drop in butanol vapor. The alcohols
are: pentanol (pink), ethanol (green) and methanol (purple).
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A.8 Dependence of Equilibrium Surface Tension
on Fowkes Interaction

Fowkes interactions does not consider the influence of polar components of surface
tension on the dispersive-dispersive interaction. For (a) polar-polar combinations,(�p

d
�p

m)1�2 ≠ 0, while for (b) nonpolar-nonpolar combination (�p

d
�p

m)1�2 = 0. Both of
these cases correctly portrays the presence of �p in either of the fluids. On the con-
trary, (c) polar-nonpolar combination fails to represent the presence of polar surface
tension component of the drop, which has influence on the overall interaction at sur-
face. Thus, the experimental results for �eq fails to follow a trend for this case. The
nonpolar drop- polar medium combination does not portray any activity on surface
and the experimental �eq represents the surface tension of the drop, which also fails
to portray a trend with Fowkes polar interaction.

Figure A.4: Role of �p on �eq [(�eq − (�p

d
�p

m)1�2] as a function of �d interaction sug-
gested by Fowkes [2] (�d

d
�d
m
)1�2 for all types of combinations: (a) polar drop-polar

medium, (b) nonpolar drop-nonpolar medium, (c) polar drop-nonpolar medium and
(d) nonpolar drop-polar medium.
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A.9 Comparison of Equilibrium Surface Tension
between Linear and Branched Structures

Figure A.5: Temporal variation of surface tension for combinations of octane with
di↵erent linear alkanes. (a) Hexadecane drop in saturated octane vapor (open circle)
and octane drop in saturated hexadecane vapor (filled circle); (b) Dodecane drop in
saturated octane vapor (open circle) and octane drop in saturated dodecane vapor
(filled circle); (c) Heptane drop in saturated octane vapor (filled circle) and octane
drop in saturated heptane vapor (open circle); (d) Hexane drop in saturated octane
vapor (filled circle) and octane drop in saturated hexane vapor (open circle).
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Figure A.6: Temporal variation of surface tension for combinations of iso-octane
with di↵erent linear alkanes. (a) Hexadecane drop in saturated iso-octane vapor
(open square) and iso-octane drop in saturated hexadecane vapor (filled square); (b)
Dodecane drop in saturated iso-octane vapor (open square) and iso-octane drop in
saturated dodecane vapor (filled square); (c) Heptane drop in saturated iso-octane
vapor (filled square) and iso-octane drop in saturated heptane vapor (open square);
(d) Hexane drop in saturated iso-octane vapor (filled square) and iso-octane drop in
saturated hexane vapor (open square).

A.10 Contact Angles

Contact angle represents the wetting behaviour of a sessile drop on a solid substrate.
This is the angle that forms at the triple point (measured inside the liquid phase)
where the liquid and vapor phases meet the solid substrate, see Fig. A.7. The equi-
librium contact angle is associated with the mechanical equilibrium of the interfacial
forces acting at the triple point. As shown in Fig. A.7 (a),

�lvcos✓ = �sv − �sl (A.19)

Here, �lv, �sv and �sl denote, respectively, the interfacial tension at the liquid-vapor,
solid-vapor and solid-liquid interfaces, ✓ is the static contatc angle, or the Young‘s
contact angle, and (A.19) is known as the Young‘s equation.
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Figure A.7: Schematic representation of contact angles fromed by a liquid drop on
a substrate, (a) static contact angle (b) advancing contact angle, and (c) receding
contact angle. TPCL denote the three phase contact line.

The young’s static contact angle, however, does not su�ciently characterize a sub-
strate’s wetting property. Rather, a number of meta-stable states are often observed
depending on whether the liquid is expanding (wetting) or contracting (de-wetting)
on the substrate. If the three phase contact line is in motion relative to the surface,
the contact angle is characterized as dynamic contact angle [227, 228]. Based on
wetting or de-wetting, dynamic contact angles are characterized as advancing and
receding contact angles.

Advancing and receding contact anlges: During wetting process, the contact
area of a droplet with the solid substrate (the base area of the drop) increases. Stated
di↵erently, and as in Fig.A.7 (b), when the volume of a droplet resting on a substrate
is increased, the three-phase contact line advances to the dry surface [227]. The
contact angle measured under such condition is referred to as the advancing contact
angle, ✓A. This of often preferred to the static contact angle, as ✓A is measured at a
surface just wetted in the dynamic wetting process and thus the e↵ects of localized
inhomogeneities of the substrate and any possible e↵ect of evaporation are minimized.
Conversely, during de-wetting process, or when liquid is continuously withdrawn from
a sessile drop, the three phase contact line recedes. The contact angle measured dur-
ing this process is called receding contact angle, ✓R as seen in Fig.A.7 (c). The
advancing contact angle approaches a maximum, and the receding contact angle ap-
proaches a minimum [228], and between these two limits, there exist contact angles
of the numerous meta-stable states [228, 229].

Contact angle hysteresis and experimental di�culties in measuring the
Young’s contact angle:
Although contact angle is a simple and easily quantifiable parameter to indicate the
wettability of a surface, it has measurement uncertainty associated with the meta-
states of the drop. Such uncertainty is characterized by the contact angle hysteresis
[230] which refers to the di↵erence between the advancing and the receding angles,
i.e., ✓H = ✓A−✓R. For a perfectly smooth surface, no such discrepancy is expected [227].

In practice, however, contact angle hysteresis is a very common phenomenon [231,
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232] and the equilibrium contact angle measurements are barely devoid of varia-
tions [232, 233]. The reason lies in, but not limited to, the surface roughness, surface
chemical heterogeneity, adsorption and desorption, swelling and penetration, surface
deformation, surface-configuration and molecular level topogray, charge of surface
molecules. [234–236]. Experimentally methods of contact angle measurement usually
deploys optical techniques with a viewing magnification scale much higher than the
surface asperities and molecular level topography [77]. As such, deviations from the
‘true’ or Young’s contact angle are unavoidable, and hence are often referred to as
the apparent contact angle.

In this thesis, in line with numerous experimental studies in the literature [12–
14, 197–207], by ‘contact angle’ we refer to the ‘apparent contact angle’ which is
reasonably adequate to serve the objectives of our study without any loss of gener-
ality. However, appropriate care has been taken to ensure that the external e↵ects
are minimized. For example, the contact angle measurements were done in a con-
trolled environment and on pristine substrates. Moreover, the process with which the
substrates were prepared (piranha cleaning, physical vapor deposition and smooth
functionalization) eliminates the micro-scale roughness. Also, some of the samples
were randomly discharged using an ionizer, but no significant change was observed
in the results. To smear out the variation of the contact angle due to any possible
evaporative flux or localized surface imperfections, multiple measurements were taken
and the average of these values are reported.
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A.11 Theoretical models for measuring surface en-
ergy of a solid

There are various theoretical models, other than OWRK, that have been developed
over time to quantify the relation between contact angle and di↵erent parameters of
surface tension, which are described briefly in this portion:

Zisman’s method: This method utilizes the concept of critical surface tension to
measure the surface energy of a solid. The successful development of this method is
based on the spreading pressure, Ssl which is given by: [70].

SSL =WSL −WLL (A.20)

Here, WSL= work of adhesion between solid and liquids and WLL= work of cohesion
between liquid molecules. Elaborately, a liquid spreads completely on a solid if the
work of cohesion between the individual phases is less than the work of adhesion
between two phases [1], i.e, SSL is positive for complete wetting of a solid by a liquid.
So, a liquid just spreads on a solid, with ✓ = 0 if the forces of adhesion is equal to
forces of cohesion [73, 142, 143]. That means the limiting value of SSL is equal to
zero at cos ✓ = 1. The surface tension of a liquid that provides SSL = 0 with a solid
is known as the critical surface tension, �c of that solid [70]. This �c is equal to the
surface energy of the solid.
To obtain the �c, the contact angle measurements of a number of liquids are plotted
on a cos ✓ versus �LV graph for a specific solid. According to Zisman’s, the intercept
of this graph at cos ✓ = 1 gives �c, i.e., surface energy of the solid. This method is
limited to cases where both the solid and the liquid are completely dispersive, which
is not very feasible.

Neumann’s equation of state: Neumann, Good, Hope, and Sejpal developed
this method to estimate the surface energy of a solid with ease. This equation was
developed empirically by considering thermodynamic stability and utilizing a large
amount of contact angle data with di↵erent solid-liquid combinations. Hence, it is
proper to assume that this relation is valid for all possible systems. With a constant
� = 0.0001247, that has been determined empirically, the equation is:

�SL = �SV + �LV − 2√�SV�LVe−�((�LV−�SV))2 (A.21)

In combination with Young’s equation, this equation can be modified to:

cos✓ = −1 + 2
�

�SV
�LV

e−�((�LV−�SV))2 (A.22)

From Eq. A.22, the surface tension or surface energy can be determined for an
unknown liquid or solid, respectively. This equation does not consider the type of
interaction between two phases, which implies that the decomposition of surface ten-
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sion into polar and dispersive components is not necessary. On the contrary, it only
needs contact angle data of only one combination to estimate the unknown surface
energy/surface tension. Due to the absence of the e↵ect of type of interaction, it is
only valid for combinations where at least one phase is completely dispersive.

Fowkes’ method: Although Fowkes’ method [2], in combination with Young’s equa-
tion [73] and Dupre’s adhesion theory [143], relates contact angle with polar and
dispersive components of the surface tension, it is not as much popular because the
geometric mean for polar components are not present in Fowkes’ mathematical model
itself. In fact, Owens and Wendt, Rabel, Kaelble proposed that the interaction be-
tween polar components can be explained by geometric mean [20–22]. However, there
is slight di↵erence between the two methods. OWRK uses linear regression model
to calculate the components simultaneously. On the contrary, Fowkes method esti-
mates surface energy in two steps. First of all, a complete dispersive interaction with
a purely nonpolar liquid is utilized to calculate the dispersive component of surface
energy. The combination of Fowkes’ relation (Eq. A.15) and Young’s equation (Eq.
A.19) to determine the dispersive component is as follows [12]:

�
�d

SV
=
�
�d

LV
(1 + cos✓)
2

(A.23)

Here, �d

SV
is dispersive component of solid surface energy and �d

LV
is dispersive

component of liquid surface tension. Secondly, a polar liquid is used to estimate
polar component using the following relation, which is derived elsewhere [12]:

�LV(1 + cos✓) = 2��d

SV
�d

LV
+ 2��p

SV
�p

LV
(A.24)

Hence, the surface energy of the solid is calculated by �d

SV
+ �p

SV
= �SV.

Extended Fowkes’ method: This method introduces another component of surface
tension besides polar and dispersive, a component due to formation of hydrogen bond.
This component is known as the hydrogen bridge fraction, which is used to further
modify Eq. A.15 as follows [237]:

�SL = �SV + �LV − 2��d

SV
�d

LV
− 2��p

SV
�p

LV
− 2��h

SV
�h

LV
(A.25)

where, �h

SV
and �h

LV
are hydrogen bond bridge fractions of surface tension for solid

and liquid and �d + �p + �h = �.
Following the footsteps of the Fowkes’ method, this calculation utilizes three liquids
to calculate surface energy of solid in three steps. The first step is the same as before
(Eq. A.23), where a completely nonpolar liquid is used to estimate the dispersive
component of the surface energy of solid. In the second step, a liquid is chosen such
that the hydrogen bridge fraction is zero (�h

LV
= 0), resulting into same relation as

in Eq. A.24. For the final step, the contact angle of a third liquid of known polar,
dispersive and hydrogen bridge fractions on the solid surface is measured. Although
this theory provides a more accurate quantification for cases where hydrogen bond is
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applicable, it is not as popular as the other methods because it requires at least three
liquids.

Wu’s method: As mentioned in an earlier section, Wu utilized harmonic mean
to quantify polar and dispersive interactions between two phases [4]. Theoretically,
contact angle measurements of only two liquids of known polar and dispersive com-
ponents of surface tension are su�cient to provide surface energy of a solid, provided
at least one of the liquids is polar. Combining Wu’s relation (Eq. A.16) and Young’s
equation (Eq. A.19) gives:

�LV(cos✓ + 1) − 4�d

SV
�d

LV

�d

SV
+ �d

LV

− 4�p

SV
�p

LV

�p

SV
+ �p

LV

= 0 (A.26)

By substituting the appropriate values of the two liquids, the polar and dispersive
components of the solid surface energy can be obtained by solving two quadratic
equations [238]. However, this imposes a probability of obtaining two values for each
surface tension components, where only one represents the actual parameters. It is
not a problem if one of the values has a negative sign as neither surface energy nor its
components can be negative. The problem arises when all the estimates are positive.
In that case, measurements with two other liquids can simplify this predicament by
choosing the results that agree well with all the cases. The degree of accuracy that
Wu’s method does not justify the di�culties faced by using four liquids [6].

Schultz method: Schultz, Cazeneuve, Shanahan, and Donnet developed this method
in 1981, which is still in use today to characterize surfaces of high-surface energy us-
ing contact angle measurement [239]. Measurement of contact angle on a high-energy
solid is extremely di�cult as all liquids spreads completely on them. To quantify the
surface energy of such surfaces, a slight modification of the test environment proved
to be the solution. Rather than performing the experiments in air medium, a sur-
rounding immiscible liquid medium is used. This method modifies Young’s equation
(Eq. A.19) in terms of solid-liquid medium interfacial tension (�SLm), solid-liquid
drop interfacial tension (�SLd

), liquid drop-liquid medium interfacial tension (�LdLm)
and contact angle of liquid drop on solid surface (✓), where the subscripts S, Ld and
Lm represents solid phase, liquid drop phase and liquid medium phase respectively
[239].

�SLm = �SLd
+ �LdLmcos✓ (A.27)

On the other hand, Fowkes’ method [2] and OWRK method [20–22] are also mod-
ified for this special case, resulting into two equations:

�SLd
= �SV + �Ldv

− 2��d

SV
�d

Ldv
− 2��p

SV
�p

Ldv
(A.28)

�SLm = �SV + �Lmv − 2��d

SV
�d

Lmv
− 2��p

SV
�p

Lmv
(A.29)

Schultz method can be used in two ways as shown in Fig. A.8:
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• single liquid drop (usually water) in variable liquid medium

• variable liquid drops in single liquid (usually water) medium

Figure A.8: Schematic for Schultz method: (a) water drop in variable liquid medium
(b) variable drops in water medium

In the first method, a single liquid drop is generated in a range of completely nonpolar
liquid medium to remove the �p

Lmv
term. Based on this, the substitution of Eq. A.28

and Eq. A.29 in Eq. A.27 gives:

�Ldv
− �Lmv + �LdLmcos✓ = 2��d

SV
(��d

Ldv
−��d

Lmv
) + 2��p

SV
�p

Ldv
(A.30)

Thus, using contact angle data for a range of dispersive liquid can be utilized to plot

graph of (�Ldv
−�Lmv +�LdLmcos✓) versus (��d

Ldv
−��d

Lmv
) , and the linear regression

line provides �d

SV
and �p

SV
from the gradient and the intercept, respectively.

Similarly, for the second case, drops of variable dispersive liquids are generated in
polar water medium to remove �p

Ldv
. This results into:

�Ldv
− �Lmv + �LdLmcos✓ = 2��d

SV
(��d

Ldv
−��d

Lmv
) + 2��p

SV
�p

Lmv
(A.31)

As before, the �d

SV
and �p

SV
are obtained from the gradient and the intercept of the

linear regression line. The second method is usually preferred because a larger value
of contact angle is observed that can be measured more accurately.

Van Oss method: As mentioned in an earlier section, this method considers that
the dispersive component alone is accountable for all types of Van der Waals force,
whereas the polar part represents the interaction between electron-donors and electron-
acceptors [150, 220]. Hence, the contact angle data can be used to quantify the type
of interactions by combining this relation and Young’s theory [73], which results into:

�LV(cos✓ + 1) = 2[(��LW

1v
�LW

2v
) + (��+

1v
�−
2v
) + (��−

1v
�+
2v
)] (A.32)

This method is usually preferred for highly polar surface, where interaction between
electron-donor and electron-acceptor are prominent [14, 150]. However, it is rarely
used as it requires at least three liquids of known polar and dispersive components to
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measure the surface energy of a surface. Out of these three liquids, at least two must
have �+ > 0 and �− > 0 and the other must have �+ = �−. For the latter case, water is
preferred as it has neutral value in LEWIS scale.
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A.12 Functionalization by Self-Assembled Mono
layers

The formation of SAM is divided into two steps [97]. First of all, the thiol head
group consists sulfhydryl (–SH) moiety that forms covalent bond with gold (Au)
surface,i.e. Au−S bond that allows them to be randomly adsorbed to the surface.
Secondly, the thiols that are randomly adsorbed on the surface reorients themselves
to form densely packed monolayer depending on the extent of Van der Waals forces
between the lateral molecules [89, 108–110]. This interaction between adsorbed
monolayers increases with increase in length of alkane chain, that extends from the
surface with di↵erent tail groups at the end [89]. Therefore, the formation of stable
and well organized SAM is an optimization between head group-substrate bond and
inter-molecular interaction between parallel molecules.

E↵ect of head group

The interaction between solid surface and the functional head group of the chemical is
considered as the driving force for the formation of SAM [97, 240]. For thiol SAM on
gold surface, the energy corresponding to S−Au is very high [241] which encourages
the interaction between gold and thiol molecules, resulting into the maximum possible
adsorption. Considering the present investigation, all the molecules used consists of
same head group, i.e, sulfhydryl (–SH) moiety. As a result, the interaction between the
head-group and the gold surface does not contribute to the preference of adsorption
in mixed SAM of PFDT- 11AUT, PFDT-11MUA, or PFDT-3MPA.

E↵ect of tail group

Characteristic of tail group also plays a role in case of mixed SAM [194, 195], the
e↵ect of which is observed for PFDT-11AUT. In case of 11AUT, the self assembled
molecules do not limit themselves to monolayer due to the protonation of −NH2. This
results into formation of double layers with free thiols [194, 195]. Moreover, due to
attainment of positive charge by the −NH2 group, a repulsion force acts between the
molecules of 11AUT. This further a↵ects the adsorption of thiols with amine tail
group on gold substrates [196]. To sum up, PFDT adsorption on the gold surface
increases.

E↵ect of chain length

Due to head-group of all chemicals being similar, the inter-molecular forces between
the lateral molecules has become more important to ensure increased surface coverage
[240, 242]. This interaction is dependent on the van der Waals forces between the
adjacent molecules, which increases with increasing chain length of the alkane part.
The e↵ect of increasing chain length is observed only for mixed SAM of PFDT-3MPA
as all the other chemicals have same alkane chain length (C11). A preference for
adsorption of PFDT is observed for this combination, as represented by XPS data.
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E↵ect of solvent

The e↵ect on mixed SAM is only considerable when the chain length of the two
constituents are similar [190]. For mixed SAM of PFDT-11MUA, it has been observed
that adsorption of PFDT on gold surface is more compared to that of 11MUA. This
could be attributed to the fact that PFDT is less soluble in ethanol, the solvent used
to form solution, than 11MUA. Hence, it is more convenient to remove PFDT from
the solution.

A.13 Molar ratio of functionalized substrates

Molar ratio of the functionalized substrates are calculated with the help of XPS
measurement. First of all, the peak areas of respective chemical components are nor-
malized using RSF values (Relative Sensitivity Factors). These normalized areas are
then utilized to calculate the mole fractions of the mixed SAMs on the functionalized
substrates. It has been observed that it is di↵erent than the mole fraction of mixed
SAMs in the solution.
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Table A.7: Normalized areas of mixed SAMs

xsolution Integrated
Area

RSF
F1s

Normalized
Area

Integrated
Area

RSF
N1s/O1s

Normalized
Area

(F1s peak) (F1s) (N1s/O1s
peak)

(N1s/O1s)

PFDT−3MPA

0 486776.60 1 486776.60 5.00E-7 0.733 6.82E-08

0.2 155817.00 1 155817.00 5338.58 0.733 7283.19

0.4 179661.00 1 179661.00 35915.72 0.733 48998.26

0.6 160160.00 1 160160.00 84529.81 0.733 115320.34

0.8 11172.00 1 11172.00 15901.01 0.733 21693.05

1.0 0 1 0 28416.90 0.733 38767.94

PFDT−11MUA

0 486776.60 1 486776.60 5.00E-7 0.733 6.82E-08

0.2 367983.96 1 367983.96 30513.03 0.733 41627.60

0.4 407876.68 1 407876.68 127908.39 0.733 174499.85

0.6 211057.12 1 211057.12 184467.07 0.733 251660.39

0.8 235520.66 1 235520.66 1288056.46 0.733 1757239.37

1.0 0 1 0 98268.00 0.733 134062.76

PFDT−11AUT
0 486776.60 1 486776.60 5.00E-7 0.733 6.82E-08

0.2 169553.00 1 169553.00 2115.77 0.499 4240.01

0.4 173480.00 1 173480.00 5963.84 0.499 11951.59

0.6 41093.70 1 41093.70 5698.90 0.499 11420.63

0.8 16720.80 1 16720.80 3167.96 0.499 6348.61

1.0 0 1 0 4979.64 0.499 9979.24
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Table A.8: Mole fraction of mixed SAMs on functionalized substrates

xsolution Normalized
Area

Normalized
Area

Fraction of
F1s

Fraction of
O1s/N1s

(F1s) (N1s/O1s)

PFDT−3MPA

0 486776.60 6.82E-08 1 1.401E-13

0.2 155817.00 7283.19 0.955 0.045

0.4 179661.00 48998.26 0.786 0.214

0.6 160160.00 115320.34 0.581 0.419

0.8 11172.00 21693.05 0.340 0.660

1.0 0 38767.94 0 1

PFDT−11MUA

0 486776.60 6.82E-08 1 1.401E-13

0.2 367983.96 41627.60 0.898 0.102

0.4 407876.68 174499.85 0.700 0.300

0.6 211057.12 251660.39 0.456 0.544

0.8 235520.66 1757239.37 0.118 0.882

1.0 0 134062.76 0 1

PFDT−11AUT
0 486776.60 6.82E-08 1 1.401E-13

0.2 169553.00 4240.01 0.975 0.024

0.4 173480.00 11951.59 0.936 0.064

0.6 41093.70 11420.63 0.783 0.217

0.8 16720.80 6348.61 0.725 0.275

1.0 0 9979.24 0 1
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