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ABSTRACT
An experimental study of phase transitions of long-chain n-alkanes induced by the
effect of interfaces is described.
The phase behaviour of long-chain n-alkanes (carbon number 14, 16, 17, 18) adsorbed
at isolated mica surfaces and confined between two mica surfaces has been studied in
the vicinity of and down to several degrees below the bulk melting points, Tm. Using the
Surface Force Apparatus we have measured the thickness of alkane films adsorbed from
vapour (0.97 ≤ p/p0 ≤ 0.997), studied capillary condensation transition, subsequent
growth of capillary condensates between two surfaces, and phase transitions in both the
adsorbed films and the condensates. By measuring the growth rate of the capillary
condensates we have identified a transition in the lateral mobility of molecules in the
adsorbed films on isolated mica surfaces. This transition to greater mobility occurs
slightly above Tm for n-hexadecane, n-heptadecane and n-octadecane but several
degrees below Tm for n-tetradecane, and is accompanied by a change in wetting
behaviour and a measurable decrease in adsorbed film thickness for n-heptadecane and
n-octadecane. Capillary condensates that form below Tm remain liquid, but may freeze
if the degree of confinement is reduced by separation of the mica surfaces. An increase
in the area of the liquid-vapour interface relative to that of the liquid-mica interface
facilitates freezing in the case of the long-chain alkanes, which show surface freezing at
the liquid-vapour interface.
Although thermodynamic properties of the surface freezing transition have been rather
well documented, the kinetics involved in formation of such ordered monolayers has so
far received very little attention. We studied the surface tension of n-octadecane as a
function of temperature in the vicinity of Tm, using the static Wilhelmy plate and the
dynamic maximum bubble pressure methods. The two methods give different results on
cooling paths, where nucleation of the surface ordered phase is involved, but agree on
heating paths, where both methods measure properties of the equilibrium surface phase.
On cooling paths, the surface of bubbles may supercool below the equilibrium surface
freezing temperature. The onset of surface freezing is marked by a sharp drop in the
surface tension. The transition is accompanied by an increased stability of the films
resulting in longer bubble lifetimes at the liquid surface, which suggests that the
mechanical properties of the surfaces change from liquid-like to solid-like. Our results
suggest occurrence of supercooling of the monolayer itself.
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1.1

Introduction

Conditions of coexistence between macroscopic phases can be set out in terms of
physical properties such as pressure, temperature and bulk concentration, in accordance
with the Gibbs phase rule [1].
F = C-P+2

(1.1.1)

where F is the number of degrees of freedom (number of parameters), C is the number
of components, and P is the number of phases in the system. Therefore, given the
pressure and the temperature (F = 2) of a one-component system (C = 1), the phasestate of the system is completely fixed (P = 1). This can be done without considering
interfaces explicitly. In contrast, the mechanisms by which phase transitions occur
depend on the presence of interfaces. In the case of the liquid–vapour transition, for
example, a significant supercooling is required before vapour starts to condense by
forming droplets of the liquid. Nucleation in phase separation processes is one of the
major topics in condensed matter physics today.
In order to understand the role played by different types of interfaces in bulk phase
transitions, an understanding of the behaviour of materials at interfaces is essential. The
Gibbs phase rule is valid only in infinitely large systems in which the effects of
interfaces are absent. This is hardly the case in real systems. Depending on the
contribution of the interfacial energy to the free energy of the entire system, an
equilibrium state may be found for a number of values of pressure and temperature.
These “interfaces” can be either solid walls of foreign materials, as in the walls of a
container, or can be gas (vapour) interfaces. Since the intermolecular forces between
individual molecules near an interface differ from those in the bulk, an interface can
alter the interaction among the molecules and consequently influence the phase-state of
the substance. Such phase transitions induced by the effects of interfaces in onecomponent systems are the central theme of this thesis.
Examples of phase transitions induced by solid walls of foreign materials are capillary
condensation of wetting liquids (Figure 1.1) and capillary melting of incommensurable
solids (Figure 1.2) in solid pores. In capillary condensation, undersaturated vapour,
which would be thermodynamically stable in the absence of interfaces, condenses as
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liquid in solid pores. In capillary melting, a confined solid melts below the bulk melting
point. In either case the free energy gain due to wetting of the solid pore walls by the
liquid offsets the free energy cost due to condensing undersaturated vapour or melting
solid below the bulk melting point. The free energy gain is proportional to the
interfacial area (A) wetted by the liquid, while the free energy cost is proportional to the
mass or volume (V) of the liquid. The interfacial energy is typically of the order of ≈ 102

J/m2 whereas the latent heat is typically of the order of ≈ 105 J/kg or ≈ 108 J/m3. Thus

these phenomena occur only in systems in which the interfacial area to volume ratio is
sufficiently large (of the order of A/V ≈ 109).

vapour
liquid

vapour

Figure 1.1. Schematic illustration of capillary condensation in a wedge between two
solids. Vapour condenses as liquid in the narrow part of the wedge. The condensation
occurs even when the vapour is slightly undersaturated. The size of the condensate is
determined by the Kelvin equation. Capillary condensation occurs only for the species
whose contact angle over the substrate is smaller than 90°.

solid

liquid

solid

Figure 1.2. Schematic illustration of capillary melting in a wedge between two solids.
Part of the confined solid melts in the narrow part of the wedge, even below the bulk
melting point. The size of the liquid is determined by the Gibbs-Thomson equation.
Capillary melting occurs only for the species whose contact angle at the three-phase
line between the solid, the liquid and the substrate is smaller than 90°.
For a given area to volume ratio, the free energy cost is larger the lower the relative
vapour pressure (P/P0) for capillary condensation, or the lower the temperature below
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the bulk melting point (∆T) for capillary melting. Thus the size of the pore in which
capillary phase transitions can take place becomes progressively smaller as one goes
away from saturation or melting point. The equations describing these confinementinduced phase transitions are presented below (see Appendix for details).
For liquid-vapour interfaces, the Kelvin equation describes the change in vapour
pressure of a liquid due to curvature of the interface [2-4]. For an interface of a mean
radius rlv,

γ lvvl/r lv = kT ln(P/P0)

(1.1.2)

where γ lv is the surface tension of the liquid, vl is the molecular volume of the liquid, k
is the Boltzman constant, T is the absolute temperature, P is the actual vapour pressure
and P0 is the saturation vapour pressure of the liquid. Note that rlv is the mean radius of
curvature (rlv–1 = r1-1+r2-1), which has positive values for convex surfaces (as for
droplets in vapour) and negative values for concave surfaces (as for wetting liquids
condensed in a pore). For the special case of a spherical geometry, rsphere = r1 = r2 = 2rlv.
For variation of temperature at a constant vapour pressure, the Gibbs-Thomson
equations describe the effect of interfacial curvature on the temperature required to
establish equilibrium across the interface [2,3]. For a liquid in vapour, equilibrium is
described by the equation

γ lvvl/r lv = ∆Hvapln(T/Tb)
(1.1.3)
where ∆Hvap is the heat of vapourization and Tb is the boiling point of the substance. For
a spherical solid particle of radius rs with an average isotropic interfacial energy γsl in
liquid, equilibrium is described by the equation

∆T/Tm = γslvs/rs∆Hf

(1.1.4)

where ∆T is the temperature depression from the melting point, Tm, γsl is the interfacial
energy between solid and liquid phases, vs is the molecular volume of the solid and ∆Hf
is the heat of fusion.
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Equations (1.1.2) through (1.1.4) describe unstable equilibria when the radii are
positive, and form the basis of classical nucleation theory [4]. Since the free energy of
the system involves quadratic (proportional to the interfacial area) and cubic
(proportional to the volume) terms, there must be a maximum that corresponds to the
critical size of the nucleus, above which the free energy will decrease with subsequent
growth of the new phase. The same sets of equations describe stable equilibria when the
radii are negative, as in capillary condensation and capillary melting [4].
Examples of phase transitions at a single interface are surface melting (Figure 1.3) and
surface freezing (Figure 1.4). Surface melting (pre-melting) is described as the
formation of thin layers of liquid at the interface between a bulk solid and its vapour
down to temperatures well below the bulk melting point: a phenomenon observed for
most materials, including ice. This can be regarded as either melting of the top solid
surface layers or condensation of liquid from vapour on top of the solid surface. In
either case the interface is “wet” by a thin layer of liquid in preference to direct contact
of vapour and solid. The interfacial energy between the solid and the vapour (γsv) is
lowered by the formation of a thin liquid film. Thus,

γsvdry > γsvwet = γlv+γls

(1.1.5)

vapour

vapour
liquid

solid

solid

Figure 1.3. Schematic illustration of surface melting. The surface layers of the solid
melt at a temperature well below the bulk melting point. The thickness of the pre-melted
layer increases as the temperature is raised and ultimately diverges at the melting
point.
In contrast, some materials have recently been shown to exhibit a phenomenon known
as surface freezing (surface ordering). Surface freezing is described as the formation of
a solid-like monolayer at the liquid-vapour interface at a temperature a few degrees
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above the bulk melting point. The monolayer at the liquid-vapour interface is “frozen”
in preference to direct contact of liquid and vapour. If the monolayer can be regarded as
a thin layer of solid, as some authors have assumed [5,6], then the occurrence of surface
freezing suggests that the liquid-vapour interfacial energy (γlv) is higher than the sum of
the liquid-solid (γls) and solid-vapour (γsv) interfacial energies. Thus,

γlv > γsv+γls

(1.1.6)

vapour

vapour
solid

liquid

liquid

Figure 1.4. Schematic illustration of surface freezing. The top monolayer of the liquid
surface becomes ordered at a temperature a few degrees above the bulk melting point,
while the bulk remains disordered. The thickness of the surface-freezing layer remains
constant as the temperature is lowered toward the bulk melting point.
In the following sections we briefly describe capillary condensation (1.2), adsorption
(1.3), capillary melting (1.4), surface melting (1.5), and surface freezing (1.6). An
outline of the thesis is given in Section 1.7.

1.2 Capillary condensation
Capillary condensation, whereby undersaturated vapour can coexist with the liquid
phase in small pores, is a common phenomenon. A familiar example is the caking of
granular materials such as laundry powders, sugar, and salt, caused by condensation of
moisture. Engineering devices which operate under normal humidity are subjected to
possible (usually unwelcome) capillary condensation of water in fine sections of the
machinery. For example, the recording devices in computers whereby a fine probe
scans along a recording surface with a small separation need to be designed so that
water does not condense between the probe and the surface. Capillary condensation is
also used in the characterization of porous materials [7].
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Capillary condensation has been the subject of scientific study for many years, and has
been reviewed many times [8,9]. The study of capillary condensation using common
porous materials is complicated by the presence of condensation hysteresis, which
arises from a distribution in sizes and shapes of the pores, and collective effects arising
from the pore connectivity. The recent advent of novel mesoporous materials such as
Mobil-Catalyst-Material-41 (MCM-41) with isolated cylindrical pores of high
monodispersity has greatly improved the situation [9,10]. Nevertheless, the pore size is
fixed for a given material and cannot be varied during an experiment.
A less complicated way to study capillary condensation is to employ a single precharacterized model pore of adjustable dimension as in the Surface Force Apparatus
(SFA). Here, the pore size can be varied from nanometres to millimetres. Indeed, the
SFA has been extensively used to study equilibrium aspects of capillary condensation
as well as the first order nature of the transition [11-15]. An important early study was
focused on testing the validity of the Kelvin equation for capillary held liquids. It was
shown that the equilibrium radius of curvature r of some nonpolar liquids condensed
between mica surfaces is accurately described (down to -r ≈ 4 nm) by the Kelvin
equation [13]. Very recently the validity of the Kelvin equation (down to -r ≈ 5 nm)
was confirmed for water as well [14].

1.3 Adsorption
Adsorption in general is a huge area of both fundamental and applied research.
Physisorption as well as chemisorption involved in catalysis have been extensively
studied in the chemical industry. Physical chemistry deals with adsorption of
surfactants, salts, biological and synthetic polymers [4]. Adsorption of different types of
solutes onto solid-liquid or liquid-vapour interfaces from aqueous and other solutions
has been a subject of extensive research. However, it is not our purpose here to cover
this vast area. Rather, we only briefly describe adsorption (physisorption) of onecomponent vapours onto solid substrates (Figure 1.5). In this regard, adsorption may be
interpreted as another example of a phase transition induced by the effects of interfaces,
which has a close relation to capillary condensation and surface melting.
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vapour

vapour
h
substrate

film
substrate

Figure 1.5. Schematic illustration of adsorption. The surface energy of the initially dry
surface can be lowered by adsorption if the vapour species wets the substrate. The
vapour first adsorbs as a two-dimensional gas while the vapour pressure is low, but the
adsorbed layer exhibits liquid-like features as the adsorption proceeds. The thickness of
the adsorbed layer, h, increases as the vapour pressure is raised. There are a number
of different types of adsorption isotherms that describe the relationship between the
thickness of the layer and the relative vapour pressure.
The vapour first adsorbs as a two-dimensional gas while the vapour pressure is low, but
the adsorbed layer exhibits increasingly more liquid-like features as the adsorption
proceeds [4]. The thickness of the adsorbed layer increases as the vapour pressure is
raised. Ellipsometry [16,17] has been extensively used for the experimental study of
adsorption isotherms [18,19]. The SFA can also be used to measure adsorption
isotherms on isolated surfaces [12]. There are different types of vapour adsorption
isotherms, depending on the specific intermolecular interactions between the adsorbent
and adsorbate, that relate the thickness of the layer and the relative vapour pressure
[3,4,20].
If a substrate is wetted by the condensed phase of the vapour component, the free
energy of an initially dry surface can be lowered by condensing a two-dimensional
liquid film. The adsorption proceeds even when the vapour is undersaturated. The
interfacial energy between the substrate and the vapour (γsv) is lowered by the formation
of a thin liquid film. Thus,

γsvdry > γsvwet = γlv+γsl

(1.3.1)

The situation is analogous to the inequality (1.1.5), except that here the subscript s
refers to the solid substrates made of a foreign material.

Chapter 1

9

The free energy of the system is in general a function of the thickness of the layer. For
thick wetting films of non-polar liquids such as n-alkanes, where molecular interactions
are dominated by van der Waals forces, the Lifshitz adsorption isotherm is,
{µ(∞) - µ(h)} /v = A/6πh3

(1.3.2)

where µ(∞) is the chemical potential of the semi-infinite (bulk) medium, µ(h) is the
chemical potential of the thin layer, h is the thickness of the layer, v is the molecular
volume of the species in the film and A is the Hamaker constant [21]. The thicknesschemical potential relationships near saturation are most well-understood in terms of
the concept of disjoining pressure in the adsorbed films [22,23].

Π = pfilm – pbulk

(1.3.3)

Π(h) = -A/6πh3 = - {µ(∞) - µ(h)} /v = -(kT/v)ln(p/p0)

(1.3.4)

where Π is the disjoining pressure and k is the Boltzman constant [3,20,22]. In bulk
liquid the internal pressure is isotropic but this is not necessarily the case in thin films.
Indeed, the disjoining pressure is defined as the difference between the normal
component of the pressure tensor in thin films and the pressure in the bulk liquid [24].
For films to be stable, the disjoining pressure must be positive. As the film thickens the
disjoining pressure diminishes and the internal pressure approaches that of the bulk
liquid. Experimentally, disjoining pressure can be measured by measuring the positive
Laplace pressure of a bubble which is pressed against a solid substrate immersed in a
bulk liquid. A thin film of liquid is trapped between the bubble and the wall and the
disjoining pressure is mechanically balanced by the Laplace pressure [20,25].
It may be appropriate to note at this stage that a liquid is said to “wet” a substrate when
the contact angle, θ, of the liquid over the substrate is smaller than 90° (Figure 1.6). The
liquid is said to “completely wet” the substrate if θ = 0°, whereas the liquid is said to
“partially wet” the substrate if 0° < θ < 90°. On the other hand, if θ > 90°, the liquid
does “not wet” the substrate or the liquid is “non-wetting”. If θ = 180°, the liquid is
“completely non-wetting”. Conventionally, the contact angle is measured from the
condensed phase as shown in Figure 1.6. Contact angle hysteresis and other
complications with respect to contact angles, particularly on heterogeneous and/or
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rough surfaces, have been the subject of extensive research [4,26,27]. Here we only
briefly outline the essential concepts necessary for this thesis.

Vapour
γlv
γsv

θ

Liquid
γsl

Substrate made of foreign material

Figure 1.6. Schematic picture of the three-phase line where vapour, liquid, and the
substrate meet. The tensions acting on the three phase line are also shown. The solidvapour and the solid-liquid interfacial tensions operate on the same line but in opposite
directions and the resulting tension is called the wetting tension. The contact angle is
defined as the angle between the vapour-liquid interface and the liquid-substrate
interface. In mechanical equilibrium the lateral component of the surface tension of the
liquid is balanced by the wetting tension while the normal component of the surface
tension of the liquid is balanced by the normal force (elastic response) of the substrate.
The substrate may occasionally deform due to the normal component of the surface
tension.
An important equation for the condition of mechanical and thermodynamic equilibrium
of the three-phase line is the Young equation.
γlvcosθ = γsv-γsl

(1.3.5)

Note that γsv-γsl is referred to as the wetting tension, τ (= γsv-γsl). This equation
describes the balance of tensions in the lateral direction (parallel to the substrate
surface). The normal component of the surface tension, γlvsinθ, is balanced by the
normal force (elastic response) of the substrate. The substrate may occasionally deform
due to this normal component of the surface tension.
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1.4 Capillary melting
A solid confined in small pores melts below the bulk melting point, a phenomenon
referred to as capillary melting. A familiar example is the process of frost heave. Water
can be transported in pores in underground soils at a temperature well below 0 °C and
cause damage of roads and buildings in cold regions [28].
Capillary melting in porous media has been studied extensively. Examples include
studies on the freezing-point depression of benzene [29] and water [29-31] in porous
Vycor glass, n-hexane, benzene and water adsorbed in porous silica gel [32], and
various fluids in porous glasses [33-35]. However, many of these studies are
complicated by polydispersity of the pore sizes and shapes. In addition to the
polydispersity and interconnectivity of the pores, blockage of the pores by frozen
substance is an additional source of concern in studies using porous media. Blockage of
the pores not only affects the equilibration process of the system but may also alter the
local shape/size of the pores. This concern remains even with the materials such as
MCM-41 or graphitic microfibres [9,36].
One of the few studies not using porous materials was that on the melting-point
depression of long-chain fatty acids in a single wedge between two glass surfaces
[37,38]. The SFA [39,40] has also been used for the study of capillary melting. This
technique is free from concerns of interconnectivity of the pores or blockage of the pore
by the freezing of the substance under study. The ability to measure the refractive index
of the material confined between the surfaces, together with in-situ monitoring of the
flow property of the confined materials in the SFA often provides an unambiguous way
to discern different phases. Recent work by Christenson has been concerned with the
freezing and melting of simple liquids confined between two mica surfaces. It has been
found that tert-butanol (2-methyl-2-propanol), neo-pentanol (2,2-dimethyl-1-propanol),
octamethylcyclotetrasiloxane (OMCTS) and menthol ((1α,2β,5α)-5-methyl-2-(1methylethyl)cyclohexanol) form liquid capillary condensates at temperatures below the
bulk melting point [41,42]. The equilibrium size of liquid capillary condensates was
found to be inversely proportional to the temperature depression below Tm for tertbutanol and neo-pentanol, consistent with the Gibbs-Thomson equation (1.1.4) [41].
Since in SFA experiments the bulk reservoir, vapour and the condensed liquid in the
model pore coexist in equilibrium, one can explore a line of triple points of the system
as functions of temperature and the pore size.
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In molecular language capillary melting can be understood in the following terms. In
order to form a crystal, which is characterized by long-range order, the atoms need to
interact with themselves more strongly than with other species. This becomes
increasingly more difficult as the substance is confined in smaller pores, the walls of
which are made of atoms of a different species. Therefore the smaller the pore the
greater the temperature depression required to impose crystalline order of the confined
material.

1.5 Surface melting (Pre-melting)
Surface melting, whereby the surface layers of a solid melt at a temperature below the
bulk melting point of the material, has been observed in many materials. Surface
melting is believed to play an important role in many technical and industrial processes,
such as sintering and welding, friction and lubrication, powder metallurgy, and
compaction of snow. It is known that, unlike supercooling of a liquid below the melting
point, or superheating of liquid above the boiling point, superheating of a solid above
the melting point is very rare [43]. Surface melting is now believed to be responsible for
this lack of superheating of solids. If a thin layer of liquid already coexists with bulk
solid, in equilibrium, at a temperature well below the bulk melting point, melting from
the surface does not require nucleation.
Strictly speaking the term “pre-melting” is preferable to “surface melting” as the
phenomenon occurs at the solid-vapour interface (surface melting), at the interface
between two different solids (interfacial melting), and at the interface between two
solids of the same kind (grain boundary melting). However, the term “surface melting”
is commonly used to describe surface melting as well as interfacial melting and grain
boundary melting in the literature, and so the same convention is followed in this thesis.
Most solids begin to melt from the surface at temperatures well below the bulk melting
point, by forming layers of liquid a few molecules thick. This layer is
thermodynamically stable. Its thickness gradually increases as the temperature is raised,
finally diverging at the bulk melting point. The phenomenon can be understood in terms
of interfacial free energies [28,44]. If a solid surface is wetted by its melt liquid, then
the free energy of an initially dry surface can be lowered by converting a layer of solid
to liquid, even at a temperature lower than the bulk melting point (see Equation (1.1.5)).
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The free energy of the layer is a function of thickness (Figure 1.7). For non-polar
substances Equation (1.3.2) holds. Below the melting point the thickness of the layer is
limited, because the cost of conversion of solid to liquid is proportional to the
temperature depression from the bulk melting point as well as to the amount of
material, and hence to the thickness of the layer. As the temperature approaches the
bulk melting point, the layer becomes increasingly thicker, ultimately diverging at the
melting point.
However, this is not the case for all solids. It is known that there are two types of
surface melting: complete and incomplete. This is analogous to complete and partial
wetting of liquids on foreign substrates. In complete surface melting the melt forms a
zero contact angle on the solid, whereas in incomplete surface melting the melt forms a
small but finite contact angle on the solid. Contrary to common belief, recent studies
have revealed that many crystal facets exhibit incomplete surface melting [45,46]. Even
for a given crystal, different facets can show different behaviour [47,48]. This is a
reflection of different liquid-solid interfacial energies for different facets and has
important consequences in crystal growth. The Wulff theorem states that the area of
each facet in an equilibrium single crystal is inversely proportional to the interfacial
energy of that facet [3,4,49]. The shape of a crystal is determined according to this
theorem to minimize the total interfacial energy.

vapour

T < Tm

h

liquid
solid

Figure 1.7. Schematic picture of surface melting. The free energy of the system is a
function of the thickness of the adsorbed layer (h). The interfacial free energy is lower
the thicker the layer. The entropic free energy is lower the thinner the layer.
Grain boundary melting depends on the mutual orientation as well as on the curvature
of the grain boundaries [48,50]. Grains with a higher curvature melt at a lower
temperature than those with a lower curvature. For a given temperature below the
melting point, grains with a curvature higher than that given by the Gibbs-Thomson
equation (1.1.4) melt, while larger grains grow at their expense. The situation is
analogous to Ostwald ripening [51,52], whereby a large crystal grows at the expense of
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smaller ones in a liquid, or large droplets grow at the expense of smaller ones in a
saturated vapour.
A famous example of interfacial melting is Gilpin’s experiment in which a weighted
wire slowly sinks through a block of ice at a temperature down to tens of degrees below
zero [44]. Due to lattice mismatch between ice and the metal, the ice surface pre-melts
and fills the gap between the two solids to avoid formation of thermodynamically
unfavorable solid-solid interfaces. Another common example of interfacial melting is
the formation of a thin layer of pre-melted water between a skate and ice, which acts as
a lubricant. Note that the negative slope of the solid-liquid line in the phase diagram of
bulk water plays only a minor, if not negligible, role in these phenomena. Based on the
Clausius-Clapeyron equation, the local pressure exerted by Gilpin’s wire or skates on
ice is far too small to cause significant melting. Moreover, interfacial melting between
two incommensurable solids is a general phenomenon, despite the positive slope of the
solid-liquid lines in bulk phase diagrams. This notion of interfacial melting due to
lattice mismatch has many important practical and industrial applications. One of the
contemporary topics associated with this subject is the controlled growth of quantum
dots in the semiconductor industry [53,54].
There is uncertainty about the role played by impurities [55]. For example, surface
melting occurs at the ice-air interface but does not seem to occur at the ice-vapour
interface in ultra high vacuum systems [45]. Air contains carbon dioxide and other
components which may affect the kinetic effects of surface melting and the thickness of
pre-melted films.

1.6 Surface freezing (Surface ordering)
Compared to the common surface-melting phenomenon, surface freezing (surface
ordering) has a much shorter history. The formation of a solid-like monolayer at the
bulk liquid-vapour interface at a few degrees above the bulk melting point (Tm) has
been reported for n-alkanes (16 ≤ n ≤ 50; also for n = 15 according to some earlier
reports [56,57]). The surface tension of the n-alkanes shows a maximum a few degrees
above Tm [5,56-59], instead of the usual monotonic decrease with temperature. Below
this temperature (Tsf), the surface excess entropy becomes negative (-∂γ/∂T < 0),
indicating that the surface becomes more ordered than the bulk. X-ray studies detected
at the liquid-vapour interface an ordered monolayer with hexagonal packing of
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molecules oriented normal to the surface [5,57]. The monolayer has the same structure
and density as the bulk rotator phase, whereby each molecule has rotational freedom
while the long-range positional order is maintained [60,61]. A more detailed study
showed that the rotator phase can be classified into two sub-phases, RI and RII,
depending on the chain length of the n-alkanes [5]. Subsequently, ellipsometry [62],
nonlinear optical [63] and Gibbs adsorption isotherm [64] studies have confirmed the
formation of such ordered monolayers. The ordered layer remains monomolecularly
thick as the temperature is lowered toward the bulk melting point. A simulation study
suggested that the mobility of the molecules is restricted in the plane of the monolayer,
but it is less limited in the vertical direction [65]. An enhanced mechanical strength of
the frozen surface layers is reflected in the longer lifetimes of foams of the long-chain
n-alkanes below Tsf [66].
Surface melting and surface freezing are mutually exclusive (compare the inequalities
1.1.5 and 1.1.6). As early as 1949 Bradley and Shellard noted that there is no evidence
of pre-melting in some of the long-chain n-alkanes below the bulk melting point [67].
Apart from the long-chain n-alkanes, this rare surface freezing transition has been
observed so far in liquid crystals [68-71], normal alcohols [72-76], diols [77], semifluorinated alkanes [64,78] and mixtures of these substances [79].
Young’s equation combined with Inequality (1.1.6) leads to the following inequality:
cosθ = (γsv-γsl)/ γlv < (γlv-2γsl)/ γlv < 1
(1.6.1)
This suggests that the melt forms a finite contact angle with its own solid (see
incomplete surface melting in the previous section [45,46]).
The phenomenon of surface freezing challenges the traditional view of suppressed
molecular ordering near a free interface due to a weaker molecular self-ordering field at
the surface compared with the bulk. There have been a few theoretical works that
attempt to explain the phenomenon at a molecular level. In 1968 Fowkes pointed out
that the surface energy calculated from the work of adhesion by summation of
molecular pair-potentials depends on the orientation of the molecules, and that the
surface energy of solid n-alkanes is much lower with chains normal to the surface than
parallel to the surface [80]. He further suggested that the structure of the monolayers
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may be stabilized by introducing a strong attractive force between oriented chains [80].
Recently Tkachenko and Rabin proposed another model in which the surface
monolayer can be entropically stabilized by fluctuations along the axis of the normally
oriented chain-like molecules [81,82]. The model, though designed for surface
behaviour of n-alkanes, implies that the phenomenon may be a general feature of
straight chain molecules of intermediate lengths. However, the theory remains
controversial since some of the interfacial energy parameters assumed in the
calculations do not agree with the values inferred experimentally [83,84]. As there is
not enough available data obtained independently, complications may ensue for a while.
Another “lattice gas” model suggests a first order nature for the transition but predicts
much lower transition temperatures [85]. The model does not exclude propagation of
freezing of subsequent layers as the temperature is lowered toward the bulk melting
point, which is contrary to experimental findings.
Surface freezing of long-chain n-alkanes occurs not only at the free liquid-vapour
interface, but also in thin films adsorbed on a solid substrate. Thin films of long-chain
n-alkanes adsorbed on silica [86] and copper [87] substrates undergo a similar surface
phase transition a few degrees above the bulk melting point. Below the surface freezing
temperature, droplets of liquid n-alkanes coexist with an ordered surface monolayer
adsorbed on silica substrates [86]. An increase in thickness and more normal orientation
of molecules in the n-alkane films upon surface freezing was observed using
ellipsometry [86]. A very recent study by Holzwarth et al. observed molecular ordering
in sub-monolayer films of triacontane on silica substrates [88]. Scanning force
microscopy revealed formation of dendritic surface crystals [88]. Another very recent
study using the differential thermal analysis technique detected a peak arising from
surface freezing of 65 nm thick films of n-pentacontane (C50H102) and 60 nm thick films
of tetratetracontane (C44H90) adsorbed on copper substrates [87,89,90]. These results
suggest that the enthalpy of the surface freezing transition is 142 J/g, very similar to the
enthalpy of bulk crystallization [89,90].
In contrast to the above observations, n-dotriacontane (C32H66) and n-tetracosane
(C24H50) at graphite surfaces are known to order parallel to the surfaces, both in vapour
and in liquid [91], and do not seem to exhibit surface freezing. The surface force fields
exerted by solid substrates are long-range on the scale of the thickness of the adsorbed
films, and may be highly specific.
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As in surface melting, there is uncertainty about the role played by impurities.
Apparently, some amount of impurity seems necessary to nucleate the surface freezing,
although the actual nature of the impurity seems to be unimportant [5]. Nevertheless,
this does not undermine the significance of the surface freezing phenomenon. Surface
freezing of thin n-eicosane films adsorbed from vapour onto silica substrates [86]
(highly pure systems) strongly suggests that surface freezing is an intrinsic property of
n-alkanes and not of the impurities. The study of n-pentacontane on copper substrates
by Yamamoto et al. [87], in which the system was studied under ultra-low pressure (≈
10-7 mmHg), is particularly convincing in this regard.

1.7 Outline of the thesis
In Chapter 2, the experimental methods used in this study are described. In the first
section, the principles and operating procedure of the Surface Force Apparatus (SFA)
are described. In the second section, four standard surface tension measuring techniques
are described. Advantages and disadvantages of each technique are discussed in the
context of the study of surface freezing.
In Chapter 3, melting and freezing of long-chain n-alkanes in the model pore of the
SFA are described. The phase behaviour of the confined n-alkanes is studied as a
function of temperature and as a function of surface separation (degree of confinement)
below the bulk melting point.
In Chapter 4, the study is extended to temperatures above the bulk melting point of
long-chain n-alkanes. The thickness, mobility and wetting properties of the adsorbed
films on mica substrates are studied as a function of temperature.
In Chapter 5, the study is extended to the surface of a bulk liquid of a long-chain nalkane. The surface tension of n-octadecane is studied using the static Wilhelmy plate
and the maximum bubble pressure methods.
In Chapter 6, a brief conclusion of the thesis is given.
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1.8 Appendix
The Kelvin equation
Consider a system of an isolated droplet in vapour. The Laplace equation describes the
mechanical equilibrium across a curved interface [3,4]:

∆P = γ (r1-1 + r2-1)

(1.8.1)

where ∆P is the difference in pressure across the interface, γ is the interfacial energy
and r1-1 and r2-1 are the principal radii of curvature of the interface. In the special case
of a spherical droplet, r1 = r2 = r and Equation (1.8.1) becomes

∆P = 2γ /r

(1.8.2)

This equation can be derived from the principle of virtual work [92]. The same equation
applies to a bubble or cavity in a liquid. For a bubble, the radius of curvature is
negative, the pressure in the liquid is lower than that in the bubble.
The existence of a pressure difference across a curved interface has a number of
important consequences in surface and interface science. The differencial pressure is
inversely proportional to the size of the droplet, so the effect becomes increasingly
more significant for smaller droplets or bubbles. For a small water droplet of r = 50 nm,
the pressure may become as great as ≈ 28 atm, which is large enough to raise the
chemical potential of the liquid [3].
Below we consider only the special case of a spherical droplet of radius r coexisting
with surrounding vapour. A more general and detailed derivation of the Kelvin equation
is given by Hunter [3]. We define the pressure inside the droplet as Pliquid, the pressure
of vapour coexisting with the droplet as Pvapour and the saturation vapour pressure (the
pressure of vapour that would coexist with a bulk liquid across a flat interface) as P0.
Then, from Equation (1.8.2),
Pliquid- Pvapour = 2γ/r

(1.8.3)
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In equilibrium the chemical potential of both phases must be equal. In an isothermal
system the chemical potential depends only on pressure, and thus for equilibrium we
require
µliquid(Pvapour+2γ/r) = µvapour(Pvapour)

(1.8.4)

On the other hand, the pressure in both phases is equal across a flat interface (P0).
µliquid(P0) = µvapour(P0)

(1.8.5)

Subtracting Equation (1.8.5) from Equation (1.8.4) one obtains
µliquid(Pvapour+2γ/r) - µliquid(P0) = µvapour(Pvapour) - µvapour(P0)

(1.8.6)

The right hand side of Equation (1.8.6) can, from the thermodynamics of ideal gases
[1], be expressed as
µvapour(Pvapour) - µvapour(P0) = kT ln(Pvapour/P0)

(1.8.7)

The left hand side of Equation (1.8.6) can be expanded using the Taylor series as
µliquid(Pvapour+2γ/r) - µliquid(P0) = µliquid(P0+(Pvapour-P0+2γ/r)) - µliquid(P0)
≈ (Pvapour -P0 +2γ/r) ∂µ/∂P = (Pvapour -P0 +2γ/r) vl

(1.8.8)

where liquid is assumed to be incompressible and ∂µ/∂P = vl, (the molecular volume of
liquid). Substituting Equation (1.8.7) and Equation (1.8.8) into Equation (1.8.6) yields
(Pvapour -P0 +2γ/r) vl = kT ln(Pvapour/P0)

(1.8.9)

(Pvapour -P0) can be neglected with respect to the Laplace pressure term, 2γ/r, to the first
approximation [92]. Then,
2γvl/r = kT ln(Pvapour/P0)

(1.8.10)
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Note that for non-spherical geometries, 2/r in Equation (1.8.9) or (1.8.10) should be
replaced by (r1-1 + r2-1).
The Gibbs-Thomson equation
The Gibbs-Thomson equation is the analogue of the Clausius-Clapeyron equation [93]
for phase equilibrium across a curved interface. We assume that the latent heat of
vapourization, ∆Hvap does not depend on the curvature. Under this approximation and
the constant external pressure condition, we may estimate the effect of curvature of the
interface on the temperature required to establish equilibrium across the interface.
For simplicity, we only consider a spherical droplet in its vapour. We start from the
Gibbs-Duhem equation [93],
SdT – VdP + Ndµ = 0,

(1.8.11)

which holds for each phase of the system. Instead of entropy S and volume V, molar
entropy S/N = s and molar volume V/N = v can be employed. Then Equation (1.8.11)
becomes
sliquiddT – vliquiddPliquid + dµliquid = 0

(1.8.12)

for the liquid phase and,
svapourdT – vvapourdPvapour + dµvapour = 0

(1.8.13)

for the vapour phase. In equilibrium dµliquid = dµvapour and the constant external pressure
condition yields dPvapour = 0. Subtracting Equation (1.8.16) from (1.8.17) gives,
(svapour - sliquid)dT + vliquiddPliquid = 0

(1.8.14)

The entropy of vapourization is related to the latent heat of vapourization via [1],
(svapour - sliquid) = ∆Hvap/T

(1.8.15)

Note that T in Equation (1.8.15) is for the transition temperature, which is considered to
be a variable here. Therefore Equation (1.8.14) becomes,
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(1.8.16)

Integrating Equation (1.8.16) from a flat interface (r = ∞, T = Tb, P = Pbulk) to a curved
interface (r = r, T = T, P = Pcurved) gives,

∆Hvapln(T/Tb) = -vliquid(Pbulk - Pcurved)

(1.8.17)

Using the Laplace equation (1.8.2),

∆Hvapln(T/Tb) = -2vliquidγlv/r

(1.8.18)

This is the Gibbs-Thomson equation. Note that for liquid droplet in vapour, r > 0, thus
in order to induce a vapour to condense into small droplets it is necessary to cool it
down to T < Tb (small droplets coexist with supercooled vapour). For the opposite case
of a small bubble inside a bulk liquid, r < 0, thus small bubbles coexist with the
superheated bulk liquid at T > Tb.
The derivation of the Gibbs-Thomson equation is very general, and exactly the same
argument applies to the effect of curvature of the interface on the temperature for an
isotropic spherical solid particle, in surrounding liquid or vapour. Indeed, small crystals
melt at a lower temperature than Tm and the vapour pressure of small crystals is greater
than that of large crystals [94]. The Gibbs-Thomson equation for an isotropic spherical
solid particle in a liquid then becomes,

∆Hfln(T/Tm) = -2vsolidγls/r

(1.8.19)

Note that for a small temperature depression ∆T, the term ln(T/Tm) is often
approximated as ∆T/T, as in Equation (1.1.4) [2].
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2.1
2.1.1

Surface force apparatus
Introduction

In this section the basic experimental procedures for the use of the Mark IV Surface
Force Apparatus (SFA) [1-3] are described. The SFA was used in the studies described
in Chapters 3 and 4. Principles of the SFA have been well documented for several
different versions of the apparatus [4-9]. The SFA was originally designed to measure
forces between two molecularly smooth mica surfaces in air [4,10,11] as well as in
transparent liquids [12-18]. In this thesis, the apparatus is used as a well-characterized
single model pore of adjustable size in a closed system [3,19-21]. The pore coexists
with a bulk reservoir at the bottom of the sealed and temperature controlled chamber.
The separation between the two surfaces, the mean refractive index between the
surfaces, and the local profile of the surfaces can be attained [5,22,23]. Some other
properties of the system such as thickness of the adsorbed films can be derived from the
above information.

2.1.2

The apparatus

A photograph and a technical drawing of a Mark IV SFA are shown in Figure 2.1 and
Figure 2.2, respectively. The surfaces are glued onto a pair of cylindrically polished
silica disks. The disks are mounted with their cylindrical axes perpendicular to each
other, one on a piezo electric cylinder which sits on the top plate and the other on a
rigid beam which is connected to a translation stage driven by a dc motor. The surface
separation is controlled by the combination of these two, coarse control with the motor
and fine control with the piezo.
The SFA chamber is made of stainless steel which has been passivated in 30 % nitric
acid. There are several different types of chambers with different volumes, shapes,
number of ports and options of attachments. O-rings are used between the chamber and
the top plate, and between the top plate and the piezo cylinder to seal the chamber.
Each chamber has several ports through which fluids can be injected or drained. The
chamber used in this study has a thermocouple close to the surfaces, at the same height
as but ≈ 5 mm away from the mica surfaces.

Chapter 2

31

Figure 2.1. Photograph of the Mark IV Surface Force Apparatus.
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GEARBOX - G15.
TRANSLATION STAGE

D.C. MOTOR - 24V.

PIEZOELECTRIC CRYSTAL PZT4D 32-24125

DIAPHRAGM SEAL

SILICA LENS

LUER FITTING

SILICA WINDOW

Figure 2.2. Technical drawing of the Mark IV Surface Force Apparatus. Note that the
rigid beam replaces the double cantilever.
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The chamber has a few windows. One at the bottom of the chamber from which white
light can enter and one at the side through which the amount and phase state of the bulk
reservoir can be visually inspected. The piezo cylinder has another window in the
middle to allow white light to pass out of the chamber after passing through the model
surfaces. The bottom window has a teflon wall around it, which keeps the bottom
window dry from liquid injected into the chamber. This is essential to avoid liquid
freezing above the window when an experiment is run at a temperature below the bulk
melting point.

2.1.3

Surface preparation

The model pore in this study consists of a pair of surfaces made of muscovite mica
(obtained from either Brown Mica Co., Sydney, Australia or S&J Trading, New York,
USA) of equal and uniform thickness. Mica has advantages over other surfaces because
mica, if cleaved properly, can provide molecularly smooth surfaces of uniform
thickness over a macroscopic area (several square centimeters). Other transparent
surfaces such as silica or sapphire have also been used [24-26]. For these surfaces it is
difficult to achieve uniform thickness over a macroscopic area. Hence it is difficult to
obtain a pair of surfaces of equal thickness and the analysis is more complicated.
The model surfaces are prepared by cleaving a large sheet of mica and then cutting it
into smaller pieces, typically ≈ 1 cm2, using a hot platinum wire. The mica is cleaved in
a laminar flow cabinet, in a clean room, using a needle and a pair of tweezers, rinsed
with distilled ethanol prior to use. As there is no systematic way to cleave mica of
controlled thickness, the thickness of the mica surfaces differs from experiment to
experiment (typically between 2 and 6 µm). The surfaces thus prepared are placed on
another large, thick, freshly cleaved, mica sheet. The strong adhesion between the mica
sheet and the prepared surfaces prevents contamination of the surfaces facing the sheet.
Then the back side of the surfaces together with the large mica sheet are coated with a
reflective silver layer of 50 nm by vapour deposition. A thickness of 50 nm seems to be
the optimum, permitting of maximum reflectivity and minimum absorption [27]. The
surfaces thus prepared are stored in an evacuated desiccator in the clean room until they
are used for the experiments. It is advisable to use the surfaces within a few months
after preparation because the silver layers slowly oxidize.
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2.1.4

Multiple beam interferometry

Multiple-beam interferometry is one of the common Fabry-Perot interferometry
techniques widely used in optical sciences and laser physics. In the SFA, the two
partially reflective silver mirrors at the back side of the mica surfaces act as the
interferometer.
When white light is passed through the surfaces most (Fourier) components interfere
destructively and consequently only discrete components survive, the wavelengths of
which depend on the optical path length between the silver mirrors. The remaining
components are still on the same optical path but can be decomposed using a prism or
grating monochromator. The series of interference fringes thus formed are called
Fringes of Equal Chromatic Order (abbreviated FECO hereafter) [27].
When two back silvered mica surfaces of equal thickness (and refractive index) are in
contact, and then separated by a distance H, the fringes shift from an initial wavelength

λm0 to a longer wavelength λmH in accordance with the equation
tan(2πnH/λmH) = (2n sinθmH)/{(1+n2)cosθmH±(n2-1)}

(2.1.1)

where + refers to odd order fringes (m odd) and – refers to even order fringes (m
even).1,13 The order of the fringe, m, is the number of half-wavelengths involved in the
optical path between the partially reflecting mirrors and increases towards decreasing
wavelength. n in Equation (2.1.1) is defined as n = nmica/nmedium where nmedium is the
refractive index of the medium between the two mica surfaces and nmica is the refractive
index of mica at λmH. Since mica is birefringent (crystalline mica has two optical axes),
the dielectric function is required for each component. The typical refractive indices of
mica for the γ and β components for the in-plane polarization directions of mica are
given [1]. For brownish mica,
nγ(λ) = 1.5846+4.76 × 103/ λ2
(2.1.2)
nβ(λ) = 1.5794+4.76 × 103/ λ2
(2.1.3)
For greenish mica,
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nγ(λ) = 1.5853+4.76 × 103/ λ2
(2.1.4)
nβ(λ) = 1.5907+4.76 × 103/ λ2
(2.1.5)
Note that the wavelength λ is in nanometres in Equations (2.1.2) through (2.1.5). θmH in
Equation (2.1.1) is defined as,
θmH = π(1- λm0 /λmH)/ (1- λm0 /λm-10)
(2.1.6)
where λm0 is the wavelength of the mth order fringe in mica-mica adhesive contact (H =
0) and λmH is the wavelength of the mth order fringe at a surface separation of H. The
procedure takes into account the phase changes that occur on reflection at the silvered
interfaces and the dispersion of these phase changes [23].
The fringe order m can be calculated using the equations,
Fm (1- λm0 /λm-10) = 1/m
(2.1.7)
Fm ≈ 1.024 + 1/m

(2.1.8)

The factor Fm may be derived from data on dispersion and dispersive phase changes of
the medium [23]. For measurements on mica at a wavelength around 550 nm, Equation
(2.1.8) holds for mth fringe [23].
Equation (2.1.1) is only good for calculating small surface separations when the shift of
the mth fringe has not exceeded the contact wavelength of the (m-1)th fringe. On
further separating the surfaces, an increment of λm-10/2nmedium must be added to the
surface separation for each fringe that passes λm-10, in accordance with the following
formula





λm
2nsin(πθ m )
H = 2πn
 arctan
 + kπ 
medium 
 (1 + n 2 )cos(πθ m ) ± (n 2 − 1)


(2.1.9)
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where k is the integer part of θm [1]. A simpler and approximate method of estimating
the surface separation at large distances is counting the number of fringes that pass the
contact wavelength λm0 of any fringe and then multiplying this number by λm0/2nmedium.
This method is exact for integral fringe shifts but rather inaccurate for a small number
of non-integral shifts.
The relationship between change in H and the shift in wavelength calculated using
Equation (2.1.9) is plotted in Figure 2.3, for both odd and even order fringes. As can be
seen, odd and even order fringes exhibit a different dependence on surface separation,
and hence the surface separation and the refractive index of the medium between the
mica surfaces can be determined independently by measuring two fringes adjacent in
wavelength (solving two sets of (2.1.9) type equations simultaneously) [5,22,23].

m = 40 (even)
m = 41 (odd)

H(nm)

600

400

200

0

0

10

20

30

wavelength shift from contact (nm)
Figure 2.3. The relationship between change in H and the shift in wavelength for both
odd and even order fringes. The fringes exhibit different dependence on surface
separation. The odd order fringe initially increases more rapidly for a given increase in
H from contact than the even fringe. Therefore the odd fringes appear narrower than
the even fringes when the surfaces are in contact (see Figure 2.7).
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In order to find the wavelength of each fringe a standard light source of known
wavelengths is required. Usually mercury lines are used for this purpose, but krypton
lines are occasionally used if some of the fringes overlap the mercury lines at a surface
separation of interest. The dispersion of the monochromator depends on the groove
spacing of the grating as well as on the distance between the grating and the detector,
and is calibrated using two lines of the standard light source. Strictly speaking the
dispersion itself depends on the wavelength, but since the wavelength range used in an
SFA study is rather narrow (< 50 nm), it is assumed to be constant in this study.

2.1.5

Experimental procedure

Cleaning and assembly of the apparatus

The SFA chamber needs to be cleaned prior to each experiment. After disassembly, the
top plate, chamber and all internal parts are soaked in 99% pure ethanol for several
hours. Electric devices such as piezo electric cylinder and thermocouple, however, are
not soaked in the ethanol. Then each element is rinsed with distilled ethanol from a
stainless steel rinser, pressurised with dry filtered nitrogen gas. The distilled ethanol is
then immediately blown off with dry filtered nitrogen gas. This blow off process is
essential and must take place before the ethanol, which may dissolve organic
contaminants, evaporates. The apparatus is then assembled in a fashion described in
Figure 2.2 in a laminar flow cabinet in the clean room. All the inner elements are
handled with a pair of clean tweezers during the whole cleaning and assembly process.

Mounting of the surfaces

After cleaning and assembling the apparatus, the mica surfaces are glued to cylindrical
silica disks using a thermosetting epoxy resin (Epikote 1004, Shell Chemical Co.) with
silvered side facing the glue. The epoxy resin softens at about 70 °C but the disks are
usually heated on a hot plate to ≈ 100 °C to facilitate spreading of the glue over the
disk. The thickness of the glue is not controlled but is usually much thicker than the
mica sheets. Again the surfaces are handled only with a pair of clean tweezers
throughout the gluing process.
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Then the silica disks are mounted with their cylindrical axes perpendicular to each
other, one at the end of a piezoelectric cylinder and the other on a rigid beam (spring
constant k ≈ 105 Nm-1). The surface separation can be controlled from several
milimetres down to mica-mica contact, using a combination of a dc motor and the piezo
electric device. For separations much smaller than the cylinder radius R (≈ 2 cm), this
geometry is locally equivalent to that of a sphere of radius R on a flat (Figure 2.4).

R=2cm

X
Z

100nm
wavelength

100µm

Figure 2.4. Local profile of the mica surfaces in the SFA when they are close to each
other whereby the geometry can be approximated by a sphere on a flat. The left figure
is an FECO image which, when rotated by 90°, corresponds to the schematic drawing
at the right. Note the different scale in lateral and vertical directions. The local radius
R of the system can be determined by measuring the vertical distance Z
interferometrically and the lateral distance X optically. Because mica is birefringent,
the fringes often appear as doublets.

Actual alignment of the surfaces can be determined by inspecting the surfaces using a
microscope, illuminated by a monochromatic light source such as a sodium lamp.
Newton rings near the contact zone are a precise reflection of the actual surface
geometry. However, the birefringence of the system depends on the relative
configuration of the two mica surfaces and hence on the angle formed by the two
cylindrical silica disks. To obtain sharp line widths of the fringes the surfaces must be
mounted in such a way that birefringence of the system is either precisely zero
(completely cancel) or sufficiently large (no partial overlapping as in Figures 2.4 and
2.7). Therefore, the configuration of the silica disks is determined primarily by this
birefringence requirement and actual local radii of curvature are later measured
interferometrically (see the following section).
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Calibration in an atmosphere of nitrogen

After gluing and mounting of the mica surfaces, CaH2 or P2O5 as drying agent is placed
inside the chamber which is then sealed. Filtered dry nitrogen gas is passed through the
chamber for at least a few hours. The system is then calibrated in an atmosphere of dry
nitrogen prior to each experiment.
The optical system is schematically depicted in Figure 2.5. White light from a 150 W
halogen lamp is passed through three IR filters and then to the interferometer formed by
a pair of back-silvered mica surfaces. The optics needs to be aligned so that the light
impinges on the surfaces perpendicularly (the optical path length between the silver
mirrors must be at the minimum for a given surface separation). An image of a small
region around the point of closest approach of the surfaces is focused on the entrance
slit of a spectrometer. The slit width was usually between 60 µm and 100 µm,
depending on the required sensitivity and resolution. The slit samples cross sectional
profile of the surfaces. The interference fringes (FECO) are recorded with a cooled
CCD camera (Photometrics PXL35) with a 512 × 512 pixel array, using exposure times
in the range of 100-3000 ms. The fringes are analyzed using software from Digital
Optics (V for Windows), which fits a quadratic curve to the measured intensity profiles
distributed over several pixels and finds the intensity peak with a maximum accuracy of
about 0.05 pixels. To use the software each fringe and standard line must be separated
from the others by at least 20 pixels. Use of FECO makes the spatial resolution
perpendicular to the surfaces much better (≈ 0.2 nm) [1] than that for the lateral
directions (which is determined by the magnification of the optical microscope and the
wavelength of light).
At mica-mica adhesive contact the geometry becomes approximately a truncated sphere
(Figure 2.6). The flattened contact region is about 100 µm in diameter, outside of which
the two mica surfaces form a narrow wedge (angle of the wedge ≈ 0.1° [28]). As the
odd and the even order fringes show different dependence on H the shape of the fringes
at contact appears different (Figure 2.7). Odd order fringes are more sensitive to the
increment of H near the contact and hence they appear narrower than do the even ones
when the surfaces are in contact (see Figure 2.3). If the two mica surfaces are truly
uniform and equal in thickness, the odd and even fringes will be clearly distinguishable
over the entire visible wavelength .
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FECO
λ

motor & translation stage

Monochromator

microscope

piezo cylinder
rigid support
(bulk reservoir)

IR filters
(drying agent)
white light
back-silvered mica surfaces
Figure 2.5. The optical arrangement used in the SFA experiments. The prism which
directs the light to the monochromator (see Figure 2.1) is occasionally removed and
replaced by an eyepiece to inspect the surfaces optically.
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Figure 2.6. (Top) Schematic cross-section of the surfaces in adhesive contact. A
condensed annulus is also shown for the purpose of later use. h is the surface
separation at the liquid-vapour interface of the condensate (≈ 2r, twice the radius of
curvature of the interface for wetting liquids), x = Rsinθ is the radius of the annular
condensate and Rsinφ the radius of the flattened contact zone. (Bottom) Local profile of
the model wedge formed by the two mica surfaces in contact. The angle of the wedge is
approximately 0.1°. The filled circles show the measured surface profile at contact. The
solid line is the surface profile calculated from the truncated-sphere-on-flat model of
the geometry.
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wavelength
Figure 2.7. Typical FECO image for the mica-mica adhesive contact in nitrogen. The
bright vertical line is one of the standard mercury lines (546.075 nm) used for
calibration. If the surfaces were not uniform in thickness, the fringes would appear
tilted with respect to the standard line. The odd fringes increase more sharply in
wavelength than do the even fringes as one goes away from the contact region and
hence they appear narrower.

The contact wavelengths are not uniform across the contact area due to compression of
mica surfaces under adhesive contact [29]. Figure 2.8 shows typical results for the
variation of wavelength across the contact zone of two mica surfaces in adhesive
contact. The width of the cross section sampled at each position is 4 pixels (which
corresponds to actual width of ≈ 2.6 µm). As can be seen, the contact wavelength varies
steeply near the edge of the contact zone. The undeformed contact wavelengths must lie
somewhere in this range but there remains a small uncertainty in contact wavelengths.
Therefore, depending on which cross section is sampled it can cause some errors in the
contact wavelengths and hence in subsequent measurements. Nevertheless, this
uncertainty can be addressed in the following manner:
Contact wavelengths near the edge of the contact zone are measured by capturing 30
frames and averaging them. Then the refractive index of the medium between the
surfaces, n, is measured for different surface separations between H ≈ 10 nm and H ≈
100 nm, usually averaging 10 frames for each surface separation. If the measured
refractive index is significantly different from 1 (1.00), it is interpreted as a sign of
surface contamination and no further measurement is carried out. If the refractive index
is close to 1.00 within the experimental error but the profile n(H) is not symmetrical
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about 1.00, the contact wavelengths are adjusted within the error to give as symmetrical
profile as possible [30]. This process effectively accounts for the error in contact
wavelengths arising from choosing an improper cross section mentioned above. The
“corrected” wavelength is usually found near the edges of the contact area (Figure 2.8),
suggesting that the mica surfaces over most of the contact area are actually compressed
due to strong adhesion. For a pair of thin clean mica sheets, necessary adjustments of

Contact wavelength (nm)

the contact wavelengths is usually very small (< 0.05 nm), if any.
576.6

576.5

576.4

576.3

Position
Figure 2.8. A typical profile of contact wavelength across the entire contact area in an
atmosphere of nitrogen. The width of the cross section sampled at each position is 4
pixels. Due to compression of the mica surfaces under adhesive contact, the contact
wavelength varies across the contact area, particularly near the edges. The
“true”(undeformed) wavelength lies somewhere near the edges.

Two typical examples of the refractive index profile n(H) are shown in the Figures 2.9
and 2.10, for a pair of very thin (fringe order m = 21, which corresponds to ≈ 1.8 µm
thick) and rather thick (fringe order m = 37, which corresponds to ≈ 3.2 µm thick) mica
surfaces. As can be seen, the refractive index averages around 1 for either system but
the scatter is significantly smaller for a pair of thin surfaces. For these two particular
examples, corrections in the contact wavelengths were unnecessary. The scatter in
refractive index becomes large for small surface separations, because one is actually
determining the distance between the silvered outer mica surfaces and is essentially
measuring the ratio of two independently determined distance values (see section
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2.1.4). Therefore, measurement of the refractive index with a sample of interest should
take place at larger surface separations (H > 30 nm).
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0.99
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H (nm)
Figure 2.9. A typical examples of the refractive index profile n(H) in an atmosphere of
nitrogen for a pair of thin (fringe order m = 21, 1.8 µm thick) mica surfaces.
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Figure 2.10. A typical examples of the refractive index profile n(H) in an atmosphere
of nitrogen for a pair of rather thick (fringe order m = 37, 3.2 µm thick) mica surfaces.
Note the vertical scale is larger than that in Figure 2.9.

Adhesion of the mica surfaces is another measure of the surface cleanliness. The
cleaner the surfaces the stronger the adhesion. The strength of the adhesion between the
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mica surfaces in contact may be determined from jump-out distance of the surfaces
[29,31-34].
Local radii of curvature of the system are measured by recording FECO of the surfaces
at a small separation (see Figure 2.4). Measuring the vertical distance Z
interferometrically (using Equation (2.1.9)) and the lateral distance X across the fringe
optically using the optical microscope (typical magnification: ×24), the radius R is
given by
R2 = X2 + (R-Z)2

(2.1.10)

The mean radius of curvature can be measured by carrying out the same procedure with
the entrance slit of the monochromator rotated by 90° and taking the geometrical
average of the two principal radii. Practically this is achieved by inserting an
appropriate prism between the interferometer and the slit.

Measurements with a sample of interest

After the calibration in nitrogen, a sample of interest is introduced into the SFA. The
long-chain n-alkane heated to above the bulk melting point was injected into the bottom
of the chamber using a clean syringe, without moving the SFA. After introduction of
the sample the SFA is left at a constant temperature (usually at the highest of the
temperature range of interest) for equilibration and saturation of the chamber.
After the initial saturation, the measurement in the vapour of interest usually follows
the following procedure, for a given temperature. First of all the bulk reservoir is
directly inspected through the side window of the SFA to find out the phase state of the
bulk sample. The surfaces are far apart from each other (H ≈ 0.5 mm) at the start of
each experiment. Firstly, the surfaces are brought closer to within 1000 nm using the
motor. Then the FECO images are recorded at several different surface separations
down to H ≈ 30 nm, usually for 10 frames at each surface separation. The images give
information about thickness of the adsorbed films on each surface, assuming that they
are symmetrical. Given the mean refractive index between the surfaces, n, and surface
separation H from Equation (2.1.9), one can estimate the adsorbed film thickness, d, via
the symmetrical three layer approximation formula
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H(n - 1)
d = 2(n - 1)
f

(2.1.11)

where nf is the refractive index of the liquid in the film, usually assumed to be the
refractive index of the bulk liquid. Then the surfaces are gradually (≈ 1 nm/s) moved
toward contact while recording the FECO images. At a certain surface separation Hc the
spacial gradient of the force field between the mica surfaces exceeds the effective
spring constant of the system and the surfaces jump into contact [15]. Then liquid
condensate immediately starts growing around the contact zone of the deformed
surfaces. The size of the condensate, defined as twice the radius of the condensatevapour interface (h = 2r in Figure 2.6 top), can be measured as a function of time from
discontinuity of the FECO images (see Figure 3.3(a)).
After the measurement of the condensate size, the surfaces are separated for a small
distance. Then the liquid condensate usually flows toward the middle of the former
contact area due to negative Laplace pressure, and forms a liquid bridge which connects
the two surfaces. The refractive index of the liquid is measured from FECO images.
Then the surfaces are further separated until the liquid bridge is stretched and snapped,
forming two droplets on the surfaces. The spreading property of the droplets are also
monitored via FECO images. Finally, the surfaces are separated by H ≈ 0.5 mm to
facilitate evaporation of the droplets before the temperature of the system is changed.

Direct inspection of the system via optical microscopy

The surfaces are occasionally monitored directly via optical microscopy during the
course of an FECO measurement. Usually the prism which directs the light to the
monochromator (see Figure 2.1) is removed and replaced by an eyepiece. Occasionally,
a video microscope (magnification is variable but typically × 50) is used to record
optical images.

2.1.6

Temperature control

Calibration of the surfaces in an atmosphere of dry nitrogen is usually made at the
extremes of the temperature range of interest to account for thermal expansion of the
mica. The contact wavelengths at intermediate temperatures are calculated by linear
interpolation. Here we give a rough idea of how large the thermal expansion of mica is

Chapter 2

47

for typical sheets used in the SFA experiments. Averaging over 20 different
experiments, the interferometrically measured thermal expansion of mica normalized
for unit thickness is 1.9 ± 0.6 × 10-5 (K-1). Note that by recording the contact
wavelengths at the two extreme temperatures one is actually measuring the combined
effects of thermal expansion and temperature dependence of the refractive index of
mica. The temperature of the system is measured by a thermocouple placed inside the
SFA at the same height as but ≈ 5 mm away from the mica surfaces (see section 2.1.2).
The measuring room itself has a temperature controller with both heating and cooling
units, which can set the temperature of the room in the range between 15 °C and 30 °C,
with an accuracy of ± 0.05 °C (the room can be heated up to ≈ 35 °C in summer and
cooled down to ≈ 10 °C in winter). The SFA sits in a cabinet which is equipped with a
heating-only unit (accuracy ± 0.05 °C). The temperature of the cabinet is usually set to
the same temperature as the room. In this manner the temperature difference between
the top and the bottom of the SFA chamber measured by a multi-channel thermocouple
is smaller than 0.1 °C.
When temperatures lower than 10 °C are required, another cooling unit is employed.
The unit supplies a liquid (mixture of ethylene glycol and water) as cool as –20 °C,
which is passed through a metal heat exchanger inside the cabinet. A fan near the
ceiling of the cabinet stirs the air inside the cabinet and facilitates the cooling of the
chamber. The cabinet itself is tightly closed and a thermal insulator is inserted in the
ceiling of the cabinet. Care must be taken as the mixed liquid can thicken (become
highly viscous) without proper and continuous stirring, because the melting points of
both ethylene glycol and water are well above –20 °C (-11.5 °C for ethylene glycol
[35]). A change in composition due to condensation of moisture into the mixed liquid
and a concomitant change of freezing point of the coolant is problematic. Therefore the
mixture needs to be readjusted regularly. In order to avoid condensation of water inside
the cabinet, particularly on the windows, compressed dry air is passed through the
cabinet when this temperature unit is in operation. Regardless, the heat exchanger needs
to be defrosted on a regular basis to maintain effective cooling.
The lowest temperature achieved inside the SFA in this manner was ≈ -3.5 °C (in the
middle of winter). However, unlike in the study at higher temperatures, there is an
unavoidable temperature gradient across the chamber. The temperature difference
between the top and the bottom of the chamber is at most ≈ 0.15 °C (top is hotter than
the bottom). This temperature gradient, together with the finite heating effect by the
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white light, causes undersaturation of vapour in the vicinity of the surfaces with respect
to the bulk reservoir at the bottom of the SFA.
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2.2

Surface tension measuring techniques

2.2.1

Introduction

In this section four standard surface tension measuring techniques, the static Wilhelmy
plate method, the dynamic Wilhelmy plate method, the capillary rise method and the
maximum bubble pressure method are briefly described. These methods were
developed several decades ago and the principles of each method have been well
documented [36]. However, the literature does not discuss the techniques in the context
of the study of surface freezing. To this end we are going to devote this section to
discussing advantages and disadvantages of each of the techniques with respect to the
study of surface freezing.

2.2.2

Static Wilhelmy plate method

The Wilhelmy plate method is the most popular technique to measure the surface
tension of liquids today [36]. The method is theoretically simple, experimentally
tractable and requires little correction due to non-ideality of the system.
There are two modes in the Wilhelmy plate method: the static mode, which was
employed in most of the previous surface freezing studies, and the dynamic mode. The
static Wilhelmy plate method has an advantage over other methods, because there is no
movement of three-phase line (meniscus) involved during a change in the surface
tension and the method is thus not complicated by contact angle hysteresis.
When the level of a wetting liquid is gradually raised until it just touches a thin plate
suspended from a balance (force sensor), there is an increase in force acting on the plate
due to the weight of the meniscus formed. For complete wetting liquids (zero contact
angle: θ = 0), the increase in weight is then given by the equation

∆W =γl

(2.2.1)
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where γ is the surface tension of the liquid and l is the perimeter of the plate. For partial
wetting liquids, γ in Equation (2.2.1) must be replaced by γ cosθ.

∆W= γlcosθ

(2.2.2)

It is common to use a piece of roughened platinum or filter paper as the Wilhelmy plate,
in order to ensure complete wetting.
In the static Wilhelmy plate method, the Wilhelmy plate is held at a fixed position once
it touches the liquid surface. The temperature is scanned while the weight on the plate is
measured and recorded. The sample liquid is placed in a clean glass container (size ≈ 3
cm × 3 cm × 2 cm). The container is then placed in a temperature-controlled chamber
(size ≈ 16 cm × 12 cm × 10 cm), on a stage whose height can be accurately controlled
by a dc motor attached to the outside of the chamber. The motor shaft is attached to a
pre-calibrated potentiometer that measures the displacement of the stage. This
arrangement allows precise control of the liquid level. The chamber was sealed during
the static Wilhelmy plate measurements, using CaH2 or P2O5 as a drying agent.
Filter paper of ≈ 1 cm × 2 cm (the actual size can be measured accurately after each
experiment) is used as the Wilhelmy plate in this study. It has been previously shown
that this gives the same results as a roughened platinum plate in the surface tension
measurements of long-chain n-alkanes [37,38]. The dry filter paper plate is held by the
force sensor. Care must be taken that the Wilhelmy plate is held perpendicular to the
liquid surface (no tilt). The measured weight of the plate initially increases due to
wetting by the liquid. Following equilibration at a given initial temperature, the
temperature is changed continuously while simultaneously recording the weight. Note
that the absolute values of γ can be measured only after the added weight arising from
the initial wetting of the plate is known. This procedure would require detachment of
the plate from the liquid at a constant temperature. Rather, relative values of γ are
measured and put in correspondence with a known value of γ at a temperature above the
surface freezing temperature.

Chapter 2

51

Thermometer

DC Motor

Force sensor

Chamber

Stage

Glass Container

Wilhelmy Plate

Figure 2.11. A schematic diagram for the static Wilhelmy plate method.
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2.2.3

Dynamic Wilhelmy plate method

In the dynamic Wilhelmy plate method, the plate is immersed and retracted at a
constant speed through the liquid surface (or, more commonly, the liquid surface is
moved vertically, up and down, at a constant speed). In comparison to the static
Wilhelmy plate method, the dynamic Wilhelmy plate method is more focussed on
measurement of wetting tensions rather than surface tensions. If the surface tension of
the system is known a priori, the contact angle hysteresis can be studied
unambiguously.
The force measured by the force sensor together with the position of the liquid level are
recorded to construct a force curve (force-depth profile), at a constant temperature. The
contact angle becomes zero and the wetting tension becomes equal to the surface
tension of the liquid, immediately before the meniscus breaks on retracting paths
(Figure 2.12). The same principle is used in other detachment methods [36]. Thus the
surface tension can be measured from the force acting on the Wilhelmy plate when the
plate just detaches the liquid, provided that the liquid wets the plate and the speed of the
plate is sufficiently slow. Nevertheless, unlike in the static Wilhelmy plate method, one
cannot change the temperature continuously.
Wilhelmy plate

Wilhelmy plate about to detach the liquid

τ

τ
Vapour
Vapour

γlv
Liquid

γlv
Liquid

Figure 2.12. The wetting tension (τ) becomes equal to the surface tension (γ) of the
liquid when the Wilhelmy plate just detaches the liquid.

Precise measurements of the contact angles seem to be the key to further understanding
of the surface freezing transition [39]. Thus we attempted to apply the dynamic
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Wilhelmy plate method to study the contact angle hysteresis of long-chain n-alkanes at
a temperature below the surface freezing temperature. Using a glass rod as the
Wilhelmy plate to obtain mechanical strength, we often observed pinning of the threephase line, which resulted in an oscillatory force curve as in Figure 2.13.

displacement of the Wilhelmy plate (increasing depth)

0

Force (attractive)

x

y

Figure 2.13. A typical oscillatory force curve (force-displacement profile) obtained
using the dynamic Wilhelmy plate method in n-octadecane below the surface freezing
temperature. A cleaned glass rod is used as the Wilhelmy plate in this method to obtain
mechanical strength. The point at which the plate touches the liquid is marked with x
and the point of detachment with y. The oscillatory force curve is due to pinning of the
three-phase line. The oscillation is large on immersion but small on retraction. The
linear slope of the force with displacement at depths larger than x is due to the
buoyancy force acting on the Wilhelmy plate. There is some uncertainty in zero of the
force because some liquid sticks to the initially dry Wilhelmy plate after retraction.

2.2.4

Capillary rise method

The capillary rise method is one of the oldest surface tension measuring techniques. The
method does not require any highly sensitive force sensor or pressure sensor. When a
vertically held cylindrical capillary of inner radius r is partially immersed in a liquid,
the liquid level rises inside the capillary. The capillary height h is given by the formula,
h = 2γcosθ / r∆ρg

(2.2.3)
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where ∆ρ is the density difference between the liquid and the vapour which can be
approximated with the density of liquid ρ, g is the acceleration due to gravity, γ is the
surface tension and θ is the contact angle of the liquid over the inner wall of the
capillary [36].
In one of the classic surface tension measurements of n-alkanes, Jasper used the
capillary rise method [40,41]. He apparently encountered some difficulty in
measurements in the vicinity of the melting points, due to contact angle hysteresis, and
tilted the capillarimeter frequently to an angle as large as 60° from the vertical, to
achieve a small receding angle. There, near zero receding angle was assumed, which we
now know is questionable [42].
Contrary to intuition, the static nature of the method does not necessarily guarantee
absence of movement of the three-phase line. An apparent movement of the three-phase
line was realized in our experiments with n-octadecane and n-hexadecane below the
surface freezing temperature as the temperature is scanned. As the temperature is raised
the surface tension increases (∂γ/∂T > 0 below the surface freezing temperature) and the
capillary height rises, and vice versa. Since this process accompanies movement of the
three-phase line, it causes contact angle hysteresis depending on the direction of the
temperature scan.
When the capillary was driven vertically at a constant speed at a temperature below the
surface freezing temperature, an apparent discrepancy in the capillary height was
observed depending on the direction of the movement of the three-phase line. Due to
pinning of the three-phase line, equilibrium capillary height was not reached in a
reasonable experimental time scale. Note that the capillary height should remain
unchanged regardless of the movement of the capillary if the liquid completely wets the
inner wall of the capillary. Obviously the situation hampers reliable surface tension
measurements of n-alkanes below the surface freezing temperature via this method.
Fortunately, this is not the case in the static Wilhelmy plate method in which the change
in surface tension results in the increase in weight without apparent movement of the
meniscus height.

Chapter 2

2.2.5

55

Maximum bubble pressure method

The static Wilhelmy plate method is appropriate when one is interested in equilibrium
properties of the system. But occasionally one may be interested in kinetic processes of
the system. The maximum bubble pressure method is suitable for this purpose and
commonly used to study the adsorption of surfactant molecules at the water-air
interface [36].
The procedure is to slowly grow bubbles of an inert gas in the liquid of interest through
a capillary. For a fine capillary of circular cross section, the radius of a growing bubble
goes through a minimum when it is just hemispherical. At this point the radius of the
bubble becomes equal to that of the capillary and, since the radius is at a minimum,
Laplace pressure across the interface is at a maximum. If the liquid wets the material of
the capillary, which is the case in this study, the radius should be considered as the
inner radius of the capillary. Then the surface tension of the liquid is given by a formula

∆P=2γ/r

(2.2.4)

where ∆P is Laplace pressure across the interface and r is the inner radius of the
capillary. It is worth noting that ∆P (and hence γ) is independent of the contact angle
unless it is close to 90° [36], and the method is thus not complicated by the movement
of the three-phase line or contact angle hysteresis.
The maximum bubble pressure method requires more preparation compared with the
other methods and detailed procedures are presented below. The experimental
arrangement is schematically depicted in the Figure 2.14.
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Filtered dry nitrogen

Thermometer

ON/OFF Valve
Needle Valve
Needle Valve
Flow Sensor

Pressure Sensor
Copper Heat Exchanger

3-Way Valve

DC Motor

U-Shape Capillary

Glass Container

Chamber

Stage

Figure 2.14. Experimental arrangement for the maximum bubble pressure method.

The measuring chamber and the sample container
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The sample liquid is placed in a clean glass container (size ≈ 3 cm × 3 cm × 2 cm). The
container is then placed in a temperature-controlled chamber (size ≈ 16 cm × 12 cm ×
10 cm), sitting on a stage whose height can be accurately changed by a dc motor
attached outside the chamber. The motor shaft is attached to a pre-calibrated
potentiometer that measures the displacement of the stage. This arrangement allows
initial calibration of the glass capillary and hydrostatic correction for subsequent
maximum bubble pressure measurements. Unlike during the static Wilhelmy plate
measurements, the chamber was left unsealed during the maximum bubble pressure
measurements, to avoid a build-up of pressure inside the chamber.
Manufacturing of the glass capillary

Capillaries utilized in the maximum bubble pressure method were made by stretching a
glass tube with two pairs of tweezers in a hot (blue) flame. A U-shaped capillary is used
in the study described in Chapter 5, in order to release each bubble from an upwardly
oriented capillary orifice. This allows each bubble to float to the liquid surface without
hitting the outer wall of the capillary. Immediately after the flame treatment the
capillary is rinsed with a large quantity of purified water to wash off excess sodium
ions.
Size and shape of the capillary orifice

The orifice size of the capillary needs to be sufficiently small to produce a pressure that
is measurable and yet needs to be sufficiently large to observe individual bubbles with
the pressure sensor. The absolute value of the pressure is larger the smaller the capillary
radius (better sensitivity for a given pressure sensor), but the pressure difference in a
cycle of bubble formation and release is larger the larger the capillary radius (because
the volume of the individual bubble is large: the ratio of the volume of the individual
bubble to the volume between the capillary orifice and the pressure sensor determines
this factor). So a compromise is required. However, it was found that the flow sensor is
more sensitive than the pressure sensor for the detection of individual bubbles in our
particular system. This allowed a smaller capillary size to be used as it was not
necessary to detect individual bubbles with the pressure sensor. We did not carry out a
comprehensive study of the matter but, from our experience, an inner radius of ≈ 30 µm
was found to be optimal. Nevertheless, the overall resolution of the measurement was
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limited by electronic noise in the data acquisition and recording system rather than the
resolution of the sensors and was approximately 0.1 Pa.
The shape of the capillary orifice is also important but it is difficult to control in a
systematic manner. An irregular shape can cause release of more than one bubble at a
time. An orifice at an angle to the capillary or a small crack or defect may well cause
very different bubbling behaviour. The results presented in Chapter 5 differ from
capillary to capillary, but the results are consistent for a given capillary.
Bubbling gas

Dry, filtered nitrogen gas was used in the maximum bubble pressure method. The gas is
passed through a flow sensor and a T-shape connector before entering the chamber (see
Figure 2.14). The pressure sensor is connected to a three-way valve. This setting is
convenient for baseline pressure measurements (atmospheric pressure was used as the
baseline pressure). The temperature of the nitrogen gas entering the chamber was in the
range 17 °C to 20 °C. In order to avoid heating or cooling of the sample liquid by the
nitrogen gas, the gas is first passed through a copper heat exchanger inside the chamber,
before entering the capillary. Because of the large volume of the heat exchanger (≈ 2.5
ml) compared with the volume of a bubble (≈ 10-10 l) and the slow bubbling rate (< 1
bubble/sec), the temperature of the gas released from the capillary orifice is essentially
the same as that of the rest of the system.
Rate of bubble production

The bubbling rate is adjusted indirectly by controlling the flow rate of the dry, filtered
nitrogen gas. The setting of three valves in series (one on/off valve and two needle
valves) provided adequate control of the flow rate. The flow rate is kept slow so that
dynamic pressure effects are absent. This is achieved by reducing the flow rate until the
pressure becomes independent of the flow rate for a given sample liquid at a given
temperature. In this study the bubbling rate was slower than 1 bubble/second.
Calibration of the capillary

Each newly manufactured glass capillary was subjected to measurements in distilled
ethanol (a wetting liquid of known density and surface tension: ρ = 0.7893 g/cm3 and
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γ = 22.32 mN/m, both at 20 °C [35]) at several different depths, to calibrate the pressure
sensor and to measure the inner radius of the capillary. As ethanol is quite volatile, care
must be taken to account for the change in the liquid level during the calibration
process. In this study the measurement was made at the nominal (measured
displacement from the potentiometer) depths of 1 mm, 2 mm, 3 mm, 4 mm, 5 mm, 6
mm, 5 mm, 4 mm, 3 mm, 2 mm, 1 mm, averaging the two pressure sensor voltage
values at the same nominal depths. By measuring the pressure at several depths and
taking the difference of the values, systematic errors arising from uncertainty in the
liquid level (depth 0 mm) are minimized. The pressure sensor is calibrated by relating
the voltage change at the pressure sensor to the change in hydrostatic pressure. Then the
measured pressures are corrected for the hydrostatic pressure, and the radius of the
capillary orifice is determined by using Equation (2.2.4). The inner radius of the
specific capillary used for the results presented in Chapter 5 was 31 µm. Once inner
radius is known and the pressure sensor calibrated, hydrostatic pressure corrections for
the measurements with n-octadecane are made using the same procedure.
Video microscopy

During the course of the dynamic Wilhelmy plate and the maximum bubble pressure
measurements, a video microscope was placed outside the main window of the
chamber. The magnification used was typically × 50. Video microscopy is used to
monitor, in-situ, the shape of the meniscus and the movement of the three-phase line in
the dynamic Wilhelmy plate method. Video microscopy is also used to monitor the
detailed process of the release of the bubbles and to monitor the lifetime of the bubbles
at the liquid surface after they are released from the capillary in the maximum bubble
pressure method.
Cleaning of glassware, water and ethanol

All glassware including the capillaries, pipettes, rods and the container, was treated
with dichromate-sulfuric acid cleaning solution and then rinsed with a large amount of
purified water. The water was distilled and then processed through a Millipore UHQ
unit. The ethanol was distilled under argon or nitrogen.
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Temperature control

Heating or cooling liquid can be passed through channels inside the four walls of the
stainless steel chamber. The liquid is supplied by a unit equipped with a temperature
controller and a mechanical pump. The temperature was monitored using a clean
thermometer immersed in the sample liquid, with an accuracy of ± 0.05 °C.

2.2.6

Summary

We can conclude this section with the following remarks: The static Wilhelmy plate
and the maximum bubble pressure methods are appropriate for the study of equilibrium
and kinetic aspects of surface freezing of long-chain n-alkanes. The dynamic Wilhelmy
plate and the capillary rise methods are not suitable as these methods involve pinning of
the three-phase line.
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3.1 Introduction
One of the first and fundamental questions which may arise from the introductory
chapter (Chapter 1) would be: Are these interfacial effects (capillary condensation,
capillary melting, surface melting and surface freezing) on the phase behaviour of a
substance in confined systems real? In order to answer this question we will investigate
these four phenomena in the following chapters.
As mentioned in Chapter 1, in order for the interfacial energies to become significant
for the phase behaviour of the confined substance, the interfacial area to volume ratio
needs to be sufficiently large. The SFA has a well characterized geometry and both the
interfacial area and the volume of the capillary condensates can be determined via the
following formulae once the radius of curvature of the condensate (h = 2r) is measured
(see Figure 2.6).
On the assumption that the flattened mica surfaces in contact can be approximated by a
truncated sphere on a flat, the volume of the annular condensate can be calculated by
the integration
θ
sin2ψcosφ cos3ψθ
⌠(Rcosφ - Rcosψ)RsinψRcosψdψ = 2πR3
V = 2π⌡
+ 3  =
2

φ
φ
cos3φ cos3θ cos2θcosφ
sin2θcosφ cos3θ sin2φcosφ cos3φ
3 


+
=
2πR
+ 3 2
3
2
3 
2
 6



= 2πR3

h
Since h = Rcosφ - Rcosθ ⇒ cosφ = R + cosθ,
 h3 cos3θ h2cosθ hcos2θ cos3θ hcos2θ cos3θ
+ 2R + 3 - 2R - 2  =
V = 2πR3 3 + 6 +
2R2
6R

πh3

=  3 + πRh2cosθ


V ≈ πRh2

and since R >> h and cosθ ≈ 1,

(3.1.1)
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The interfacial area between the condensate and the mica surfaces is given by another
integration (Figure 2.6),
θ
A = πR2(sin2θ - sin2φ) + 2π⌠
⌡RsinψRdψ = πR2(sin2θ - sin2φ) + 2πR2(cosφ - cos θ)
φ
= πR2(sin2θ - 1 + cos2φ + 2cosφ - 2cosθ) = πh2 + 2πRh(1 + cosθ)
again neglecting the first term since R >> h and approximate cosθ ≈ 1,
A ≈ 4πRh

(3.1.2)

It is now straightforward to derive a relationship between the volume and the interfacial
area of the condensate, V/A ≈ h/4. It may be worth noting that, to a first approximation,
neither the volume nor the interfacial area depend on the actual area of the flattened
contact zone. Note that the mean radius of curvature of the condensate can be
approximated with the radius r, because the other principal radius is much larger (Rsinθ
>> r in Figure 2.6 and rmean-1 = r-1 + (Rsinθ )-1 ≈ r-1). Note also that the small vapourcondensate area is not included in Equation (3.1.2).
The liquid condensate can coexist with bulk solid and its vapour below the bulk melting
point. For specific geometry in the SFA the Gibbs-Thomson equation (1.1.4) becomes
[1,2],
1
h =

∆T∆Hf
4 VmTm[γsi - γli]

(3.1.3)

where h is the size of the condensate in equilibrium, ∆T is the temperature depression
from the bulk melting point (∆T = Tm - T), ∆Hf is the heat of fusion, Vm is the molar
volume that can be calculated from the density and the molar weight, γsi is the
interfacial energy between the solid phase of the substance under study and the
substrate, and γli is the interfacial energy between the liquid phase of the substance
under study and the substrate. Usually, neither of the interfacial energies is known. Nor
is the contact angle at the three-phase line between the solid, the liquid and the substrate
(Figure 3.1). However, assuming the contact angle is close to zero for the substances
that exhibit interfacial melting (incommensurable) with the substrates, the interfacial
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energy between the solid phase and the liquid phase of the same substance can be
estimated using the Young equation,
γsi-γli = γlscosθ ≈ γls

(3.1.4)

where the subscripts l, s and i denote liquid, solid and substrate respectively.

Solid phase of substance A
Liquid phase of substance A

θ

Substrate

Figure 3.1. Schematic picture of the three-phase line formed between the solid, liquid,
and the substrate made of a different material. The contact angle here is measured in
the liquid phase, as shown.
Substituting Equation (3.1.4) into Equation (3.1.3) yields,
4VmTmγls = h∆T∆Hf

(3.1.5)

Thus the liquid-solid interfacial energy of a substance can be estimated by measuring
the size of the condensate as a function of temperature depression from the bulk melting
point. The early SFA work by Christenson measured the size of liquid condensates
below the bulk melting point and determined the liquid-solid interfacial energy of tbutanol to be ≈ 14 mN/m and that of neopentanol to be ≈ 20 mN/m [1].
The approximations made so far are as the following. Firstly, the vapour-condensate
interface, which is orders of magnitude smaller in area than the mica-condensate
interface, is neglected. This approach is equivalent to approximating the wedge with an
infinitely wide parallel slit. Secondly, the temperature dependence of the interfacial
energies, enthalpy of fusion and density of the substance is neglected. Finally, the liquid
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phase of the substance is assumed to completely wet the substrate in preference to the
solid phase (i.e. θ = 0° in Figure 3.1).
Note that at equilibrium the vapour, the bulk solid at the bottom of the chamber and the
liquid condensate should all have the same chemical potential. Thus if all the
approximations listed above are valid and saturation (P/P0 = 1.00) and equilibrium are
assumed, the measurements are equivalent to measuring line of triple points in the
phase diagram of confined systems.
Below, the phase behaviour of one of the long-chain n-alkanes, n-octadecane (C18H38),
capillary condensed between two mica surfaces is investigated as a function of
temperature T (14 °C ≤ T ≤ 28 °C or 0 °C ≤ ∆T ≤ 14 °C) and surface separation H (1
nm ≤ H ≤ 0.5 mm). Studies above Tm are described in the next chapter. This chapter
describes qualitatively the liquid condensates freezing and re-melting as the surface
separation (degree of confinement) is changed. We briefly compare the results with
those of three other long-chain n-alkanes (n-heptadecane (C17H36), n-hexadecane
(C16H34) and n-tetradecane (C14H30)). For convenience we will use the abbreviation nC18, n-C17, n-C16, n-C14 for n-octadecane, n-heptadecane, n-hexadecane and ntetradecane, respectively.

3.2 Materials and methods
Selected physical properties of n-C18 together with the other long-chain n-alkanes are
summarized in Table 3.1 [3-5]. The saturation vapour pressure of n-C18 is extremely
low in the temperature range of interest. The saturation vapour pressure is given by the
following empirical formulae [5],
Log10P0(cmHg) = 11.036 - 4730/T(K) above liquid

(3.2.1)

Log10P0(cmHg) = 21.831 - 7995/T(K) above solid

(3.2.2)

Table 3.1
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n-CnH2n+2

14

16

17

18

ρ (g/cm3)

0.763

0.773

0.775

0.777

P0 (mTorr)

7.519

0.74Tm

0.32Tm

0.215Tm

Tm (°C)

5.9

18.1-18.2

22

28.1-28.2

Tb (°C)

253.6

287

302

316

Df (cm /s)

Unavailable

0.0392

0.0422

0.0396

γ (mN/m)

27.28(Tm+5)

27.22(Tm+5)

27.28(Tm+5)

27.17(Tm+5)

n

1.429

1.437

1.435

1.439

∆Hf (kJ/mol)

45

45.8

47.8

62.6

∆Hvap (kJ/mol)

71.73

80.3

83.9

90.7

η (mPa s)

2.1325, 2.29220

3.0325, 3.42520

Unavailable

2.4950

Fw (g/mol)

198.4

226.45

240.5

254.5

2

Table 3.1. Selected physical properties of long-chain n-alkanes with carbon number
14, 16, 17 and 18 [3-5,11]. The symbols are: ρ: density, P0: saturation vapour
pressure, Tm: melting point, Tb: boiling point, Df: diffusion coefficient in air, γ: surface
tension, n: refractive index, ∆Hf: heat of fusion, ∆Hvap: heat of vapourisation,
η: viscosity, Fw: molar weight.
Values of Df and n are presented at 20 °C for all four alkanes. Values of P0 are
presented at Tm for n-C18, n-C17 and n-C16 and at 19 °C for n-C14 (P0 at Tm is estimated
to be ≈ 2.8 mTorr by extrapolation). ρ is at 28 °C for n-C18, at 25 °C for n-C17 and at
20 °C for n-C16 and n-C14. η is at 50 °C for n-C18 and at 25 °C and at 20 °C for n-C16
and n-C14.
Surface tension is often given near or occasionally even below Tm in literature, from
linear extrapolation of the data for T >> Tm [3,4]. This procedure is not valid in the
case of long-chain n-alkanes because the monotonic trend of surface entropy breaks
down a few degrees above the bulk melting point [9,10,12]. Therefore the surface
tension data presented here are re-calculated for 5 °C above the bulk melting point for
each alkane.
Similar formulae for the saturation vapour pressure of n-C16 and n-C17 in the vicinity of
Tm above liquid as well as above solid are also available [5]. For n-C16,
Log10P0(cmHg) = 10.260 - 4189/T(K) above liquid

(3.2.3)

Log10P0(cmHg) = 18.466 - 6579/T(K) above solid

(3.2.4)
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For n-C17,
Log10P0(cmHg) = 10.333 - 4374/T(K) above liquid

(3.2.5)

Log10P0(cmHg) = 18.738 - 6866/T(K) above solid

(3.2.6)

Unlike odd carbon number or even carbon number counterparts of higher molecular
weight, n-C14, n-C16 and n-C18 form a crystalline phase directly from liquid phase at the
bulk melting point [6-8]. Only n-C17 forms a bulk rotator phase between crystalline and
liquid phases among these four n-alkanes. n-C18, n-C17 and n-C16 are known to exhibit
surface freezing while n-C14 is not [9,10].
The alkanes were purchased either from Sigma or Aldrich (purity 99+%). They were
used as received in most of the experiments but n-C18 and n-C16 were sometimes
distilled under reduced pressure before use. We did not observe any noticeable
difference between as-received and distilled samples for n-C18 and n-C16 in the results
presented below, and hence used only as-received samples for n-C17 and n-C14. The
sample liquid was injected from one of the side ports of the SFA at a temperature above
the bulk melting point, saturating the drying agent. This is necessary to avoid
condensation of vapour into the pores formed by the fine grains of the drying agent,
which could delay attainment of saturation of vapour in the chamber.

3.3 Results
Both the rate of evaporation and the rate of condensation of n-alkanes are extremely
low due to their low vapour pressures. The temperature was often raised to above the
bulk melting point to melt the solid n-C18 and facilitate evaporation before it was cooled
to well below the melting point again. We could not ensure that the equilibrium had
been reached and hence cannot affirm with certainty that if the results presented below
represent equilibrium properties of the system.
The bulk n-alkane at the bottom of the chamber was always solid at temperatures 1 °C
below the melting point or lower (∆T > 1). On first approach of the two mica surfaces at
a given temperature, the refractive index between the surfaces was measured using
Equation (2.1.9) and the film thickness, d, was estimated using Equation (2.1.11). The
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results for n-C18 are shown in Figure 3.2. d is virtually constant over the temperature
range studied, with an average value around 3 nm.

4

d (nm)

3
2

Tm

1
0

10

15

20

25

30

T (°C)
Figure 3.2. Film thickness, d, of n-C18 estimated using Equation (2.1.11) as a function
of temperature. There is no apparent temperature dependence in the film thickness (≈ 3
nm) over the temperature range studied. The bulk melting point (28.1-28.2 °C) is
indicated by the vertical dashed line.
After the mechanical instability and jump-in at Hc ≈ 14 ± 4 nm (see Chapter 2), the
surfaces flatten and an annular condensate starts to form around the contact zone. The
flattened surfaces trap thin layers of n-alkane between them. Here the surfaces were
separated typically by H ≈ 1 nm, which is also independent of the temperature. The size
of the annular condensate, h, after 1 hour in contact was typically ≈ 50 nm for n-C18.
The annular condensate around the contact zone is liquid at all T studied for all four nalkanes. For larger H upon subsequent separation of the mica surfaces, however, the
phase behaviour of the condensates is more complicated.
Below we describe the results in the following manner. First we allow equilibration
while the surfaces are kept far apart, H ≈ 0.5 mm. Then we vary H while maintaining
the temperature constant and note the phase behaviour of n-C18 associated with the
change in H. After the whole range of interest for H is studied, we change temperature
to the next value of interest.
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For small ∆T; slightly below Tm
In this temperature range (0 ≤ ∆T ≤ 3 °C in the case of n-C18) the condensate was
always liquid for all H for all four n-alkanes. Figure 3.3 shows a typical FECO image of
n-C18 at H ≈ 1 nm (a), H ≈ 50 nm (b) and H ≈ 50 µm (c).

Figure 3.3. FECO images of n-C18 at 0 ≤ ∆T ≤ 3 °C for (a) H ≈ 1 nm, (b) H ≈ 50 nm,
and (c) H ≈ 50 µm. n-C18 condensate is liquid at H ≈ 1 nm and the size of the
condensate is typically h ≈ 50 nm. As the surfaces are pressed harder the flattened area
increases with the annular condensate simply shifts outward. As the surfaces are
separated they jump apart and the condensate forms a liquid bridge at H ≈ 50 nm.
When the surfaces are separated further the liquid bridge elongates (shrinks in width)
and eventually snaps, forming two droplets on either of the opposing surfaces (H ≈ 50
µm).
The liquid-like nature of the condensates is demonstrated by increasing or decreasing
the load applied on the surfaces. As the load is increased the contact radius increases
and the annular condensate flows smoothly outward while H remains virtually constant.
As the load is decreased the annular condensate retracts smoothly inward. In this
temperature range the condensate is small and, as the load is decreased, the system
becomes unstable and the surfaces eventually jump apart [13,14]. We note that this is
not always the case in a large condensate at T >> Tm, when the surfaces can be
separated without mechanical instability [15]. Because a few layers of liquid molecules
are trapped in between the surfaces at contact, the force required to pull the mica
surfaces apart is dominated by the Laplace pressure term, which is inversely
proportional to the size of the condensate [16]. After the jump-out, the annular
condensate flows inward due to the negative Laplace pressure and forms a liquid bridge
that connects the two mica surfaces. Here H is typically ≈ 50 nm.
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Typical refractive index profiles n(H) inside the liquid bridge of n-C18 are shown in
Figure 3.4 (at 25 °C; below Tm) and in Figure 3.5 (at 30 °C; above Tm). There is no
obvious difference in the profile between Figures 3.4 (T < Tm) and 3.5 (T > Tm).
As in an atmosphere of nitrogen (Figures 2.9 and 2.10), scatter in n is large at small H
but becomes small and constant for large H. In order to compare the refractive index at
different T, we average all n values at large H for a given T. The results are shown in
Figure 3.6, in which n averaged over large H (H > 70 nm) is plotted as a function of T.
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Figure 3.4. Typical refractive index profile n(H) of n-C18 at 25 °C. Scatter in data
increases toward smaller H.

Chapter 3

75

1.45

n

1.44
1.43
1.42
1.41
0

20

40

60

80

100

120

140

H (nm)
Figure 3.5. Typical refractive index profile n(H) of n-C18 at 25 °C.
There is a weak decrease of refractive index as the temperature is raised. This trend is
expected from the lower density of liquids at higher temperatures and the LorentzLorentz relationship. The Lorentz-Lorentz relationship is,
(n2-1)/{(n2+2)ρ} = constant

(3.3.1)

where n is the refractive index and ρ is the density. An alternative form of the LorentzLorentz relationship is,
(n12-1)/{(n12+2)ρ1} = (n22-1)/{(n22+2)ρ2}

(3.3.2)

where the subscripts 1 and 2 denote two different conditions (for example, at two
different temperatures T1 and T2).
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Figure 3.6. Refractive index of n-C18 as a function of temperature. Refractive index for
each temperature is averaged over large surface separation (H > 70 nm). The
measured values agree with the literature values (Table 3.1) within experimental error.
In principle, the condensate should start evaporating once the surface separation
exceeds twice the Kelvin radius (equilibrium size) [17], but for the case of n-alkanes,
the evaporation of the liquid bridge is also a very slow process. Instead, as the surfaces
are separated, the liquid bridge elongates and eventually snaps, resulting in the
formation of droplets on either surface. If the surfaces are brought back toward contact
before the droplets evaporate, the droplets coalesce at about H ≈ 1.5 µm (in case of nC18 with an initial condensate of h ≈ 50 nm). Then the cycle of snapping of the liquid
bridge and coalescence of the droplets is repeatable. Rough values of the contact angle
of these droplets can be estimated via the FECO from the width of the droplets and
surface separation at which they coalesce. Assuming that the two droplets are both
identical spherical caps, the contact angle is given by the formula,
θ = sin-1{2rz/(r2+z2)}

(3.3.3)
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where r is the radius of the droplet and z is the height of the droplet. The contact angle
estimated using Equation (3.3.3) was in the range 16 ± 6°. The droplets formed on
isolated surfaces at large H evaporate slowly and eventually disappear.

For slightly larger ∆T
In this temperature range (3 ≤ ∆T ≤ 5 °C in the case of n-C18) the condensate still
remains liquid at contact (H ≈ 1 nm) but may freeze immediately after the jump-out.
Similar behaviour was observed for n-C17 even at slightly smaller ∆T (∆T ≥ 1.5 °C) and
for n-C16 at ∆T ≥ 7 °C, but was not observed for all the ∆T studied (0 ≤ ∆T ≤ 7 °C) for
n-C14. Formation of a solid bridge immediately after the jump-out becomes
progressively more likely as T is lowered. When the surfaces are brought back together,
the surfaces deform and trap the solid in between. Figure 3.7 shows typical FECO
images of n-C18 for a frozen bridge immediately after jump-out (a; H ≈ 50 nm) and for
trapped solid when the surfaces are brought back together (b; H ≈ 1 nm). Then another
annular liquid condensate starts to form around the contact zone, while the trapped solid
in the middle of the contact area gradually melts and is squeezed out from between the
surfaces. Consequently, the volume of the condensate is now larger than that at the first
contact. When the surfaces are separated again, the liquid bridge re-freezes but the
volume is larger than the first time as a consequence of a larger volume of the
condensate at the second contact (Figure 3.8(a)).

Figure 3.7. FECO images of n-C18 at 3 ≤ ∆T ≤ 5 °C for a frozen bridge immediately
after jump-out (a) and for trapped solid when the surfaces are brought back together
(b). The fringe exhibits somewhat erratic shape in the bridge in (a), reflecting the
refractive index profile across the bridge. This suggests formation of a polycrystalline
aggregate. The deformation of the surfaces is observed after the surfaces are brought
back together due to mechanical strength of the polycrystalline formed.
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Figure 3.8. FECO images of trapped polycrystalline n-C18 (a) and graph of the
refractive index of solid n-C18 as a function of trapped solid thickness (b). As the
melting gradually proceeds the refractive index of the trapped n-C18 approaches that of
liquid.
The refractive index of the trapped n-C18 solid as it gradually melts is shown in Figure
3.8 (b), in which the abscissa is the thickness of the trapped solid. This is also a
reflection of time that elapses (from right to left). It can be seen that the refractive index
of the trapped n-C18 decreases from ≈ 1.51 to ≈ 1.44 as it melts. Unfortunately, we
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could not find in the literature a value for the refractive index of solid n-C18 to compare
with our data. However, the density of solid n-C18 was measured to be 0.873 ± 0.004
g/cm3 between 15 °C and 20 °C [5]. Using this knowledge and the Lorentz-Lorentz
relationship (Equation 3.3.2), the refractive index of solid n-C18 is estimated to be ≈
1.510 ± 0.003, which is in excellent agreement with the measured values.
On subsequent separations with the condensate of larger volume, the probability of
freezing after the jump-out is somewhat smaller than on the first separation. But when
the cycle is repeated at the same T after complete evaporation of the condensate, the
freezing is as frequent as on the first cycle.

For still larger ∆T
In this temperature range (5 ≤ ∆T ≤ 14 °C in the case of n-C18) the condensate still
remains liquid at contact (H ≈ 1 nm) but it may freeze even during the jump-out and
consequently forms an annular solid on either surface. Similar behaviour was observed
for n-C17 but not for the other two n-alkanes in the temperature range studied (0 ≤ ∆T ≤
8 °C).

Figure 3.9. FECO images of n-C18 at 5 ≤ ∆T ≤ 14 °C. The two vertical lines
overlapping the right fringes are from the standard light source (mercury lines at
576.959 and 579.065 nm). The annular liquid condensate freezes when the surfaces
jump apart, resulting in the formation of annular solids. This becomes clear when the
surfaces are brought back to contact as shown.
The surfaces jump apart further (H ≈ 100 nm) than at higher temperatures. This is
because of a larger adhesion between the surfaces, presumably due to the frozen n-C18
bonding the two mica surfaces. Thus, a larger force is required to disjoin the solid nalkane condensate, which results in larger jump-out distance [15]. The formation of
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annular solid occurs with higher frequency at a lower temperature. When the surfaces
are pressed back into contact, the surfaces deform and trap the annular solid with a
larger contact radius (Figure 3.9). As for the case 3 ≤ ∆T ≤ 5 °C, another annular liquid
condensate starts to form around the contact zone, while the trapped solid inside the
contact area gradually melts and is squeezed out from between the surfaces. When the
surfaces are separated again the condensate re-freezes, forming an annular solid with a
larger radius, as the consequence of larger contact radius in the second contact. Thus as
the cycle is repeated the solid n-C18 annulus moves outward (i.e. the radius of the
annular solid increases) as shown in Figure 3.10.

Figure 3.10. (a) FECO image of the annular solid of n-C18 after a number of cycles of
freezing and re-melting. (b) Schematic illustration of the repeated cycle. The annular
solid moves outward away from the center of contact as the number of cycle increases.
Observation via optical microscopy
The separation process is also monitored directly via optical microscopy. Figure 3.11
shows an annular n-C18 condensate before, during and after the surface separation. The
initially smooth liquid-vapour interface becomes rough and wavy during the separation
and after the jump-out the entire condensate freezes. The sequence suggests pinning of
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the three-phase line and a finite receding contact angle of the liquid condensate over the
adsorbed films. Similar behaviour was observed for n-C17. The pinning is reminiscent
of the oscillatory force curves in the dynamic Wilhelmy plate measurements below the
surface freezing temperature (Figure 2.13). We note that pinning was not observed at a
temperature well above Tm.

Figure 3.11. Optical microscope pictures of a large annular condensate of n-C18
before (left), during (middle) and after (right) the surface separation. The bar in the
figure is 100 µm. The initial liquid condensate at contact exhibits wavy rough vapour
interface during the jump-out and freezes after the liquid bridge snaps.
In a few occasions, a large n-C18 condensate was formed at a temperature well above Tm
and the temperature was rapidly lowered down to 17 °C (∆T ≈ 11.2 °C) while the
surfaces were kept in contact (H ≈ 1 nm). Then gradual growth of needle-like crystals
was observed from the liquid-vapour interface. The crystals grow outward into the
vapour phase while the inner condensate remains liquid. When the surfaces are
separated the entire condensate freezes. These observations are shown in Figure 3.12.

Figure 3.12. Optical microscope pictures of a large condensate of n-C18 formed at a
temperature T >> Tm, after which the temperature was rapidly lowered to 17 °C (∆T ≈
11 °C) while the surfaces were kept in contact (left). There is a gradual growth of
needle-like crystals from the vapour interface while the inner condensate remains
liquid, suggesting that the interface provides nucleation sites for crystallization. When
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the surfaces are rapidly separated the entire condensate freezes, forming a large
annular solid (right). The bar in the figure is 100 µm.
For n-C17 and n-C16 we carried out the measurement with a large condensate only once
each. For an n-C17 condensate grown to a large size at T >> Tm and then cooled to 19 °C
(∆T ≈ 3 °C), or for an n-C16 condensate grown to a large size at T >> Tm and then
cooled to 13.4 °C (∆T ≈ 4.7 °C), there was no sign of gradual growth of needle like
crystals at the liquid-vapour interface. On subsequent separation, however, the entire
condensate froze.

3.4 Discussion
Very slow rates of evaporation and rates of condensation of n-alkanes hamper access to
quantitative information. Nevertheless, there are a number of conclusions that can be
derived from the qualitative and semi-quantitative observations. First of all, the results
clearly demonstrate in an easily accessible manner the importance of effects of
interfaces on the freezing and re-melting behaviour of confined materials. The
advantages of using the SFA for the study of capillary melting instead of complicated
porous media are obvious. The fact that no difference in results was observed between
as-received and distilled samples for n-C18 and n-C16 suggests that we are dealing with
highly purified systems. Note that all the samples are in effect distilled inside the SFA
chamber as they capillary condense between the mica surfaces.
Unfortunately we cannot use the Kelvin equation (1.1.2) to estimate the relative vapour
pressure inside the chamber due to very slow rate of vapour condensation. The
maximum size of the condensate after 300 minutes in contact (h = 2r ≈ 249 nm) gives
the lower bound of the relative vapour pressure as P/P0 ≥ 0.971 (Figure 3.13). Since
there is still no sign of approaching a final size, it is difficult to estimate the final size
by extrapolation. Nevertheless, these results suggest that the true relative vapour
pressure must be much higher than 0.971.
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Figure 3.13. The size of the n-C18 condensate h = 2r at 32 °C as a function of time for
which the surfaces are kept in contact. The condensate was monitored for the first 300
minutes only. After 300 minutes h is ≈ 249 nm and still does not seem to approach a
final size. Using the Kelvin equation (1.1.2), h = 249 nm gives the relative vapour
pressure of P/P0 = 0.971.
Another way to estimate the relative vapour pressure is to employ the dispersion theory
and relate the measured film thickness to the relative vapour pressure, assuming that the
molecular interaction is exclusively via van der Waals forces [18,19]. Since we are only
interested in film thickness smaller than 5 nm here (see Figure 3.2), the retardation
effect can be safely neglected [18,19]. We use Equation (1.3.4) with an appropriate
Hamaker constant of A = -1.2×10-20 J for n-alkanes. The Hamaker constant itself was
numerically calculated following the method of Hough et al. [19] using the dielectric
properties of mica [20]. Figure 3.14 shows the film thickness of n-alkanes predicted by
Equation (1.3.4) as a function of relative vapour pressure. The measured film thickness
for n-C18 (≈ 3 nm) corresponds to the relative vapour pressure of P/P0 ≈ 0.997, which is
much higher than the lower bound estimated from the condensate size and the Kelvin
equation.
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Figure 3.14. Film thickness of n-alkanes predicted by the dispersion theory as a
function of relative vapour pressure (Equation (1.3.4)). The Hamaker constant used for
the calculation is A = -1.2×10-20 J.
Note that there are two different types of interface involved in the system: the
condensate (n-C18)-mica interface and the condensate-vapour interface. It appears that
the phase behaviour of confined n-C18 is related to the ratio of these two interfacial
areas. The assumption that the relatively small condensate-vapour interface can be
neglected compared with the large condensate-mica interface in the contact geometry
(see the introductory section) may not be valid in the case of n-alkanes.
Condensates of all four n-alkanes remain liquid at contact (H ≈ 1 nm) at all T studied.
The area of the condensate-vapour interface A’ at contact is given by the formula (see
Figure 2.6);
A’ = 2πRhsinθ × π/2= π2Rhsinθ

(3.4.1)

Here sinθ is typically ≈ 1/400. Equation (3.4.1) takes into account the fact that the
condensate-vapour interface is curved in both directions (for a wetting liquid the cross
section of the condensate-vapour interface can be approximated by a semicircle). Using
Equations (3.1.2) and (3.4.1), the ratio of the areas of the two interfaces is A/A’ ≈
4sinθ/π ≈ 500.
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After separation (jump-out) of the surfaces, the area of the condensate-vapour interface
is given, to a first approximation, by the product of the height and the perimeter of the
liquid bridge. The area of the condensate-mica interface is twice the area of the base of
the liquid bridge. Thus the ratio of the areas becomes comparable (A/A’ ≈ 10) after the
jump-out.
After the liquid bridge is snapped (if it still remains liquid at this surface separation, as
at slightly below Tm) the area of the condensate-vapour interface becomes slightly
larger than that of the condensate-mica interface due to a small but finite contact angle
(A’ > A). As each of the jump-out and the liquid bridge snapping processes facilitates
freezing (see Figures 3.7 and 3.11), we can conclude that the condensed n-C18 with
relatively large mica-condensate area remains liquid, while that with relatively large
vapour-condensate area freezes. The reverse process of re-melting of the trapped solid
condensate (Figure 3.8) also supports this idea.
This conclusion is consistent with interfacial melting between two incommensurable
solids such as mica and n-C18, and with surface freezing at the n-C18-vapour interface.
Pinning of the three-phase line and a finite receding contact angle of the liquid
condensate over the adsorbed films (Figure 3.11) are also consistent with surface
freezing of long-chain n-alkanes. We note that the contact angle of the n-C18 droplets
slightly below Tm (16 ± 6°) is somewhat larger than the contact angle of the n-C20
droplets on silica substrates (≈ 10°) [21].
There is a clear sign that nucleation of solids initiates at the liquid-vapour interface of
n-C18, which suggests that the surface freezing monolayer (which was reported to have
the same two-dimensional density and structure as the bulk rotator phase [10]) may
have similar structure as the bulk crystalline phase. Crystalline and rotator phases have
different structure, but the interfacial energy between these two phases seem to be very
small (0.28 mN/m [8,22]), and presence of one of them may well provide nucleation
sites for the other. Lack of similar observation for n-C17 or n-C16 may simply be due to
smaller ∆T studied than for n-C18 or lack of supersaturation of vapour or both. Note that
without supersaturation of vapour there would be no crystal growth between the mica
surfaces (the system is coexisting with the frozen bulk reservoir) and hence we could
not have detected the presence of nucleation sites at the condensate-vapour interface.
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This behaviour contrasts with the results of previous studies in the literature (t-butanol,
neopentanol, menthol and OMCTS). OMCTS [2], t-butanol [2] and menthol [23]
showed no sign of freezing at any H or T studied (down to ∆T ≈ 14 °C for t-butanol, ∆T
≈ 7 °C for OMCTS and ∆T ≈ 30 °C for menthol). Neopentanol shows somewhat
different behaviour. There is no sign of freezing at any H for 0 ≤ ∆T ≤ 12 °C, but for
larger ∆T initial condensation of liquid is followed by direct condensation of solid from
vapour [23]. In this case the direct condensation of solid was attributed to the solid-like
films on mica substrates below that temperature, which provide nucleation sites for the
condensation of the solid. This qualitative difference may be a consequence of different
effects of different interfaces on confined substances.
A rough estimate of the liquid-solid interfacial energy of n-C18 may be obtained from
our semi-quantitative results. Substituting appropriate numbers from Table 3.1 and a
typical condensate size h = 2r ≈ 50 nm (a few degrees below Tm) into Equation (3.1.5),
the interfacial energy of n-C18 was estimated to be ≈ 20 mN/m. This value is somewhat
larger than the literature values for n-C18, which differ among different authors (3.87
mN/m [24], 0.3 mN/m [25], 8 mN/m [26,27], and 9.6 mN/m [28]). Note that correction
for apparently finite contact angle of n-C18 on mica substrates only makes the
discrepancy larger. Although we cannot exclude the possibility of supersaturation of
vapour and hence overestimation of the condensate size, we argue that our estimate of ≈
20 mN/m is reasonable compared with other substances studied (≈ 14 mN/m for tbutanol and ≈ 20 mN/m for neopentanol [1]).
Finally note that the apparently enhanced pressure on the trapped solids when the two
surfaces are pressed together does not account for the melting of the trapped solids. The
higher density of solid compared to liquid n-C18 (by ≈ 7 % [5]) must result in a positive
slope of the liquid-solid line of the bulk phase diagram and hence a melting point
elevation of n-C18 under enhanced pressure.

3.5 Summary
We studied the phase behaviour of four long-chain n-alkanes (with a particular
emphasis on n-C18) capillary condensed between two mica surfaces as a function of
temperature (T) and surface separation (H) below the bulk melting point (∆T ≥ 0). For
lower T and larger H, the condensates tend to freeze, whereas for higher T and smaller
H, the condensates have a tendency to melt. The two different types of interface
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involved in the system, the n-C18-mica interface and the n-C18-vapour interface, exert
qualitatively different effects on the phase behaviour of the confined n-C18. The former
facilitates melting of the confined n-C18 whereas the latter facilitates its freezing.
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Chapter 4

4.1 Introduction
In the previous chapter we observed a few examples of phase transitions induced by the
effects of interfaces. We saw that the mica surface causes interfacial melting of
confined long-chain n-alkanes while the vapour interface causes qualitatively different
behaviour. There was a clear sign that nucleation of the solid occurs at the liquidvapour interface of the n-octadecane condensates. The results suggest that the mica
interface prefers the liquid phase of n-alkanes whereas the vapour interface prefers the
solid phase. In this chapter we extend the study of the long-chain n-alkanes to
temperatures above the bulk melting point.
The adsorbed films of n-alkanes on mica were approximately 3 nm thick below Tm,
comparable to the range of surface force fields exerted by the interfaces at either side of
the films, as demonstrated by solvation force measurements [1]. Thus it is of
fundamental interest to study the effects of these interfaces on the phase-state of the
thin films adsorbed on mica substrates, particularly in a temperature range in which the
two interfaces exert opposite effects. A previous study of n-eicosane (C20) films
adsorbed from vapour onto silica surfaces suggested that the thin films undergo a
wetting transition at a temperature similar to the surface freezing temperature at the
surface of bulk liquid, a few degrees above the bulk melting point [2]. To date this is
the only study of a surface freezing related transition in adsorbed films as thin as a few
nanometres and, to the best of our knowledge, no study has been reported for films on a
crystalline substrate such as mica. Note that a study of n-pentacontane (C50H102) films
on copper substrates involved much thicker films (d ≈ 65 nm) [3]. A differential thermal
analysis peak arising from bulk freezing was detected, together with one arising from
surface freezing. In such thick films the two interfaces may be regarded as independent.
In this chapter, the phase behaviour of long-chain n-alkanes in thin films adsorbed on
isolated mica surfaces as well as confined between two mica surfaces are studied in the
vicinity of and slightly above the bulk melting point. The results are briefly compared
to those obtained for one of the cyclic hydrocarbons, cyclooctane. The abbreviations
introduced in the previous chapter are also used here (n-C18, n-C17, n-C16 and n-C14 for
n-octadecane, n-heptadecane, n-hexadecane and n-tetradecane, respectively).
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4.2 Materials and methods
The long-chain n-alkanes used in this study were from the same batch as used in the
study described in the previous chapter, and selected physical properties of the
compounds are summarized in Table 3.1.
Relevant physical properties of cyclooctane (C8H16) are summarized in Table 4.1 [4].
Table 4.1
Fw
Tm
(g/mol) (°C)
112.22

14.3

Tb
(°C)
149

ρ
γ
(g/cm3) (mN/m)
0.835

29.84

n

1.4586

P0
(Torr)
3.38

∆Hf
(kJ/mol

∆Hvap
(kJ/mol

)

)

43.3

124.4

Table 4.1. Selected physical properties of cyclooctane. The symbols and units used
here are the same as those in Table 3.1, except that P0 is expressed in units of Torr.
Density, surface tension, refractive index and vapour pressure are for 20 °C. The
boiling point is under a reduced pressure of 749 Torr.

4.3 Results
Figure 4.1 shows the thickness of adsorbed films, d, on isolated mica surfaces in vapour
of n-C18 at T = 30.0 °C, as a function of time elapsed after introduction of the bulk
liquid into the SFA chamber. d was calculated using Equation (2.1.11) and the literature
value of refractive index for the bulk liquid. It appears that d increases over the first ≈
40 hours then remains approximately constant at ≈ 3.5 nm. After ≈ 100 hours there is no
noticeable increase in d, and we can thus assume that saturation of the chamber is
achieved within this time. We expect the attainment of saturation for the other three
alkanes to be quicker, because n-C18 has the lowest vapour pressure among the studied
compounds.
The lower bound on the relative vapour pressure (P/P0), calculated using the Kelvin
equation and the maximum condensate size measured (the condensate did not stop
growing on the time scale of the experiment), was ≥ 0.987 for n-C14, ≥ 0.977 for n-C16,
≥ 0.979 for n-C17 and ≥ 0.971 for n-C18. However, we note that based on dispersion
force theory (for simplicity all four n-alkanes are assumed to have the same Hamaker
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constant of Amica-alkane-vacuum = –1.2×10-20 J), the maximum film thickness presented
below implies much higher relative vapour pressures (≥ 0.995) for all four n-alkanes
(see Figure 3.14).
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Figure 4.1. Thickness d of the adsorbed films of n-C18 at 30.0 °C as a function of time
after the sample was introduced into the SFA chamber. d initially increases sharply and
then approaches a constant value of ≈ 3.5 nm after ≈ 40 hrs.
Figures 4.2 through 4.5 show the thickness of the adsorbed films (d) and the critical
surface separation at which capillary condensation occurs (Hc) as functions of T, for nC18, n-C17, n-C16 and n-C14, respectively. Different symbols in any one figure refer to
different experiments. For each figure, d is indicated by filled symbols (and refers to the
left ordinate) and Hc is indicated by open symbols (and refers to the right ordinate). Tm
is indicated by a dashed line in each figure.

95

4

40

3

30

2

20

1

10

0
27

Tm
28

29

30

31

32

33

Hc (nm)

d(nm)

Chapter 4

0

T (°C)
Figure 4.2. Thickness d of the adsorbed film of n-C18 as a function of temperature
(filled symbols), calculated using the symmetrical three-layer interferometer model
(Equation 2.1.11) and the refractive index of the bulk liquid. The critical surface
separation at which capillary condensation occurs, Hc, is also given as a function of
temperature (open symbols). Different symbols are from different experiments. The bulk
melting point (28.1 - 28.2 °C) is indicated with a dashed line. There is a significant
decrease in d around 30 °C. No significant change in Hc is observed over the
temperature range studied.
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Figure 4.3. Thickness d of the adsorbed film of n-C17 as a function of temperature
(filled symbols), calculated using the symmetrical three-layer interferometer model
(Equation 2.1.11) and the refractive index of the bulk liquid. The critical surface
separation at which capillary condensation occurs, Hc, is also given as a function of
temperature (open symbols). The bulk melting point (22.0 °C) is indicated with a
dashed line. There is a significant decrease in d around 25 °C. No significant change in
Hc is observed over the temperature range studied.
A change in d is observed around ≈ 30.5 °C for n-C18 and around ≈ 25 °C for n-C17. The
change occurs at slightly higher temperatures on heating than on cooling (which leads
to a finite width of the temperature range over which the change occurs). No significant
change in d was observed for n-C16 and n-C14 in the temperature range studied. No
change in d at Tm is detected for any of the n-alkanes. The larger scatter at lower
temperatures in Figure 4.5 most likely arises from larger temperature fluctuations due to
use of the cooling unit (see Chapter 2). No change in Hc is detected over the
temperature range studied for any of the n-alkanes. Hc is in the range 14 ± 4 nm, for all
of the substances, independent of temperature.
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Figure 4.4. Thickness d of the adsorbed film of n-C16 as a function of temperature
(filled symbols), calculated using the symmetrical three-layer interferometer model
(Equation 2.1.11) and the refractive index of the bulk liquid. The critical surface
separation at which capillary condensation occurs, Hc, is also given as a function of
temperature (open symbols). Different symbols are from different experiments. The bulk
melting point (18.1 – 18.2 °C) is indicated with a dashed line. No significant change in
d or Hc is observed over the temperature range studied.
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Figure 4.5. Thickness d of the adsorbed film of n-C14 as a function of temperature
(filled symbols), calculated using the symmetrical three-layer interferometer model
(Equation 2.1.11) and the refractive index of the bulk liquid. The critical surface
separation at which capillary condensation occurs, Hc, is also given as a function of
temperature (open symbols). Different symbols are from different experiments. The bulk
melting point (5.9 °C) is indicated with a dashed line. No significant change in d or Hc
is observed over the temperature range studied.
After the capillary condensation transition at Hc, the surfaces are pulled into contact,
after which H ≈ 1.0 ± 0.2 nm, independent of T in the range studied. When a load is
applied to the surfaces, H decreases to ≈ 0.5 nm.
If the surfaces are left in contact after the inward jump, a capillary condensate gradually
grows around the contact zone. Figures 4.6 through 4.9 (for n-C18, n-C17, n-C16 and nC14, respectively) show the measured condensate volume V, calculated from Equation
(3.1.1), as a function of time at a selection of different temperatures. The first
measurement was obtained 1 minute after the surfaces were brought into contact and
the data are shown for the first 1 hour only. The solid and dashed lines in Figures 4.6
through 4.9 represent theoretical calculations of expected growth rate due to surface and
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vapour diffusion respectively [5-7], and are discussed in the next section and in the
Appendix.
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Figure 4.6. Volume of the capillary condensates of n-C18 as a function of time at a
selection of different temperatures. The first measurement was obtained 1 min after the
surfaces were brought into contact and the data are shown for the first 60 min only.
There is a significant increase in the condensate growth rate at about 30 °C. The solid
line is the condensate growth rate calculated by the film drainage model, using A = 1.2×10-20 J, η = 4.1 mPas, γ = 27.4 mN/m (viscosity of n-C18 is estimated from
properties of other n-alkanes). The dashed line is the condensate growth rate calculated
by the vapour diffusion model, using p0 = 3.3×10-4 Torr, p/p0 = 0.995, Df = 0.042 cm2s-1
(see Appendix). The change in the growth rate occurs at a similar temperature to the
change in d (Figure 4.2). The change in the growth rate occurs at a slightly higher
temperature on heating than on cooling. For example, the growth rate at 30.3 °C is
slower than at 30.0 °C.
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Figure 4.7. Volume of the capillary condensates of n-C17 as a function of time at a
selection of different temperatures. The first measurement was obtained 1 min after the
surfaces were brought into contact and the data are shown for the first 60 min only.
There is a significant increase in the condensate growth rate at about 25 °C. The solid
line is the condensate growth rate calculated by the film drainage model, using A = 1.2×10-20 J, η = 4 mPas, γ = 27.5 mN/m (viscosity of n-C17 is estimated from properties
of other n-alkanes). The dashed line is the condensate growth rate calculated by the
vapour diffusion model, using p0 = 6.3×10-4 Torr, p/p0 = 0.995, Df = 0.0423 cm2s-1 (see
Appendix). The change in the growth rate occurs at a similar temperature to the change
in d (Figure 4.3). The change in the growth rate occurs at a slightly higher temperature
on heating than on cooling.
There is a significant increase in the condensate growth rate around 30.5 °C for n-C18,
around 25 °C for n-C17, around 19 °C for n-C16 and around 1 °C for n-C14. No
significant change in the growth rate is observed around Tm for any of the n-alkanes.
Note that the increase in dV/dt for n-C18 and n-C17 occurs at the same temperature as the
observed change in d was detected. As for the change in d observed for n-C18 and n-C17,
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the change in the growth rate also occurs at slightly higher temperatures on heating than
on cooling for all four n-alkanes. For n-C18, for example, the growth rate at 30.3 °C is
slower than at 30.0 °C (Figure 4.6).
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Figure 4.8. Volume of the capillary condensates of n-C16 as a function of time at a
selection of different temperatures. The first measurement was obtained 1 min after the
surfaces were brought into contact and the data are shown for the first 60 min only.
There is a significant increase in the condensate growth rate at about 19 °C. The solid
line is the condensate growth rate calculated by the film drainage model, using A = 1.2×10-20 J, η = 3.4 mPas, γ = 27.5 mN/m. The dashed line is the condensate growth
rate calculated by the vapour diffusion model, using p0 = 9.2×10-4 Torr, p/p0 = 0.995,
Df = 0.04 cm2s-1 (see Appendix). The change in the growth rate occurs at a slightly
higher temperature on heating than on cooling.
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Figure 4.9. Volume of the capillary condensates of n-C14 as a function of time at a
selection of different temperatures. The first measurement was obtained 1 min after the
surfaces were brought into contact and the data are shown for the first 60 min only.
There is a significant increase in the condensate growth rate at about 0 °C. The solid
line is the condensate growth rate calculated by the film drainage model, using A = 1.2×10-20 J, η = 2.13 mPas, γ = 26.5 mN/m. The dashed line is the condensate growth
rate calculated by the vapour diffusion model, using p0 = 8.4×10-4 Torr, p/p0 = 0.995,
Df = 0.04 cm2s-1 (diffusion coefficient of n-C14 is estimated from properties of other nalkanes). The change in the growth rate occurs at a slightly higher temperature on
heating than on cooling.
To view the change more clearly, the condensate volume V after an elapsed time of 1
hour is replotted as a function of T in Figures 4.10 through 4.13. Here, Tm for each nalkane is indicated with a dashed line. A distinct change (by more than an order of
magnitude) occurs in a narrow temperature range a few degrees above Tm for n-C18, nC17, n-C16, and approximately 5 °C below Tm for n-C14.
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Figure 4.10. Volume of the capillary condensate of n-C18 after 1 hour (V1hr) as a
function of temperature. The bulk melting point is indicated by the dashed line. There is
a distinct increase in the growth rate of the capillary condensates around 30 to 31 °C.
Note the growth rate at 30.3 °C is slower than that at 30.0 °C.
After measurements of the condensate growth rate, the surfaces were separated by a
small H. The condensate then flows inward and forms a liquid bridge. For each
compound the refractive index of the liquid bridge was measured (see Chapter 3 for
procedure) and found to agree within experimental error with the literature value of
bulk refractive index at corresponding temperatures [4].
When the surfaces are separated further, the liquid bridge elongates and eventually
snaps, resulting in the formation of droplets on each of the opposing mica surfaces. The
spreading properties were monitored, in situ, via FECO. The appearance of these
droplets was also occasionally viewed from above through an optical microscope. An
apparent change in wetting behaviour was observed at the same temperature as the
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change in the condensate growth rate (and change in d for n-C18 and n-C17). Hereafter
we refer to this temperature as Tt.
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Figure 4.11. Volume of the capillary condensate of n-C17 after 1 hour (V1hr) as a
function of temperature. The bulk melting point is indicated by the dashed line. There is
a distinct increase in the growth rate of the capillary condensates around 25 °C.
Figure 4.14 shows both the FECO and the optical microscope photographs of n-C18
droplets on mica surfaces below (Figure 14 a) and above (Figure 14 c) Tt. Above Tt,
when the condensate growth rate is fast, the droplets readily spread over the surfaces,
suggesting a very small contact angle. Below Tt, however, the droplets do not appear to
spread. They stay on the surfaces in coexistence with the thin adsorbed films for hours
until they eventually evaporate. The contact angle of these droplets was estimated via
the FECO from the width of the droplets and the surface separation H at which they
coalesce. Assuming that the two droplets are both identical spherical caps (see Equation
(3.3.3), the contact angle below Tt was in the range 16 ± 6° for n-C18. This value is in
the same range as measured at temperatures slightly below Tm (see Chapter 3). At a
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temperature ≈ Tt, the condensate may split into several smaller droplets as the liquid
bridge snaps (Figure 14 b).
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Figure 4.12. Volume of the capillary condensate of n-C16 after 1 hour (V1hr) as a
function of temperature. The bulk melting point is indicated by the dashed line. There is
a distinct increase in the growth rate of the capillary condensates around 19.5 °C.
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Figure 4.13. Volume of the capillary condensate of n-C14 after 1 hour in contact (V1hr)
as a function of temperature. The bulk melting point is indicated by the dashed line.
There is a distinct increase in the growth rate of the capillary condensates around 1 °C.

Figure 4.14. FECO images and optical microscope pictures of n-C18 droplets on
isolated mica surfaces after the liquid bridge has snapped at T < Tt (a), T ≈ Tt (b) and T
> Tt (c). At T < Tt a single droplet is left on either mica surface, with a finite contact
angle of θ ≈ 16 ± 6°. At T ≈ Tt, the bridge splits into a number of small droplets. At T >
Tt, the droplets spread over the surfaces.
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4.4 Discussion
The change in thickness (for n-C18 and n-C17), condensate growth rate and wetting
properties of the surfaces at Tt suggests a change in structure of the adsorbed films.
4.4.1

Thickness of adsorbed films

The change in d at Tt is clearest for n-C17, barely significant for n-C18, and could not be
detected for n-C16 or n-C14. The significant change observed here for n-C17, and for nC20 in a previous study on silica [2], is largely due to the small d values at T > Tt. This
thin film thickness above Tt cannot simply be attributed to undersaturation of n-C17
vapour because all the four n-alkane measurements were carried out in a similar
manner. We do not have a plausible explanation for the difference between n-C17 and
the other three n-alkanes. The change in d at Tt may be near the limit of resolution of
the FECO technique. However, we note that in previous studies of surface freezing at
the surface of bulk liquid n-alkanes [8,9] and in n-alkane films adsorbed on silica [2], a
chain-length dependence of the temperature range in which n-alkanes exhibit surface
freezing was observed. The range is the largest for those with carbon number 20 to 23,
and narrows as the chain shortens with the order n-C20 > n-C19 > n-C17 > n-C18 > n-C16,
ultimately vanishing at carbon number 15. This sequence coincides with the
significance of the change in d at Tt observed in this study.
We do not have direct information about orientation of individual molecules in the
films, but we note that the previous ellipsometry study of n-C20 films on silica surfaces
shows that the films thicken and the molecules orient normal to the surface below Tt [2].
4.4.2

Capillary condensation transition

The critical surface separation at which the capillary condensation occurs, Hc, is in
reasonable agreement with previous work on a number of liquids, where Hc is in the
range 12 – 15 nm for films of thickness ≈ 3nm [10]. When the surfaces are pulled
together by capillary condensation of n-alkane from vapour, they remain separated by a
thin film of liquid (H ≈ 1 nm). The carbon-carbon bond length is 0.154 nm and the
angle between two carbon-carbon bonds is 112° [11]. The size of the methyl group is
0.23 nm [1]. Therefore the length of an extended (all-trans configuration) n-alkane
molecule is given by the formula,
(n-1) × 0.154 × sin(112°/2) + 2 × 0.23 nm = (n-1) × 0.127 + 0.46 nm. (4.4.1)
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Using this formula, the molecular length is estimated to be ≈ 2.12 nm for n-C14, ≈ 2.37
nm for n-C16, ≈ 2.50 nm for n-C17 and ≈ 2.63 nm for n-C18. On the other hand, the width
of the extended n-alkane molecule is estimated to be in the range ≈ 0.4 to 0.5 nm
[1,12,13]. The observed value of H ≈ 1 nm immediately after the capillary condensation
thus suggests that the trapped n-alkane molecules order parallel to the mica surfaces
(perhaps there are 2 or 3 layers). The observation that H decreases to ≈ 0.5 nm when a
load is applied to the surfaces suggests that one or two layers are ejected from between
the surfaces.
4.4.3

Growth of the capillary condensates

During the jump-in caused by the capillary condensation, a large portion of the films
adsorbed on the isolated surfaces is ejected into the annular condensate around the
flattened contact zone.

The change in subsequent growth rate of the capillary

condensates with temperature provides the clearest evidence that a transition in the
structure of the adsorbed alkane films occurs. Below we consider two mechanisms of
material transfer into the condensate. Modeling and numerical calculations were carried
out by Mika Kohonen and the details have been published [5-7] (see also Appendix).
The dashed lines in Figures 4.6 through 4.9 represent condensate growth rates
calculated assuming that material transfer to the condensate occurs solely by vapour
diffusion. Clearly, while this model appears to work well for the growth rates measured
below the transition temperatures, the model underestimates the growth rates by more
than an order of magnitude above the transition temperature. The rate of diffusion
through vapour is not expected to change markedly over a few degrees, as the
concentration in the vapour phase is nearly constant. Note also that there is hardly any
difference in the measured condensate growth rate around Tm, where the temperature
dependence of the vapour pressure must be the largest. Moreover, we now present
experimental evidence that the drastic change in condensate growth rate observed above
cannot be attributed to a change in the properties of vapour of long-chain n-alkanes.
Similar measurements of the condensate growth rate of cyclooctane (c-C8H16) in the
vicinity of the bulk melting point (Tm = 14.3 °C) are shown in Figures 4.15 and 4.16.
The data are shown for the first 1 hour only in Figure 4.15 and for the first 2 hours only
in Figure 4.16. Analogous to Figures 4.10 through 4.13, the condensate volume V after
an elapsed time of 2 hours is re-plotted as a function of T in Figure 4.17. There is a
steady increase of condensate growth rate with temperature, above and below Tm, as the
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vapour pressure increases. Note that V is in 1014 m3, two orders of magnitude larger
than that of long-chain n-alkanes below Tt, due to the much higher vapour pressure of
cyclooctane (compare the data in Tables 3.1 and 4.1).
Unlike for long-chain n-alkanes, there is no drastic change in condensate growth rate
for cyclooctane a few degrees above Tm. The relative increase is very small (≈ 13 %)
between 15 °C (0.7 °C above Tm) and 18.7 °C (4.4 °C above Tm) in Figure 4.16,
compared with the relative increase observed for long-chain n-alkanes (≈ 14 fold
increase within 3 °C for n-C16, ≈ 14 fold increase within 3.5 °C for n-C17, ≈ 16 fold
increase within 3.7 °C for n-C18; see Figures 4.6 and 4.8). The relative increase for nC14 between 0.8 °C and 2.3 °C is ≈ 8 fold and relatively smaller than the other nalkanes, but still much more distinct compared with that for cyclooctane. We also note
at this stage that, unlike for long-chain n-alkanes, no apparent change in wetting
behaviour was observed over the entire temperature range studied after a liquid bridge
of cyclooctane is elongated and snapped. The contact angle is very small at all
temperature studied.
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Figure 4.15. Volume of the capillary condensates of cyclooctane as a function of time
at a selection of different temperatures. The data are shown for the first 60 min only.
The solid line is the condensate growth calculated by the vapour diffusion model, using
p0 = 2.44 Torr (calculated for 15 °C), p/p0 = 0.996 and Df = 0.07 cm2s-1.
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Figure 4.16. Volume of the capillary condensates of cyclooctane as a function of time
at various temperatures. The data are shown for the first 120 min only.
These results suggest that another mechanism of condensate growth must be operating
above Tt. The only other possible path of material transfer into the condensate is via
surface diffusion, along the large area of the mica surfaces exposed to the vapour. The
solid lines in Figures 4.6 through 4.9 represent the predicted rate of growth if material
transfer to the condensate occurs solely by drainage of adsorbed films along the mica
surfaces [5-7] (see also Appendix).

Chapter 4

112

4

V (× 10-14 m3)

3

2

1

Tm = 14.3 °C
0

5

10

15

20

T (°C)
Figure 4.17. Volume of the capillary condensate of cyclooctane after 2 hours (V2hr) as
a function of temperature. The bulk melting point is indicated by the vertical, dashed
line. There is an almost linear increase in the growth rate of the capillary condensates
as the temperature is raised, both above and below the bulk melting point. Note that
cyclooctane has much a higher vapour pressure in the vicinity of the bulk melting point
compared with long-chain n-alkanes (compare the Tables 3.1 and 4.1). Unlike for longchain n-alkanes, no drastic change is observed in the temperature range studied.
It appears that the model is able to account at least semi-quantitatively for the observed
growth rates for T > Tt. In contrast, the surface diffusion seems almost totally absent at
temperatures below Tt. Note that because of the non-additive contribution from vapour
and surface diffusion, the overall growth rate would be larger than either of the
contributions alone but smaller than the two growth rates arithmetically combined. Note
also that for a substance that has a high vapour pressure, the vapour diffusion dominates
the overall rate of material transfer and presence or absence of surface diffusion will
become insignificant [5,7]. The less distinct change for n-C14 compared with the other
longer-chain n-alkanes may be due to a larger contribution of vapour diffusion to the
overall condensate growth rate (n-C14 has higher vapour pressure).
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The significant increase in the rate of surface diffusion indicates a dramatic change in
the mobility of the films and hence in the structure of the films. The lateral mobility of
the adsorbed films decreases (the viscosity increases) significantly at Tt as the
molecules become more ordered. If we assume a more perpendicular orientation of the
chain-like molecules with respect to the surface below Tt, both the increase in film
thickness (for n-C18 and n-C17) and the decrease in mobility can be explained.
4.4.4

Wetting behaviour of surfaces

Additional support for a transition in the structure of the adsorbed films comes from the
change in the wetting behaviour of the droplets after rupture of the liquid bridge. The
change in spreading behaviour of the droplets reflects a change in the wetting properties
of the surfaces over which the droplets spread. Note that Tt is very similar to the surface
freezing temperature of liquid n-alkanes and hence we expect that the surface energy of
the droplets will be reduced below Tt [8,9]. In contrast, the interfacial energy between
the droplets and the mica substrate is unlikely to change markedly at Tt. Thus, from the
Young equation (1.3.5), the contact angle of the droplet below Tt cannot be larger than
that above Tt, unless the surface energy of the film decreases significantly below Tt. In
fact, the larger contact angle observed below Tt suggests a greater reduction in surface
energy for the film than for the droplets.
It is known that methyl groups have a lower surface energy than methylene groups
[14,15]. Thus, an ordered surface presenting a large concentration of methyl groups will
have a lower surface energy than a disordered surface presenting a greater fraction of
methylene groups. Note that the d measured below Tt is slightly larger than the length
of an extended molecule. Perhaps a layer or two of molecules of parallel orientation are
next to the surface, with an outer layer of normal orientation. Our suggested picture of
the structure of the adsorbed films above and below Tt is shown in Figure 4.18. The
figure also shows the situation between two mica surfaces.
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T>Tt
mica

all T
mica
mica
Figure 4.18. Schematic illustration of the proposed structure of the adsorbed n-alkane
films. At low temperatures (T < Tt) the film immediately next to the mica substrate is
disordered while the outer layer is more ordered (perpendicular to the surface). An
alkane droplet forms a finite contact angle on the ordered film (top). At higher
temperatures (T > Tt) the outer film also becomes disordered and the film thins slightly.
An alkane droplet spreads over the film (middle). Between two mica surfaces at small
surface separations (H ≈ 1 nm) alkane chains order parallel to the surfaces regardless
of temperature (bottom).
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Figure 4.19. Schematic illustration of chemical potential, µ = µ(T). For a substance
that exhibits surface freezing, the bulk phase transition occurs at a lower temperature
than the surface phase transition and hence a kink in surface tension is experimentally
detectable (top figure). For a substance that exhibits surface melting, however, the kink
in surface tension is pre-empted by the bulk phase transition and consequently the
surface tension only shows ordinary linear increase with decreasing temperature
(bottom figure).
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n-C14 does not exhibit surface ordering at the bulk alkane-vapour interface [8,9].
Generally a phase transition temperature is marked by a kink in chemical potential,
either for the bulk or for the surface [11] (Figure 4.19). The standard chemical potential
at the surface is higher than that in the bulk at a given temperature, the difference of
which is, by definition, the surface tension. For a substance that exhibits surface
freezing, the bulk phase transition occurs at a lower temperature than the surface phase
transition and hence a kink in surface tension is experimentally detectable. Based on the
decrease in the difference between the surface and bulk freezing temperatures for the
longer chain n-alkanes, a hypothetical surface freezing transition in n-C14 would occur
at a temperature below the bulk melting point. Thus a kink in surface tension would be
pre-empted by the bulk phase transition and consequently the surface tension would
only reveal an ordinary linear increase with decreasing temperature.
However, this may not occur with thin adsorbed films on mica substrates. Our results
suggest that there is no intrinsic difference between the transition experienced by the nC14 film below Tm and that found for the longer-chain alkanes above Tm. If the surface
transition observed for films of longer chain alkanes is related to the surface freezing
transition at the bulk surface, then our results suggest that n-C14 also displays a surface
freezing transiton.
4.4.5 Temperature hysteresis
All properties displaying a transition at Tt showed temperature hysteresis. We could not
accurately quantify this hysteresis, but it appeared to be of the order of 1 degree. The
observations suggest a first-order transition. Although the equilibrium properties of the
ordered surface monolayers on the bulk alkanes have been rather well documented by
now, the kinetics involved in formation of such monolayers has so far received very
little attention. The matter is complicated by the possible role played by impurities.
Apparently, impurities seem necessary to nucleate the ordered surface layers, although
the nature of the impurities seems to be unimportant [9]. The lack of nucleation sites on
the atomically smooth mica surfaces means that the temperature must be lowered below
the (equilibrium) transition point to induce the surface transition of the films. This point
is investigated further in the next chapter.
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4.5 Summary
The results presented above suggest that n-C16, n-C17 and n-C18 films adsorbed on
isolated mica surfaces undergo a surface phase transition at a temperature a few degrees
above Tm, whereas n-C14 films undergo virtually the same transition at a temperature
approximately 5 °C below Tm. A decrease in thickness, an increase in lateral mobility,
and a change in wetting properties, of the films accompany the transition. This is
consistent with the surface freezing of n-alkanes observed at the surface of the bulk
liquid and the wetting transition of n-alkanes on silica surfaces.
The interactions of the ordered alkane molecules with the underlying crystalline mica
substrate are expected to be quite different from those with the disordered bulk liquid.
The somewhat counter-intuitive result that a similar surface transition occurs on liquid,
amorphous, and crystalline substrates suggests that the surface transition is essentially
at the monolayer level and that, as pointed out by Fowkes a long time ago [13], the
strength of lateral interactions between the n-alkane molecules dominates the phase
behaviour of the surface monolayer.

4.6 Appendix
Below we describe the modeling of vapour and surface diffusion in the SFA geometry
(see Figure 2.6) carried out by Mika Kohonen, the details of which have been published
[5-7].
Vapour diffusion model
The theoretical model of diffusion of vapour into the model pore considered here is
based on Langmuir’s treatment of the diffusion-limited growth of atmospheric water
droplets [16]. Consider an annular shell of area A at distance x, outside of the liquid
condensate in the SFA geometry (Figure 2.6 top). Here A is taken as perpendicular to
the vapour diffusion flux.
A = A(x) ≈ 2πxh = 2πx{R cosφ - (R2 – x2)1/2}

(4.6.1)

The volume of the annular condensate is given by Equation (3.1.1), V ≈ πRh2 = 4πRr2.
If Q is the rate of change of mass of the liquid condensate, then from simple diffusion
theory, assuming the steady state has been reached (Q = constant),
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Qdx
dc = DA ,

(4.6.2)

where c is the concentration (mass per unit volume) of the vapour at x, and D is the
diffusion coefficient. Assuming ideal gas conditions (PMw = cRT),
Qdx
dc = MwdP /RT = DA

(4.6.3)

Integrating Equation (4.6.3) between the limits x = a and x = b, and converting from
concentration to pressure units gives,
b
QRgT ⌠ dx
pb- pa = DM  A ,
w ⌡
a

(4.6.4)

where Rg is the gas constant, T is the temperature and Mw is the molecular weight. If x
= a is taken to be at the liquid-vapour interface of the condensate (of curvature r) then
pa can be calculated using the Kelvin equation (1.1.2), and if x = b is taken to be large
enough then pb = p, the vapour pressure in the chamber. If V is the volume of the
condensate and ρ is the density of the liquid then, Q = ρ (dV/dr)(dr/dt). Finally,
substituting this expression for Q into the Equation (4.6.4) and performing the
integration gives,
dr DM wP0
=
G(r;R,φ){p/p0 - exp(-γvm/kTr)}
dt
R gTρ

(4.6.5)

where G (r;R,φ) is a function of r and the measured geometric parameters R and φ . The
actual form of the function G (r;R,φ) depends on the choice of the upper limit of the
integral in the Equation (4.6.4). However, the results of integrating Equation (4.6.5) are
insensitive to this choice, provided that x = b is chosen large enough. A convenient
choice is b = R, which gives,
G (r;R,φ) = (4rR)-1{(2(R + R cosφ ))-1 ln{(R + (R cosφ - 2r ))/R } + (2(R cosφ - R ))-1
ln{(R - (R cosφ - 2r ))/R } + R cosφ (R2 – R2cos2φ )-1 ln{(R cosφ - (R cosφ - 2r ))/R
cosφ }}-1.

(4.6.6)
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Equation (4.6.5) can be numerically integrated using the physical constants found in the
CRC handbook [4].
In this way volume of the condensate can be calculated as a function of time based on
the measured initial condensate radius.
Surface diffusion model
A crude prediction of the rate of increase of the volume of the condensate due to
drainage of surface films can be obtained from thin film hydrodynamics [17].
Neglecting curvature effects, the pressure in the film, Pf, is given by

Pf = P −

A
6πd 3

(4.6.7)

where P is the external pressure and the second term is the disjoining pressure of the
film (note that A is the Hamaker constant in this section). Variations in d give rise to
pressure gradients which result in the flow of liquid. For small perturbations in d the
evolution equation for the profile of an axially symmetric film of initial (uniform)
thickness d0 is
∂d
A 1 ∂  ∂d 
=
ρ 
∂t 6πηd 0 ρ ∂ρ  ∂ρ 

(4.6.8)

where η is the viscosity of the liquid and ρ is the radial coordinate [18].
If we assume local equilibrium between the pressure in the growing meniscus (with
radius of curvature r) and that in the film, then the film thickness at the edge of the
meniscus, dr, can be calculated by equating the Laplace pressure γ/r to the disjoining
pressure. For a condensate with annular radius ρ = α the volume flux (per film) may be
found by solving Equation (4.6.8) subject to the boundary conditions d(ρ,0) = d0, ρ ≥ α,
and d(α,t) = dr, t > 0, where d0 is the measured initial film thickness. Equation (4.6.8) is
formally equivalent to the diffusion equation, with the diffusion coefficient D =
A/6πηd0 and can be solved using standard techniques [19]. The rate of increase of the

condensate volume is then
dV 16(d r − d0 )D
=
I(t; D,α ) ,
π
dt

(4.6.9)
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where V = 4πRr2 and I(t;D,α) is an integral, the numerical values of which have been
tabulated [20].
Equation (4.6.9) gives the volume flux into a condensate with fixed annular radius α
and fixed boundary film thickness dr. For the case of a growing condensate we assume
that Equation (4.6.9) remains valid when dr and α are functions of time. This should be
a good approximation as both dr and α vary slowly with time, and α is small in
comparison to the distance over which the film is perturbed.
Note that in our models each contribution is estimated assuming the other is totally
absent. In real systems one of the contributions reduces the driving force of the other.
Because of this non-additive nature of the contributions in our models, the overall
growth rate would be larger than either of the contributions alone but smaller than the
two growth rates arithmetically combined. This provides upper and lower bounds of the
overall growth rate. Therefore, our model is good when one contribution dominates
over the other but not very good when two contributions are comparable.
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Chapter 5

5.1 Introduction
In the last two chapters we have seen a few examples of the effects of interfaces on the
phase behaviour of long-chain hydrocarbons. We observed interfacial melting of nalkanes in the vicinity of mica surfaces and solid nucleation of n-alkanes at the liquidvapour interface below the bulk melting point. We also saw a transition in thin films of
long-chain n-alkanes adsorbed on mica surfaces a few degrees above the bulk melting
point, which has a close resemblance to the surface freezing transition observed at the
surface of bulk liquid. In this chapter we shift our focus to the effect of vapour interface
and extend the study to the surface of bulk liquid. At the end of the previous chapter,
we saw a temperature hysteresis in the surface transition in thin films, a sign of a finite
energy barrier against formation of the ordered film and hence the first order nature of
the transition.
Long-chain n-alkanes have been known to exhibit little bulk supercooling [1]. There is
currently a great interest in supercooling and nucleation in bulk alkanes as well as in
bulk polymers in which the role of the surface crystallization has been suggested to play
a major role [1-5]. If the frozen surface monolayer, which has the similar structure and
density as the bulk rotator phase, forms a few degrees above the bulk melting point,
there should be no further energy barrier against formation of the bulk rotator phase of
the long-chain n-alkanes [4,5]. Although n-C18 and n-C16 directly form a bulk
crystalline phase from liquid, the interfacial energy between rotator and crystalline
phases seems very small (0.28 mN/m) [4]. Indeed in case of n-C16, bulk crystallization
seems to occur via a transient bulk rotator phase [5]. There, the extent of supercooling
is governed by the thermodynamic stability of the transient phase with respect to liquid,
not by that of the crystalline phase with respect to the transient phase [5].
However, the possibility of the supercooling of the monolayer itself and its impact on
nucleation of the bulk crystallization have largely been overlooked. Although some
experimental findings [6-8] and theoretical models [9] have implied that surface
freezing transition is of a first order nature, so far no direct experimental evidence has
been provided.
Below, the surface tension, γ, of n-C18 is studied in the vicinity of the bulk melting
point, Tm, using the dynamic maximum bubble pressure method and the results are
compared with those from the static Wilhelmy plate method.
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5.2 Materials and methods
Details of the experimental procedure are presented in the second section of Chapter 2.
Following the conclusions of Chapter 2, we only use two of the four surface tension
measuring techniques, the static Wilhelmy plate method for the study of the
thermodynamic property of the frozen surface monolayers, and the maximum bubble
pressure method for the study of kinetics involved in formation of the monolayers.
n-C18 was distilled under reduced pressure. In addition, the liquid surface was aspirated
with a clean Pasteur pipette prior to each experimental run. The rate of temperature scan
of the system was approximately 0.05 °C/minute, in both directions and for both
methods.

5.3 Results
The surface tension of n-C18 as a function of temperature, γ (T), measured by the
maximum bubble pressure method in the vicinity of Tm from four typical experiments
are shown along with data obtained by the static Wilhelmy plate method in Figure 5.1.
The maximum bubble pressure results are shown with open symbols (for cooling path)
or closed symbols (for heating path) and the Wilhelmy plate result with a solid line. The
four maximum bubble pressure measurements shown were carried out using the same
sample of liquid in the following order; cooling 1, cooling 2, cycle 1, cycle 2. In the
results shown below “cooling 1” and “cooling 2” measurements were carried out while
the temperature was monotonically lowered until the bulk freezing took place, whereas
for “cycle 1” and “cycle 2” the temperature was reversed while the bulk remained
supercooled.
The surface tension far above Tm exhibits a slight increase as the temperature is
lowered, as expected from the slope of the surface entropy of n-C18 (-∂γ/∂T = 0.0843
mN/K [10]). In this temperature range, both methods give the same γ values, both on
cooling and heating paths.
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Figure 5.1. Surface tension as a function of temperature measured by the maximum
bubble pressure and the static Wilhelmy plate methods. The two sets of data in the left
figure are for cooling paths only, whereas the right figure shows cooling (open
symbols) and heating (filled symbols) cycles. The bulk melting point is shown with the
vertical dashed lines. The static Wilhelmy plate data (solid lines) show a change of
slope at the surface freezing temperature as reported previously. In contrast, surface
tension values measured by the maximum bubble pressure method gradually increase
upon cooling, showing no immediate break in the trend at the surface freezing
temperature. This corresponds to a metastable liquid surface. The thermodynamically
stable solid-like surface phase shows different temperature dependence, as is shown by
the static Wilhelmy plate data over this temperature range. Over the rest of the cycles
both methods give the same results. The process of surface freezing possesses hysteresis
characteristic of a first order bulk phase transition.
The γ (T) data obtained using the static Wilhelmy plate method exhibit a change of
slope at the surface freezing temperature, Tsf, as reported previously [8,11,12]. In
contrast, the maximum bubble pressure method on cooling paths reveals a continued
increase in γ below Tsf, followed by a sharp drop in γ as the surface freezes. The
associated pressure drop (release of excess pressure) is complete within 30 seconds, and
occurs with a negligible temperature change. During this period the measured pressure
does not necessarily reflect true γ values, and the values were therefore discarded.
Instead the transition is indicated with arrows in Figure 5.1. The temperature at which
this transition occurs is not reproducible (can be above or below Tm) in these
experiments, even when measurements are done using the same sample of liquid. The
data in Figure 5.1 show no correlation between the transition temperature and sequence
of the experimental run, indicating there was no long-term effect of accumulation of
contaminants in the system. It may be appropriate to note at this stage that no apparent
correlation between the transition temperature and bubbling rate was observed over the
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range studied (2 to 6 seconds per bubble). Thereafter, γ keeps decreasing as the
temperature is lowered until bulk freezing takes place.
On subsequent heating paths, the increase of γ continues until Tsf is reached, where γ
shows a maximum, and the results are independent of the method employed. Thereafter
γ exhibits a small negative slope, virtually identical to that on the cooling paths. No
remarkable behaviour in γ was observed at Tm with either direction of the temperature
scan or with either method.
The lifetimes of bubbles produced at the capillary and allowed to rise to the bulk liquidair interface are shown as a function of temperature in Figure 5.2. Three distinct regions
of bubble lifetimes are observed. From T >> Tsf to slightly below Tsf, the bubbles
immediately burst when they reach the surface. The coalescence time is less than 20 ms,
which is the time resolution of our video camera (we refer to this region as A). At some
temperature below Tsf, but before the sudden drop in γ is observed, the coalescence
behaviour suddenly changes. Some bubbles start persisting at the surface for a few
seconds before bursting. The percentage of bubbles that persists is initially about 20 %,
and steadily increases as the temperature is further lowered (we refer to this region as
B). At the temperature at which the drop in γ is observed, the majority of the bubbles
become stable, and their lifetime at the surface increases to several minutes (we refer to
this region as C).
The stable bubbles at the liquid surface in the region C flow toward the meniscus at one
of the walls of the container due to buoyancy and form a hexagonal array. As the stable
bubbles accumulate at the surface, they cover almost half of the surface area of the
liquid in the container. Occasionally they rupture or merge into a large bubble, but this
process is rather stochastic and not predictable. When a newly released bubble hits one
of the floating bubbles at the liquid surface, the bubbles have somewhat higher
probability of bursting. This is presumably due to the mechanical shock of the bubble
collision. It is possible to observe the bubbles down to approximately 1 °C below Tm,
where the supercooled bulk liquid in the container begins to freeze.
On subsequent heating, the bubbles remain stable at the liquid surface until approx. 0.2
°C below Tsf. At this temperature the bubbles become unstable and burst in less than 20
ms. The bubbles remain unstable as the temperature is raised further. The hysteresis in
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bubble lifetimes correlates closely with the supercooling detected by the surface tension
measurements in Figure 5.1.

Region C
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28
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Figure 5.2. Lifetime of individual bubbles as a function of temperature (data for cycle 2
of Figure 5.1). On cooling (open circles), the lifetime first increases from milliseconds
(Region A) to seconds (Region B) at a temperature below Tsf, then to minutes or more
(Region C) after release of the surface supercooling. On heating (open squares), the
bubbles remain stable up to approximately 0.2 °C below Tsf. The lifetime of the bubbles
drops sharply to less than 20 ms at this temperature. The minimum time resolution was
20 ms and maximum observation time was ≈ 10 minutes. The hysteresis in bubble
lifetimes closely correlates to supercooling detected via the surface tension
measurements in Figure 5.1.
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5.4 Discussions
Mechanical properties of the frozen bubble surfaces
The lifetime of individual bubbles at the surface reflects the stability of the liquid film
between the two gas phases. This is determined firstly by the thinning of the film and
then by film bursting due to surface forces and/or surface waves.
It is known that viscous flow of a fluid near a solid wall exhibits a velocity gradient due
to the non-slip boundary condition. However, this does not apply to a pure liquidvapour interface where interfacial slip readily occurs. When neither surface is solid-like
the film drains rapidly (region A). When one of the surfaces is solid-like, the
mechanism of the film drainage changes from dynamic to viscosity controlled. It takes
longer for the film to drain to submicron thickness at which it becomes unstable due to
surface forces acting between both sides of the films (region B). It may be worth noting
that in a symmetric system like the one considered here (vapour-nonpolar liquidvapour), van der Waals forces between the two interfaces are always attractive and
hence the film is unstable in the absence of electrostatic or other repulsive forces. Note
also that surface waves will be suppressed when the surface of the film is frozen. Since
it is unlikely that all the surface of the bulk liquid in the container freezes at the same
time, the steady increase in the percentage of the bubbles with longer life time may be a
reflection of an increase in the fraction of the bulk interface that is frozen. When both
surfaces are frozen the film drainage time becomes even longer (region C).
Thus our results suggest that the mechanical property of the bubble surfaces
simultaneously undergoes a transition as the surface freezing transition. Our results
qualitatively confirm an earlier study, where lifetimes of the n-eicosane foams were
observed to increase from ≈ 5 seconds above Tsf to ≈ 12 seconds below Tsf [13].
However, we observe a more distinct difference between the two surface states.
A small liquid region or a defect in one or both of the frozen monolayers may well
reduce bubble lifetime, as this will increase both the rate of film drainage and the
probability of film rupture due to surface waves. This may explain occasional rupture or
merger of the bubbles into a large bubble, particularly when one of the floating bubbles
is hit by a newly released bubble.
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First order nature of the surface freezing transition
The temperature at which the sharp drop in surface tension occurs is rather erratic and
can be above or below Tm (but always below Tsf). This stochastic feature in itself
suggests that we are dealing with a nucleation problem; characteristic of a first order
phase transition. Once the phase transition has taken place, γ obtained via the maximum
bubble pressure method coincides with that obtained via the static Wilhelmy method,
both on subsequent cooling and on heating paths.
A notable feature of these observations is that the surface supercooling shown by the
maximum bubble pressure method does not seem to occur at the large stagnant surface
of the liquid in the container, probed with a Wilhelmy plate. It has been suggested that
surface nucleation requires a sufficient density of nucleation sites, from the observation
that surface freezing does not always occur in the absence of a Wilhelmy plate [8].
Apparently, some amount of impurity seems necessary to assist nucleation of the
surface ordered phase although the actual nature of the impurity seems to be
unimportant [8]. This may, in part, explain why the static Wilhelmy plate method does
not reveal surface supercooling. The possible role of impurities in the kinetic process of
surface freezing is discussed in the next section. In the maximum bubble pressure
method on the other hand, the surface lifetime is orders of magnitude shorter and the
liquid surface does not remain stagnant as it does in the static Wilhelmy plate method.
Moreover, the probability of surface nucleation, which is proportional to the surface
area, is here much smaller.
So the surface of a small bubble can be supercooled easily. However, once the surface
of one bubble freezes, the bubble may leave some nucleation sites inside the capillary
when it detaches. Video microscopy reveal the detailed process of bubble release during
which the neck that connects the bubble to the capillary becomes thinner and finally
breaks when the bubble detaches. Then a small portion of the surface of the former
bubble may be “inherited” by the subsequent one. Thus once surface nucleation occurs
for one of the bubbles, the process may continue autocatalytically. The surfaces of
subsequent bubbles have little trouble in nucleation.
Complication arising from possible impurities
The kinetic process of surface freezing is complicated due to a role that may be played
by impurities. Most n-alkanes are purified from crude oil, which contains a host of n-

Chapter 5

131

alkanes of different chain lengths. Regardless of the purification methods, one expects
the presence of n-alkanes of similar chain lengths in a sample as impurities. Then nalkane of carbon number (m+1), for example, has a little higher bulk melting point and
surface freezing temperature than that of carbon number m. At slightly above the
surface freezing temperature of n-alkane of carbon number m, molecules of carbon
number (m+1) have higher affinity to the vapour phase because it is already below the
surface freezing temperature of n-alkane of carbon number (m+1). Therefore, if nalkane molecules of carbon number (m+1) are present as impurities in the n-alkane
sample of carbon number m, they will adsorb to the surface above Tsf of carbon number
m. Exactly the same arguments apply to minute amount of other n-alkanes with (m+2)
and higher molecular weights, though the adsorption process will be slower than that of
carbon number (m+1).
The concentration of such impurities in a purified sample may be lower than the
monolayer coverage. However, the impurities similar in structure to the n-alkanes and
which adsorb at the liquid surface may well provide nucleation sites for surface freezing
as the liquid is cooled down to Tsf. Our observation with the dynamic Wilhelmy plate
measurements (oscillatory force curve and pinning of the three-phase line; see Figure
2.13) might have been a result of the adsorption of minute amount of n-alkanes of
higher molecular weight on the plate.
Nevertheless, these complications with respect to impurities do not undermine the
significance of thermodynamic aspects of surface freezing. Had there been no surface
freezing, n-alkanes of carbon number (m+1) would have no reason to adsorb at the
liquid surface in preference to n-alkanes of carbon number m. Note that short chain
(carbon number < 14) or very long chain (carbon number > 50) n-alkanes do not exhibit
surface freezing, even if they are of similar purity to the n-alkanes of intermediate chain
lengths [12]. We also note that there is no evidence which suggests that other types of
impurities, such as branched alkanes, will adsorb to the liquid surface in preference to
the straight chain n-alkanes.
We note that the static Wilhelmy plate measurements carried out with a cleaned glass
rod or a freshly cleaved mica sheet as the Wilhelmy plate gave virtually the same
results as those obtained using a filter paper (Figure 5.3). We also note that the walls of
the glass container or the outer walls of the glass capillary in the maximum bubble
pressure experimental arrangement (which was cleaned in a similar way as the glass
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rods) should be equally capable of providing nucleation sites. Thus these results prove
that even though the Wilhelmy plate (filter paper in particular) may influence
nucleation, the lack of surface supercooling in the Wilhelmy plate systems cannot be
attributed to possible impurities.
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Figure 5.3. Surface tension of n-C18 measured via the static Wilhelmy plate method,
using different Wilhelmy plates (solid line: filter paper and dashed line: freshly cleaved
mica sheet). Both plates give virtually identical results.
A more plausible explanation is dependent on time and size effects, which agrees with
the nucleation theory. The smaller surface area and shorter surface lifetime of the
bubbles both significantly reduce the probability of surface nucleation. Note that the
smaller radius of the capillary orifice results not only in a smaller surface area of the
bubble but also in shorter bubble lifetimes. In fact, for a given flow rate of nitrogen gas,
it takes a longer time to grow a large bubble than a smaller one. Indeed, we did not
detect surface supercooling of large bubbles produced from a capillary of large orifice
(r ≈ 80 µm). Although, we cannot discern the two (time and size) effects, we note that
surface supercooling was found to be independent of the bubbling rate in the range
studied (between 2 and 6 sec per bubble). Unfortunately, the range in bubbling rate was
limited in order to avoid dynamic pressure effects and to maintain stable gas supply.
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We also reiterate that there was no apparent correlation between the bubbling rate and
the temperature at which the surface freezing transition occurs.
Finite contact angle of n-alkane melts over the surface freezing monolayers
Porous Wilhelmy plates, formed from either roughened platinum or filter paper, have
been used to ensure complete wetting of the liquid under study on the plate. The
observation that thick films of the sample liquid form on the porous Wilhelmy plates
lead to the assumption of complete wetting. Now we know that the n-alkane droplets
form a finite contact angle on the n-alkane films below Tsf and the assumption of
complete wetting is questionable. However, because the increase in contact angle upon
surface freezing is small [7] and cosθ remains reasonably close to 1, the errors in
surface tension arising from neglecting the change in contact angle in the Wilhelmy
plate method may be small. In contrast, the maximum bubble pressure method is
considered to be independent of the contact angle unless θ is close to 90° [14]. Our
results have shown that the two methods provide similar results and support the idea
that the errors arising from neglecting the contact angle change may be small.
Nevertheless, the matter should not be ignored in further work on surface freezing.

5.5 Summary
The static Wilhelmy plate method is suitable for the study of thermodynamic properties
of the frozen surface monolayers while the maximum bubble pressure method is
suitable for the study of kinetics involved in the formation of the frozen surface
monolayers. The two methods give different results on cooling paths, as nucleation of
the surface ordered phase is involved, but agree on heating paths whereby both methods
measure the surface tension of the equilibrium surface phase. The bubble surfaces may
supercool below the equilibrium surface freezing temperature, suggesting that
formation of the surface ordered phase requires a finite energy barrier to be surmounted.
The onset of surface freezing is marked by a sharp drop in the surface tension. The
transition is accompanied by an increased film stability, resulting in longer bubble
lifetimes at the liquid surface. This suggests that the mechanical properties of the
surface change from liquid-like to solid-like upon surface freezing.
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CHAPTER 6
CONCLUSIONS
Phase transitions of long-chain n-alkanes induced by the effect of interfaces have been
studied experimentally.
The phase behaviour of four long-chain n-alkanes (with a particular emphasis on noctadecane) capillary condensed between two mica surfaces below the bulk melting
point was studied as a function of temperature and the surface separation (degree of
confinement). For lower temperatures and larger surface separations, the condensates
tend to freeze, whereas for higher temperatures and smaller surface separations, the
condensates tend to melt, in accordance with the concept of capillary melting between
two incommensurable solids. The liquid-mica interface and the liquid-vapour interface,
exert qualitatively different effects on the phase behaviour of the confined n-alkanes.
The former facilitates melting of the confined n-alkanes whereas the latter facilitates
freezing. The liquid-vapour interface provides nucleation sites for crystallization.
At temperatures above the bulk melting point, some interesting aspects of the behaviour
of thin films of long-chain n-alkanes adsorbed from vapour onto mica surfaces were
observed. The films undergo a transition as a function of increasing temperature,
reflected in a decrease in thickness, an increase in lateral mobility, and a change in
wetting behaviour of alkane droplets at the surface of the films. For n-hexadecane, nheptadecane and n-octadecane the transition occurs a few degrees above the bulk
melting point, whereas for n-tetradecane the transition occurs at a temperature
approximately 5 °C below the bulk melting point. The transition is akin to the surface
freezing of n-alkanes observed at the liquid-vapour interface of bulk liquids and to the
previously observed wetting transition of n-alkanes on silica surfaces. The interactions
of the ordered alkane molecules with the underlying crystalline mica substrate are
expected to be quite different from those with the disordered bulk liquid. That a similar
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surface transition occurs on liquid, amorphous and crystalline substrates shows that the
transition is essentially at the monolayer level and that the strength of lateral
interactions between the n-alkane molecules dominates the phase behaviour of the
surface ordered monolayer.
The static Wilhelmy plate and the maximum bubble pressure methods were shown to be
suitable for the study of thermodynamic and kinetic aspects of the surface freezing
transition of long-chain n-alkanes respectively. In contrast, the dynamic Wilhelmy plate
and the capillary rise methods are not suitable because the methods involve movement
of the three-phase line. In measurements of the surface tension of n-octadecane, the
static Wilhelmy plate and the maximum bubble pressure methods give different results
on cooling paths, where nucleation of the surface ordered phase is involved, but agree
on heating paths, where both methods measure properties of the equilibrium surface
phase. On cooling paths, the surface of bubbles may supercool below the equilibrium
surface freezing temperature. The onset of surface freezing is marked by a sharp drop in
the surface tension. The transition is accompanied by an increased film stability
resulting in longer lifetimes of bubbles at the liquid surface, which suggests that the
mechanical properties of the surfaces change from liquid-like to solid-like. These
results suggest that supercooling of the ordered monolayer may occur and shed some
light on the mechanism of supercooling and nucleation in bulk alkanes as well as in
bulk polymers, where it has been suggested that surface crystallization plays a major
role.

