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The important thing is not to stop questioning.

ALBERT EINSTEIN





Abstract

Carbon dioxide is in its supercritical state above a temperature T = 31.0 °C and a pres-

sure p = 73.8 bar. The density of supercritical carbon dioxide can be continuously varied

from gas-like to liquid-like by small changes in temperature or pressure. These changes

in the thermodynamic variables also modify the solvent properties (e.g. dielectric con-

stant or the viscosity) of supercritical carbon dioxide from gas-like to liquid-like. Solutes

that cannot be dissolved at a locus A at a temperature TA and a pressure pA in the phase

diagram may be soluble at another locus B (TB,pB). This is the reason why supercritical

fluids such as CO2 are increasingly used in chemical industry for extraction processes,

dyeing of textiles, polymer syntheses, tissue engineering, microelectronic processes and

many more. In some of these applications supercritical CO2 is used in confined geome-

tries. Some fundamental questions about supercritical carbon dioxide have already been

answered. The microscopic and mesoscopic structure, which is believed to be responsi-

ble for many of its remarkable properties, is not yet completely understood. Furthermore,

there is not much experimental data on confined supercritical systems. Especially, direct

surface forces measurements across supercritical CO2 do not exist to date.

A novel extended surface forces apparatus (eSFA) is used to directly measure surface

forces between two atomically flat mica surfaces across a confined medium in order to

study its physical properties. The force measurement relies on a precise interferometric

determination of the absolute distance between the mica surfaces. One mica surface is

variably mounted on a spring, the other one is fixed. The surface force, acting on the

variably mounted surface, is obtained by a multiplication of the spring stiffness with the

measured spring deflection.

In this work, we have built the first pressurized extended surface forces apparatus. The

surface separation can be varied with sub-Åresolution by means of a magnetic actuator.
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This apparatus is used to measure the confinement induced change of free energy at dif-

ferent loci in the phase diagram of confined carbon dioxide. Since the critical point of

carbon dioxide lies within the experimental window of the apparatus, we have access to

the gaseous, liquid and supercritical state of CO2. In gaseous and liquid carbon dioxide,

we observe surface forces of van der Waals type. At distances smaller than 20 nm, the

surfaces jump into contact, since the gradient of the surface forces exceeds the spring

constant. In liquid CO2, this jump-in distance is smaller than in gaseous CO2, due to a

higher permittivity and a viscous damping of the mechanical vibrations.

We have also investigated surface forces across supercritical CO2. Here, we were in-

terested in the extension of the gas-liquid coexistence-line (ridge or Widom line) and its

physical meaning in confinement. According to text books, this extension is non-physical.

Furthermore, there are diverging density fluctuations in supercritical carbon dioxide close

to the critical point. Therefore, according to theory, a critical Casimir effect should be

visible. This effect explains an attractive force between two solid boundaries across a

confined fluctuating medium. The attraction can be understood as a reduction of energy

within confinement due to a suppression of some of the fluctuations. We have found that

the ridge divides the supercritical state into two regimes of different physical properties.

Below and on the ridge, we observe long-range attractive forces > 100 nm. These forces

cannot be explained by the critical Casimir effect, since the determined characteristic

length scales in the system are orders of magnitude larger than expected. In addition,

we do also measure long-range attractive forces below the ridge, where critical Casimir

forces are not predicted. Above the ridge, we measure similar force curves as in the liquid

state. In order to explain this phenomenon, we propose a cavitation effect similar to that

observed in the hydrophobic attraction between two mica surfaces across a confined film

of water.

As described in the beginning, supercritical carbon dioxide is a good solvent, whose sol-

vent properties can be adjusted by pressure and temperature changes in order to max-

imize the amount of dissolved solutes. We have studied the solubility of the admix-

ture poly(ethylene glycol)-dimethacrylate (PEGDMA) at different loci in the supercritical

state. We have found that the ridge limits the solubility of the admixture. Below and on

the ridge, we detect a nano-structured optical medium exhibiting two different refractive

indices: one of supercritical carbon dioxide and one of PEGDMA. The nano-structured

medium is proposed to consist of micro- or nano-sized channels of PEGDMA bridging

the two surfaces of the eSFA. Above the ridge, this nano-structured medium is not visible

anymore, presumably because PEGDMA is soluble in supercritical carbon dioxide.



Zusammenfassung

Kohlenstoffdioxid (CO2) befindet sich oberhalb der kritischen Temperatur von T =
31.0 °C und einem kritischem Druck von p = 73.8 bar in der überkritischen Phase. Die

Dichte von überkritischem CO2 kann durch kleine Änderungen im Druck oder der Tem-

peratur energetisch kontinuierlich von einer gasähnlichen zu einer flüssigähnlichen Dich-

te verändert werden. Die Druck- und Temperaturänderungen beeinflussen das Löslich-

keitsverhalten von Kohlenstoffdioxid. Kann ein Stoff (z. Bsp. ein Polymer) bei einer be-

stimmten Temperatur T1 und einem bestimmten Druck p1 nicht gelöst werden, so ist dies

eventuell an einem anderen Ort im Phasendiagram (T2,p2) möglich. Überkritisches CO2

gilt allgemein als gutes Lösungsmittel. Die soeben beschriebene Eigenschaft von über-

kritischem CO2 trifft auch auf andere überkritische Fluide zu. Überkritische Fluide wer-

den in der chemischen Industrie unter anderem in Extraktionsverfahren, beim Färben von

Textilien, in Polymersynthesen und mikroelektronischen Prozessen eingesetzt. In einigen

von diesen Anwendungen findet der Prozess in eingeschlossenen Geometrien statt. Eini-

ge grundlegende Fragen zu überkritischem Kohlenstoffdioxid sind schon geklärt. Seine

mikro- und mesoskopische Struktur hingegen, welche die bemerkenswerten Eigenschaf-

ten erklären könnte, ist noch nicht vollständig verstanden. Es gibt nur wenige experimen-

telle Arbeiten über das Verhalten von eingeschlossenem CO2. Und bis anhin gab es auch

keine direkten Oberflächen-Kraftmessungen mit CO2 als Medium um die Veränderungen

des thermodynamischen Potentials im eingeschlossenen System studieren zu können.

Ein Oberflächenkraftmessgerät (SFA) wird dazu verwendet, um die Kräfte und physika-

lischen Eigenschaften in einem Fluidfilm zu bestimmen, der zwischen zwei glatten Ober-

flächen eingeschlossenen ist. Die Kraftmessung beruht auf einer interferometrischen Be-

stimmung der exakten Distanz zwischen den beiden glatten Oberflächen. Die eine Ober-

fläche hängt an einer Feder, die andere ist in einer Halterung fixiert. Die Kraft, welche an
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der freihängenden Oberfläche wirkt, erhalten wird einfach durch die Multiplikation der

Federkonstante mit der gemessen Federauslenkung.

In der vorliegenden Arbeit wurde das erste Oberflächenkraftmessgerät gebaut, in wel-

chem neben der Temperatur auch der Druck präzise eingestellt werden kann. Der Abstand

zwischen den Oberflächen kann durch einen magnetischen Aktuator mit einer Präzision

von weniger als einem Ångström eingestellt werden. Dieses Gerät kann dazu verwendet

werden, den Einfluss von Einschluss auf das thermodynamische Potential in Kohlenstoff-

dioxid an verschiedenen Orten im Phasendiagram zu bestimmen. Da der kritische Punkt

von Kohlenstoffdioxid in unserem Messfenster liegt, können wir in gasförmigen, flüs-

sigen und überkritischen CO2 messen. Im gasförmigen und flüssigen CO2 beobachten

wir van der Waals ähnliche Oberflächenkräfte, die dadurch gekennzeichnet sind, dass

die Oberflächen bei Abständen kleiner 20 nm in Kontakt springen, da der Gradient der

Oberflächenkräfte die Federkonstante übersteigt. Die Distanz, bei welcher dies geschieht,

wird Sprungdistanz genannt. Im flüssigen CO2 ist die Sprungdistanz geringer, weil die

Dielektrizitätszahl grösser ist und die mechanischen Vibrationen durch die Viskosität der

Flüssigkeit stärker gedämpft werden als im gasförmigen CO2.

Wir haben auch Messungen im überkritischen Bereich durchgeführt. Wir sind an der phy-

sikalischen Bedeutung der Verlängerung der flüssig-gasförmigen Koexistenz Linie (Wi-

dom Linie) interessiert. In traditionellen Physikbüchern hat die Widom Linie keine phy-

sikalische Bedeutung. Im überkritischen Kohlenstoffdioxid werden in der Nähe zum kri-

tischen Punkt starke Dichtefluktuationen gemessen. Sind diese Dichtefluktuationen zwi-

schen zwei Oberflächen eingeschlossen, werden einige der Fluktuationen unterdrückt.

Diese Unterdrückung führt im Einschluss zu einer Energieerniedrigung und zu attrakti-

ven Kräften. Dieses Phänomen wird kritischer Kasimir Effekt genannt. In unseren Expe-

rimenten haben wir entdeckt, dass die Widom Linie den überkritischen Zustand in zwei

Gebiete unterteilt, die unterschiedliche physikalische Eigenschaften aufweisen. Unterhalb

und auf der Widom Linie messen wir langreichweitige attraktive Kräfte (> 100 nm). Die-

se attraktiven Kräfte können nicht mit dem kritischen Kasimir Effekt erklärt werden, da

die charakteristischen Längenskalen im System nicht mit den vorhergesagten theoreti-

schen Werten übereinstimmen. Wir messen zudem langreichweitige Kräfte unterhalb der

Widom Linie, wo theoretisch keine Kräfte erwartet würden. Oberhalb der Widom Linie

messen wir Kraftkurven, die mit jenen im flüssigen Zustand übereinstimmen. Wir schla-

gen einen Kavitations-Effekt vor, der ähnlich funktioniert wie jener in der hydrophoben

Wechselwirkung zwischen zwei Oberflächen die in Kontakt mit Wasser gebracht werden,
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um das beobachtete Phänomen zu beschreiben. Wir vermuten, dass Dichtefluktuationen

zur vollständigen Beschreibung hinzugezogen werden müssen.

In dieser Arbeit haben wir zudem die Löslichkeit von Kleinstmengen von

Poly(Ethylenglycol)-Dimethacrylat (PEGDMA) an verschiedenen Orten im überkriti-

schen Bereich untersucht. Wir haben herausgefunden, dass die Widom Linie die Lös-

lichkeit von PEGDMA begrenzt. Das heisst, dass wir unterhalb der Widom Linie eine

optische Nano-Struktur vorfinden, die zwei unterschiedliche Brechungsindizes aufweist.

Der eine Brechungsindex entspricht jenem von überkritischem CO2 und der zweite Wert

jenem von PEGDMA. Die optische Nano-Struktur scheint aus dünnen Mikro- oder Na-

nometer grossen Kanälen zu bestehen, die die beiden Oberflächen im eSFA verbinden.

Oberhalb der Widom Linie ist diese optische Nano-Struktur nicht sichtbar, wahrschein-

lich da PEGDMA im Medium gelöst ist.
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CHAPTER 1

INTRODUCTION

If we heat a sealed tube half-filled with liquid carbon dioxide, we observe a phenomenon

called opalescence. Martyn Poliakoff —a pioneer in the research of supercritical fluids—

describes it as follows:

"Heat a liquid in a sealed tube; it seems a simple enough experiment. But it has intrigued

chemists and physicists for over 175 years, probably because the results are unexpected,

almost counterintuitive. What you see depends on how much liquid is in the tube. If

the tube is almost empty, the liquid evaporates quickly and you are left with a gas at

moderate pressure. If it’s almost full, the liquid expands rapidly to fill the whole tube

and the pressure rises alarmingly. Put in just the right amount, and the meniscus grows

faint and disappears abruptly: the contents of this tube have passed through the ’critical

point’ and become ’supercritical’. If you heat the tube more slowly, the liquid begins to

look opalescent as it approaches its critical point. As the opalescence increases it grows

redder and darker and, if you have judged things really well, goes completely black. At

the critical point, it becomes perfectly reflecting and you see your own eye staring back

at you. Heat it a bit more and the fluid passes back through red to become completely

transparent again." [1, 2]

So, small changes in temperature can vary the optical properties of a substance from

transparent to black. The fascinating properties of supercritical fluids are still in the focus

of today’s basic research. In this thesis, carbon dioxide is investigated.

Supercritical carbon dioxide plays an important role in various technical applications.

Carbon dioxide is in its supercritical state if its pressure is above a critical pressure p =
73.8 bar and its temperature above a critical temperature Tc = 31.0 °C (see Figure 1.1).
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Figure 1.1: Simple phase diagram of carbon dioxide. The three phases ’solid’, ’liquid’
and ’gas’ are separated by phase-coexistence lines. At the triple point, all three phases
do coexist. The critical point determines the liquid-gas coexistence line. Above this
point, there is a supercritical state.

Phenomenologically, supercritical CO2 is a liquid and a gas at the same time. It exhibits

liquid-like density, gas-like diffusivity and its surface tension is said to be negligible. It is

non-flammable and much less toxic than other solvents such as chloroform. It is a perfect

fluid in "Green Chemistry" applications, where the technical process should not have a

negative impact on the environment [3–5]. Moreover, it is a very good solvent. Due to

its unique physical properties at relatively low temperatures, supercritical CO2 is used

in extractions of pharmaceuticals, nicotine and caffeine [6], chromatography, dyeing of

textiles [7], polymer syntheses [8], tissue engineering [9] and microelectronic processing

[10, 11]. Overall, CO2 has become a common processing tool in today’s technology.

Some fundamental questions about carbon dioxide have already been answered. However,

numerous unsolved problems remain. Here, we present four research topics to demon-

strate this point.

First topic: Carbon dioxide in the solid state exhibits several phases of different molecular

structure. The phase diagram is divided into five molecular crystalline phases, two non-

molecular crystalline phases and one non-molecular amorphous phase [12, 13]. In chang-

ing the pressure, p, and temperature, T , solid-solid phase transitions can be achieved.

However, the determination of the high-pressure thermodynamic phase diagram is an ex-
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tremely challenging experimental issue. There remain large uncertainties on the exact p-T

domains of the different solid phases due the large metastabilities in this system [13, 14].

What are the properties of these high-pressure phases? Are there any other not yet dis-

covered solid structures of CO2? How do the theoretical models agree with the measured

data?

Second topic: Supercritical fluids exhibit solvent-density inhomogeneities. The local sol-

vent density in dilute supercritical fluid solutions around a solute molecule can deviate

from the bulk density by as much as 50-300 % [15]. Phenomenologically, this deviation

can be explained such, that it is energetically favorable for a solvent molecule to be in

the range of a solvent-solute interaction potential. The energy cost to increase the sol-

vent density around the solute is minimal. But what is the exact nature of these density

inhomogeneities? How do we have to change the thermodynamic conditions in order to

enhance the solubility of a substance?

A third topic is that of bulk-density fluctuations close to the critical point, which can be

measured by small angle x-ray scattering (SAXS) [16] or small angle neutron scattering

(SANS) [17]. The carbon dioxide molecules tend to form clusters of higher density.

The diameter, ξ , of these clusters is in the order of 2-5 nm, which corresponds to 10-25

molecular diameters. Such density fluctuations also exist on the extension of the liquid-

gas coexistence line (ridge, Widom line). Their amplitudes and ranges get larger, the

closer to the critical point the measurement is carried out. These measurements have

yielded the question, whether the ridge has a physical meaning or not [18], which is of

fundamental interest.

The last topic concerns confinement of liquid and supercritical carbon dioxide between

two solid boundaries. There does not appear to be much literature on this specific topic.

There is only one report of a scientific instrument, which is used to measure the slid-

ing friction between two gray cast iron surfaces across a confined film of carbon dioxide

(high pressure tribometer) [19, 20]. Theoretical work describes a critical Casimir effect

—the thermodynamic analogue of the electrodynamic Casimir effect— in every confined

fluctuating system [21]. In order to explain the critical Casimir effect, we confine a fluc-

tuating medium between two solid boundaries separated at a distance D. If we decrease

this distance, we suppress fluctuating clusters of diameter D. This suppression leads to a

lower energy inside the confinement —compared to the outside— and finally leads to an

attractive force between the solid boundaries. So far, this effect has been experimentally

verified only across a binary fluid mixture close to its critical concentration [22]. Is it
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possible to measure this effect also in confined supercritical carbon dioxide close to the

critical point where it exhibits large density fluctuations? What about the density fluctua-

tions on the carbon dioxide ridge? Can these fluctuations be influenced by confinement?

What can we expect, if we confine a carbon dioxide film to a few nanometers?

These fundamental questions on the behavior of supercritical CO2 led to the scope and

outline of this thesis.

1.1 Scope and outline of this thesis

The scope of this thesis is to shed light on the mechanisms of confined gas, liquid and

supercritical carbon dioxide. For that purpose, an extended Surface Forces Apparatus

(eSFA) is constructed. The eSFA is used to measure forces between two parallel aligned

mica surfaces across a carbon dioxide fluid. Its experimental window lies between 0.02

to 170 bar and -20 to 60 °C. The critical point of carbon dioxide is within this window,

which means that we can change between the gas, liquid and supercritical carbon diox-

ide phase. We investigate supercritical carbon dioxide on the ridge and compare the data

with measurements in the supercritical state above and below the ridge. We would like

to answer the question, whether the ridge has a physical meaning in a confined system.

Moreover, we study the effect of poly(ethylene glycol)-dimethacrylate dissolved in su-

percritical carbon dioxide. Again, this solubility study is carried out in the three regimes

above, on top and below the ridge. Here, we would like to answer the question, whether

there is a different solubility depending on the locus in the phase diagram. In all these

measurements along the ridge in the supercritical state we are interested in measuring and

quantifying the effect of the critical Casimir forces.

The outline of this thesis is as follows:

Chapter 2 provides the reader with the theoretical background of this thesis. The impor-

tant terms in the fields of surface forces, thermodynamics and confinement are introduced.

The new extended surface forces apparatus is described in detail in chapter 3. We show

its design specifications, calibrations and the handling of the instrument.

Chapter 4 investigates confined supercritical carbon dioxide. It is demonstrated how the

ridge divides the supercritical state into two regimes of different intermolecular interaction

and solubility. Furthermore, we show evidence for the existence of a cavitation effect on

and below the ridge. This effect can not be explained by the critical Casimir effect.
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In chapter 5 an overall conclusion and an outlook about future experiments is presented.

In the appendix, some supplementary measurements on carbon dioxide films confined to

a few nanometers are shown. Two data sets obtained in liquid and supercritical carbon

dioxide are compared. In both cases a molecular ordering effect is visible, which is differ-

ent to the one observed in octamethylcyclotetrasiloxane (OMCTS). More data is needed

in order to obtain a complete picture of the mechanisms in confined carbon dioxide.





CHAPTER 2

THEORETICAL BACKGROUND - Surface forces and

thermodynamics

This chapter is intended to provide the reader with the theoretical background in order to

understand the content of this thesis. It starts with an introduction about intermolecular

and surface forces (2.1), leading to the principle of measuring surface forces in a surface

forces apparatus (2.2). The explanations and derivations are based on the textbooks of

Tabor [23] and Israelachvili [24]. In section (2.3), the basic terms of thermodynamics,

fluctuations and confinement are introduced. Here, the textbooks of Callen [25], Landau

and Lifshitz [26] and Stanley [27] were the main source of reference.

2.1 From intermolecular interactions to surface forces

Intermolecular interactions are the origin of surface forces. In this section, a detailed

derivation of surface forces from single intermolecular interactions is presented.

Let us position two uncharged atoms (e.g.: helium atom) on the z-axis with a distance

r from each other (one at z=0, the other at z=r). Let us further assume, that the atom at

z=0 is fixed and the other one can be moved along the z-axis. In a next step, we reduce

the distance between the atoms and measure the force acting on them. The force and the

corresponding intermolecular pair-potential, w(r), are plotted in Figure 2.1. The potential

w(r) is given by
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Figure 2.1: Intermolecular forces. The interaction potential w(r) of two molecules can
be approximated by a Lennard-Jones potential. It is composed of an attractive (∝−1/r6)
and a repulsive part (∝ 1/r12). The interaction potential has a minimum at r = re, where
the force equals zero. The force F(r) is the negative derivative of the intermolecular
potential with respect to r.

w(r) = −C1

r6
±

attr.

+ C2

r12
°
rep.

, (2.1)

which is also know as the Lennard-Jones potential. The parameters C1 and C2 are interac-

tion constants with typical values of C1 = 10−77 Jm6 and C2 = 10−134 Jm12. The attractive

term is due to van der Waals interactions, which have their origin in fluctuating or sta-

tionary electric dipole-dipole interactions. The repulsive part is referred to as the Born

repulsion. It is a direct result of Pauli’s exclusion principle, which says that two fermions

cannot occupy the same quantum mechanical state. The value of the exponents in equa-

tion (2.1) is a measure of the range of the interactions. The higher the exponent, the

shorter the decay length of the potential. The intermolecular force and the intermolecular

pair potential are related by
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F(r) = −∂w(r)
∂ r

. (2.2)

In a real experiment, intermolecular forces act between objects or particles, which consist

of a large number of molecules. The interaction energy, W(D), can approximately be

derived by a summation over all molecules —assuming the interaction is additive. In

order to further simplify the derivation, the interaction energy is calculated between a

single molecule, which is a distance D away from a flat surface of similar molecules (see

Figure 2.2). The number of atoms per unit volume in the flat surface is represented by ρ .

The intermolecular pair potential has the form:

z

x

d z

x

d x

dzdxxdV p2=

Dz =

0=z

22
zxr +=

Figure 2.2: A summation (integration) over all the interactions between the molecule at
z = 0 and each single molecule of the half plane at z =D has to be carried out, in order to
obtain the interaction energy W(D).

w(r) = −C
rn , (2.3)

where C is the interaction constant. The integration is carried out over rings of equal

distance from the molecule.
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W(D) = ∫
V

ρw(r)dV

= −2πCρ∫
∞

D
dz∫

∞

0

x√
(x2+ z2)n

dx

= −2πCρ
(n−2)(n−3)Dn−3

The integral remains finite for values n>3. And in the case of van der Waals interactions

(n=6), we obtain

W(D) = −πCρ
6D3 . (2.4)

The interaction energy is related to D by the inverse third power. So, the integration

increases the range of interaction. In the case where both interacting objects are macro-

scopic, the range becomes even bigger. Moreover, surface forces depend on the geometry

of the interacting bodies (see Figure 2.3).

D

RR
ADW

6
)( 21

-=

1R
D

2R

D

R
ADW

6
)( -=

D

R

Figure 2.3: The interaction energy between two macroscopic bodies is obtained simi-
larly to the expression for the case of a single molecule in front of a flat surface: Each
single molecule of one macroscopic body interacts with each single molecule of the
other. The crossed cylinders and the sphere in front of a flat surface are of interest in
this work. In fact, the expression for the interaction energy is the same if the radii of the
cylinders are equal. A is the Hamaker constant.

In Figure 2.3 a new parameter A —the Hamaker constant— is introduced, which can be

calculated using Lifshitz’s theory. In the continuum theory of Lifshitz the atomic structure

of the interacting bodies is completely ignored. The forces between them are derived only
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in terms of the permittivity ε and the refractive index n [28, 29]. The interaction of a

continuous medium 1 with a continuous medium 2 across a continuous medium 3 can be

described by the so-called Hamaker constant A, which is approximately given as

A ≈ 3kT
4
(ε1−ε3

ε1+ε3
)(ε2−ε3

ε2+ε3
)

+3hνe

8
√

2

(n2
1−n2

3) ⋅(n2
2−n2

3)√
(n2

1+n2
3) ⋅(n2

2+n2
3) ⋅[
√
(n2

1+n2
3)+
√
(n2

2+n2
3)]

, (2.5)

where h is the Planck constant and νe is the electronic absorption frequency. All media

are characterized by the refractive index ni and the permittivity εi. The Hamaker constant

expresses the strength as well as the sign of the interaction between the three bodies. A

negative Hamaker constant describes a repulsive interaction, a positive constant describes

an attractive interaction.

If the medium contains ions or if the surfaces are modified for example by attached poly-

mers, the interaction energy, W(D), is more complex. The medium can no longer be

treated as structureless continuum. The arrangements of the atoms and molecules in the

gap build a structure, which leads to structural forces like double-layer forces, solva-

tion/hydration forces, depletion forces or steric forces. Details about these forces can be

found in [24]. The solvation forces will be further described at the end of this chapter

(section (2.4)).

2.2 Measurement of surface forces

The main focus of this thesis is to use an established surface-forces-measurement method

—i.e. the surface forces apparatus— to investigate the properties of confined carbon

dioxide at different thermodynamic conditions. A body of work about the theoretical and

experimental investigations of surface forces exists. In this section, the principle of the

surface forces apparatus is explained.

How can a surface force be measured? Indirectly, information about short-range inter-

molecular interactions can be obtained by analyzing thermodynamic or structural data on

solids, liquids and gases (slope and position of phase-coexistence lines, latent heats of va-

porization,...). Also adhesion tests and contact angle measurements resolve strength and
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relaxation mechanisms of short-range intermolecular interactions. Direct and quantitative

force measurements across a medium can be obtained by determining the deflection, ∆D

of a compliant part of known stiffness, k. The surface force is equal to the deflection

times the stiffness. So, the measurement of the surface force is finally based on a precise

distance measurement.

The surface forces apparatus (SFA) is designed to measure surface forces in well-defined

contact geometries [30]. Two atomically flat and back-silvered mica surfaces are glued

on top of cylindrically shaped glass substrates (silver side down) building a Fabry-Pérot

resonator (or interferometer). The glass substrates are positioned in a cross-cylindrical

configuration. One substrate is fixed, the other one being mounted in a variable position

on a spring of stiffness k. On top of the surface mounted in a variable position there is

a permanent magnet attached, which is used in order to deflect the surface to a magnetic

actuator position M by means of an external magnetic field (see Figure 2.4 (a)). The silver

layer of the upper surface is completely reflective (i.e.: silver layer thickness larger than

100 nm). The silver layer of the lower surface is semi-transparent (silver layer thickness

smaller than 40 nm). In such a resonator, white light interferes destructively. A finite

number of discrete wavelength lines can be detected by means of a spectrometer (see

Figure 2.4 (b)). The exact position, λN , of the extinctions is used to determine the surface

separation D and the refractive index n of the intermediate medium. The index N denotes

the chromatic order of the extinctions. N = 1 for example would represent a standing wave

in the resonator with the extension of λ /2.

The surface separation D and refractive index n are obtained by means of the fast spec-

tral correlation (FSC) software [31]. The FSC software is based on the multilayer matrix

method, which can be used to calculate the exact reflection (or transmission) spectrum of

any interferometer [32]. Each optical layer of the interferometer is described by a char-

acteristic matrix, Mi, containing the layer-thickness, Di and the refractive index, ni(λ).
The characteristic matrix M̃ of the whole interferometer is obtained by a multiplication

of the optical layers Mi. In order to determine the thickness Di and the refractive index

ni of an unkown layer, the software varies the parameters Di and ni of the chosen layer

and matches the calculated and the measured reflection spectra by means of a correlation

function. The other parameters (D j, n j) of the interferometer have to be known. In our

case, the interferometer consists of two silver layers, two mica spacers and an intermedi-

ate medium. The thickness of a silver layer is determined during the silver evaporation

process by means of a quartz crystal microbalance with a precision of 0.1 Å. The thick-

ness of the mica spacers in the interferometer are obtained by a direct mica-mica contact
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measurement (i.e. D = 0 µm in dry air) using the FSC software. This leads to the optical

zero in the subsequent film thickness measurements.

In order to obtain reliable results, the spectrometer has to be properly aligned. The circular

contact area of the crossed mica surfaces has a diameter of about 50 µm. The spectrometer

is aligned with respect to the center of the contact area. This point is called the point

of closest approach (PCA). The alignment is carried out by means of a motorized xy-

translation stage. Using the FSC software, we can scan with each motor individually in

order to obtain a spectral image in the motor directions. The sketch in Figure 2.4 (c)

shows a typical interference pattern consisting of fringes of equal order (FECOs). The

shape of the FECOs reflects the cross-sectional profile of the surfaces.

In an experiment, the surface separation between the two mica surfaces is continuously

decreased with sub-Å-resolution by means of the magnetic actuator. The difference be-

tween the magnetic actuator position, M, and the measured surface separation D shows,

whether there are surface forces or not. If (D−M) is non-zero, the medium acts on the

suspended surface generating a force. If (D−M) is negative, the measured surface force

is negative, hence attractive. If it is positive, the force is repulsive. In Figure 2.5 (a),

the surface separation, D, is plotted as a function of time, t (intermediate medium: air,

ambient conditions). At the surface separation of about 24 nm the gradient of the van der

Waals force between the two surfaces exceeds the spring constant k. The surfaces jump

into contact. In order to transform the D-t-plot into a force-distance curve, the data points

in the regime between 0.5 and 1 µm are interpolated by a least-square linear fit

D f it(t) = a ⋅ t +b, (2.6)

where a is the slope and b the intercept of the fit. In this regime, the effect of surface

forces on the distance measurement is negligible and the difference between the measured

surface separation and the calibrated magnetic actuator position, M, is zero. Using the

fitted curve instead of the calibrated actuator position has the advantage, that constant

actuator drifts have no influence on the evaluated data. In order to transform the D-t-plot

to the force-distance curve the linear fit is subtracted from the data-points and multiplied

by the spring stiffness according to

F(t) = k ⋅(D(t)−D f it(t)) = k ⋅(D−a ⋅ t −b). (2.7)
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Figure 2.4: The principle of an SFA experiment. (a) Two back-silvered mica surfaces
build a Fabry-Pérot interferometer. The upper surface is mounted in a variable position
on a spring with spring constant k and can be moved by an external magnetic field B.
White-light interferes destructively which produces a series of discrete extinctions. (b)
The positions of the extinctions (λN), are used to evaluate the exact surface separation D
and refractive index n. The surface force, F , is obtained by multiplying the spring con-
stant k with the difference (D−M), where M is the calibrated magnet drive position. The
difference (D−M) is zero if there are no surface forces. (c) Fringes of equal chromatic
order (FECOs) are obtained during an xy-translation stage alignment. The grey dotted
line corresponds to the spectrum shown in (b).
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linear fit

jump-in

Figure 2.5: Conversion from the distance measurement to the force curve. (a) In an
experiment, the surface distance D is measured as a function of time t. In the regime
between 0.5 and 1 µm, the effect of the surface forces on the surface separation mea-
surement is negligible. The magnetic actuator position equals the measured surface
separation. The linear fit, D f it(t), in this regime is used as the actuator position. (b)
Subtracting the fitted curve, D f it(t), from the measured surface separation D(t) results
in the force distance curve. Zoom-in: The surfaces jump into contact at 24 nm.

The transformed force data is normalized by the effective radius of curvature and plotted

as a function of film thickness, i.e. F/R vs. D (see Figure 2.5 (b)).

2.3 Thermodynamics

Every state of matter (e.g.: solid, liquid, gas, supercritical) is a result of a competition

between thermal energy and intermolecular forces. A phase diagram of a substance shows

the conditions (temperature T , pressure p, volume V , entropy S,...) at which the different

states of matter occur at equilibrium. This can be a two-dimensional representation like in

Figure 1.1 or a 3-D diagram. The phases are separated by the so-called phase-coexistence

lines. The liquid-gas coexistence line in a p-T-phase diagram connects two points of

special properties. These are the triple point (Tt,pt) at which three phases coexist and the

critical point (Tc,pc), which terminates the liquid-gas coexistence line. The state above

this point is called supercritical. The crossing of the phase coexistence line is referred to as

a first-order phase transition. At the critical point there is a second-order phase transition.

In order to understand the properties and differences of the two phase transitions, one has

to introduce some terms of equilibrium thermodynamics.
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An isolated thermodynamic system can be described by a finite set of state variables

(Xi) (for example the volume V , mole numbers N1,N2,...Nr and magnetization M). For a

complete description of the system, the internal energy U has to be introduced as a state

variable. The balance equation for the internal energy, U , is given by

dU = δW +δQ, (2.8)

where δW represents "work" and δQ "heat". This is the first law of thermodynamics. The

symbol δ is used instead of d, since δW and δQ are not differentials of state variables,

which means that δW and δQ are process-dependent.

The entropy, S, and the absolute temperature, T , are introduced by the second law of

thermodynamics, which claims

δQ = T dS. (2.9)

The entropy describes the (ex)change of energy not associated with mechanistically con-

trollable variables —changing the volume under a certain pressure (−pdV ). There is an

entropy maximum postulate, which states that the entropy of a system in equilibrium is

maximal, meaning that the hyper-surface S = S(U,X1, ...,Xt) is a concave function of its

state variables. Furthermore, the entropy of a composite system has to be additive.

The two equations (2.8) and (2.9) can be combined in the Gibbs’ fundamental equation

dU = −pdV +µdN +T dS =
t
∑
i=1

PidXi+T dS, (2.10)

where Pi are the thermodynamic forces

Pi = (
∂U
∂S
)

S,X1,...,Xi−1,Xi+1,...,Xt

. (2.11)

Since the variables U , S, and Xi are extensive (proportional to the size of the system),

equation (2.10) can be rewritten in the form of Euler’s equation

U =
t
∑
i=1

PiXi+T S. (2.12)
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The thermodynamic potential, U , in (2.12) can be transformed into any other thermody-

namic potential (such as the Gibbs-free energy G, or the Helmholtz-free energy F) by

means of so-called Legendre transformations. Why is this transformation useful? The in-

ternal energy U can be used to describe an experiment where the volume and the entropy

are controlled. In the experiments of this thesis we control the pressure and the tempera-

ture. The corresponding thermodynamic potential is the Gibbs-free energy, which has the

form

G =U −ST + pV. (2.13)

The fundamental equation of (2.13) is

dG = −SdT +V dp+µdN. (2.14)

2.3.1 Phase transitions

As mentioned above, crossing the phase-coexistence line leads to a first-order phase tran-

sition. In a first-order phase transition the first derivative of the Gibbs free energy, G,

is discontinuous (see Figure 2.6 (a)). This discontinuity leads to a step in the entropy

∆S = S2−S1 at the transition temperature Td: In order to transform phase 1 into phase 2,

the latent heat ∆Q = Td∆S has to be spent (see Figure 2.6 (b)). Another effect of the tran-

sition is a diverging heat capacity, Cp, at the transition temperature Td , where both phases

do coexist. The heat capacity at constant pressure can be written as

Cp ≐
∂Q
∂T
∣
p

(2.9)= T
∂S
∂T
∣
p

(2.13)= −T
∂ 2G
∂T 2 ∣

p
. (2.15)

The heat capacity is the second-order derivative of the Gibbs potential and its divergence

at the transition temperature is due to the discontinuity in the entropy.

A second-order phase transition is characterized by a discontinuity of the second deriva-

tive of the Gibbs free energy (Figure 2.7). If we follow the phase-coexistence line and

approach the critical point, the entropy-step or latent heat (characteristic for a 1st order

phase transition) decreases and finally disappears at T = Tc and p = pc. What remains is a

perpendicular tangent in the S-T-diagram at the critical temperature T = Td = Tc.

The isothermal compressibility, κT , is
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Figure 2.6: First-order phase transition at constant pressure p. (a) The Gibbs free energy
is discontinuous at the transition temperature Td . (b) This discontinuity leads to a jump
in the entropy, which is the first derivative of the Gibbs free energy. The latent heat,
∆Q, is proportional to the difference ∆S = S2 −S1: ∆Q = Td∆S. (c) The heat capacity is
obtained by the second derivative. It diverges at the transition temperature.
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Figure 2.7: Second-order phase transition at constant pressure p. (a) The Gibbs free en-
ergy is plotted as a function of temperature. (b) The derivative of the entropy S diverges
at the transition temperature leading to a diverging heat capacity Cp in (c).
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κT = −
1
V
(∂V

∂ p
)∣

T
. (2.16)

Like the heat capacity, it diverges along the phase coexistence line and at the critical point.

Its divergence can be best understood considering the p-V diagram (see Figure 2.8). The

isotherms have a flat portion in the p-V diagram for T <Tc, which disappears at the critical

point. So the derivative (∂ p/∂V)∣T = 0, which implies that κT diverges.

V

p

dp

cp

cTT >

cT

cTT <

P
h
a
s
e
 1

Phase 1+2

Phase 2

Figure 2.8: pV-diagram. Illustration of the diverging isothermal compressibility in a
first and second order phase transition. In both cases the derivative ∂ p/∂V is zero. The
reciprocal value —which is proportional to the isothermal compressibility— diverges.

Close to T = Tc, the isothermal compressibility can also be expressed as

κ ∝
⎧⎪⎪⎨⎪⎪⎩

(T −Tc)−γ if T ≥ Tc

(Tc−T)−γ ′ if T ≤ Tc.
(2.17)

The variables γ and γ ′ are known as the critical exponents. The equation (2.17) describes

the diverging behavior of the isothermal compressibility as a function of temperature.

In case of carbon dioxide the experimental values of the two exponents are γ ≈ 1.0 and

γ ′ ≈ 1.35 [27].
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2.3.2 Density fluctuations in a liquid

Each thermodynamic variable Xi fluctuates around a mean value X̄i. The fluctuation of

Xi can be expressed as the mean-square deviation or second central moment ⟨(Xi− X̄i)2⟩,
which is a measure of the width of the fluctuation. A thermodynamic system consists

of a certain number of particles, N. The larger the number of particles in a system, the

smaller are the fluctuations of the thermodynamic variables. The relative fluctuations

in a system are proportional to 1/
√

N: ⟨(Xi− X̄i)2⟩
1/2 /X̄i ∝ 1/

√
N [26]. Fluctuations of

thermodynamic variables are directly linked to materials properties. Furthermore, they

become more pronounced, the higher the temperature is.

The fluctuation in the total number of particles, N, is given for example as

⟨(∆N)2⟩ = ⟨(N − N̄)2⟩ = N2

V
κT kT [27]. (2.18)

It is directly linked to the compressibility κT . We obtain a similar expression for the

fluctuating particle density ρ = N/V , where V is the volume. Close to the critical point,

the particle density diverges, since the compressibility κT diverges.

The description of bulk liquid is somewhere between a gas and a solid. In a gas, the

molecules move freely and hardly ever collide. In a solid, the molecules are located at

their lattice sites. In contrast to a solid and a gas, the molecules in a liquid move around

and collide with other molecules. However, the mass density of a liquid is only slightly

different from that of the corresponding solid, which means that the mean separation of

the molecules in the two states is comparable. But, there is a fundamental structural

difference: in the crystalline solid there is a long-range order, whereas there is a local

order in bulk liquid. This local order can be best described using the so-called radial

distribution function (or pair-correlation function), g(r), given as

g(r) = ρ(r)
ρbulk

, (2.19)

where ρ(r) describes the radially averaged particle density at a distance r from a central

molecule (see Figure 2.9 (a)).

The pair-correlation function g(r) can be also expressed in terms of the correlation length,

ξ , which is a measure of the range of the density fluctuations:
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Figure 2.9: Radial distribution function g(r). (a) The average number of molecules
around a central molecule between r and r+dr is ρ(r)4πr2dr. Dividing this number
by 4πr2dr and the bulk particle density ρbulk, we obtain the radial distribution function
g(r). The parameter σ is the molecule diameter. (b) The radial distribution function
of a supercritical fluid decreases slower than the one of the corresponding liquid. This
decrease can be expressed by the correlation length ξ . (Figures adapted from [24, 33])

g(r)∝ exp−r/ξ

r
. (2.20)

At the critical point, the correlation length of any liquid diverges (i.e.: ξ ≫ σ , where σ
is the molecular diameter). This is shown in Figure 2.9 (b). In case of carbon dioxide

the values for the correlation length can be as high as ξ ≈ 55 Å [34]. We find that the

correlation length is much larger than the intermolecular distance and range of interaction,

if we compare the 55 Å with the molecular diameter (4 Å), the location of the minimum

of the intermolecular potential (4.5 Å) or the average intermolecular distance of 5.5 Å

at the critical point [34]. So, in summary, the increasing compressibility, the increase in

particle density fluctuations and the increasing range of the correlation function are all

interrelated phenomena.

2.4 Fluids in confinement

A simple liquid is a substance that consists of "hard-sphere" atoms or quasi-spherical

molecules that do not show directional interactions [35]. The interaction potential, w(r),
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can be approximated by a Lennard-Jones potential (2.1). Helium (He) and Argon (Ar)

are mono atomic liquids. Ethanol, 1-undecanol, octamethylcyclotetrasiloxane (OMCTS),

chloroform, benzene or cyclohexane are simple molecular liquids, which are liquid at am-

bient conditions (i.e. 1 bar and 20 °C). Also carbon dioxide (CO2) and nitrogen (N2) are

simple molecular liquids, but they can only be examined under non-ambient conditions.

In this work, we are interested in the fluid carbon dioxide.
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Figure 2.10: Molecular density distribution in a layered liquid film. (a) Liquid
molecules close to solid boundaries tend to order in a layered structure. This layering is
visible in the molecular density ρS(D). It has maximum values, if the surface separation
D is a multiple of the molecular diameter. (b) Single molecular layers can be squeezed
out of the contact geometry by an additional load. (c) This transition is measured as a
continuous or a discrete step in the D-t- or the F-D-plot. (Figure adapted from [24])

In order to characterize bulk liquid, the pair-correlation function was introduced above.

A liquid in the vicinity of one or two surfaces can be described by the molecular density

distribution ρS(D), where the index S stands for "surface" and D is the surface separation.

The molecules in the liquid tend to order in layers due to the geometric confinement, if

the surface separation is decreased to a few molecular diameters. Furthermore, there is

an attractive force between the molecules of the solid boundary and the molecules in the

liquid, which increases the layering effect. This layering is reflected in the molecular

density distribution plot (see Figure 2.10 (a)). Maximum values of ρS(D) are obtained if

the surface separation D is an integral number of atomic diameters. If D does not fulfill
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this condition ρS(D) exhibits a minimum. The layering effect becomes less pronounced

as D increases and ρS(D)→ ρbulk.

The confined molecules act on the surfaces, which can be measured as a solvation force

Fsolvation during a surface approach. A division by the contact area A leads to the solvation

pressure given as

psolvation(D) = kT [ρS(D)−ρS(∞)], (2.21)

where ρS(∞) is the molecular density distribution in the vicinity of a single surface and

k the Boltzmann constant [36, 37]. The solvation force exhibits oscillations arising from

the layering effects near the solid boundaries (Figure 2.11).

D

)(Dp

s0 s2 s3 s4

0

Figure 2.11: Solvation pressure. The pressure becomes maximal in case of an ordered
thin film, which means that the surface separation is a multiple of the molecule diameter.
A negative pressure is caused by a disordered and low-density state.

The transition from a confined fluid film of n layers to one with n−1 layers is called a

layering transition. The transitions can occur abruptly or over periods of seconds. Which

of the two cases is true, depends on the approaching speed of the surfaces and the film

thickness [38, 39]. In Figure 2.10 (c) an abrupt transition is depicted in a D-t- as well as

F-D-plot.
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2.4.1 Critical Casimir Forces

In physics textbooks, the Casimir effect describes the phenomenon of an attractive force

between two parallel metallic plates in vacuum, which has its origin in confined quan-

tum vacuum fluctuations. There is a thermodynamic analogue —called critical Casimir

effect— which describes an attractive force between two surfaces across a confined fluc-

tuating medium close to its critical point in the phase diagram.

If two electrically neutral metallic plates in vacuum are positioned at a distance D ≈ 1 µm

from each other, an attractive force is measured between them —the Casimir force. This

force was theoretically predicted in 1948 by the dutch physicist Hendrik Casimir [40] and

accurately measured in the range between 0.6 and 6 µ in 1997 by Lamoreaux et al. [41].

The Casimir force has its origin in the confinement of the quantum mechanical fluctuating

electromagnetic field in vacuum. In the absence of the confining plates, these fluctuations

are the same everywhere. However, in confinement, the fluctuating field modes of wave-

length λ , which do not fulfill the condition λ = nD/2, are suppressed (here, n is a positive

integer). If the surfaces for example are separated by a distance D = λ /2, (i.e.: n=1), only

one fluctuating field mode is allowed. Hence, the total energy is largely decreased and

therefore an attractive force of the form

F = − π2

240
h̵c
D4 , (2.22)

can be measured, where h̵ is the Plank’s constant, c the light velocity and D the surface

separation. Equation (2.22) is valid for two flat plates.

For the description of the thermodynamic analogue, the critical Casimir effect, we deal

with confined thermal induced fluctuations occurring in statistical physics. This effect was

theoretically first described for a binary fluid mixture close to its critical point by Fisher

and de Gennes in 1978 [42]. Below the critical point in the temperature-concentration

phase diagram the two fluids are mixed. Above the critical point they are phase-separated.

At the critical temperature and critical concentration, the transition from "mixed" to

"demixed" is of second order and large concentration fluctuations are visible. If these

fluctuations are confined between two solid boundaries, an attractive force can be mea-

sured since some of the fluctuations are suppressed. In 2008, Hertlein et al. presented

the first successful direct measurement of this effect [21, 22]. They measured long-range

attractive forces up to D = 150 nm between a flat hydrophilic silica substrate and a spheri-
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cal hydrophilic polystyrene particle across a water-lutidine mixture. The expected critical

Casimir force is given as

F = kBT ϑ̂(D/ξ) R
D2 , (2.23)

where kB is the Boltzmann factor, R is the radius of curvature of the spherical particle and

ϑ̂(D/ξ) is a universal scaling function. The variable ξ is the correlation length of the

concentration fluctuations, which diverges at the critical temperature, Tc, as

ξ ≅ ξ0 ∣1−
T
Tc
∣
−ν

. (2.24)

ν ≅ 0.63 denotes a standard universal exponent. ξ0 is the length scale at which concentra-

tion fluctuations occur, which is in the order of a few Å. The scaling function ϑ̂(D/ξ) for

the critical Casimir force can be determined by Monte Carlo simulations and is given as

ϑ̂(D/ξ ≫ 1) = 2πA(D
ξ
)

2

e−D/ξ , (2.25)

where typically A = −1.51 [43]. Combining equation 2.23 and 2.25 leads to

F = 2πAkBT R
e−D/ξ

ξ 2 , (2.26)

which describes an exponentially attractive force between a sphere and a flat.

In this thesis, we use equation 2.26 as a reference to compare our measurements with

theory. We meet the assumptions of the formalism as described above, because, first,

there are diverging density fluctuations close to the critical point of carbon dioxide; and

second, the cross-cylindrical configuration in our setup is geometrically equivalent to a

sphere and a flat.





CHAPTER 3

EXPERIMENTAL

The following description of the new extended Surface Forces Apparatus was published

in 2011 in Review of Scientific Instruments [44]. Supplementary material is added here in

the form of an appendix. This includes the following topics: properties of carbon dioxide,

sample preparation, calibrations of the single instruments, measuring routines and a list

of materials and equipment.

Manfred Heuberger developed the concept of this apparatus in an SNF-proposal before

I started to work as his PhD student. During the last four years, I have constructed the

experimental setup under his supervision with a large degree of freedom. He is the co-

author of this publication. For this publication, I have planned and performed all the

experiments, performed all the data evaluations and wrote the draft of the mansucript.

Manfred Heuberger was involved in editing my English.

Abstract: We report on design and performance of an extended surface forces apparatus
(eSFA) built into a pressurized system. The aim of this instrument is to provide control
over static pressure and temperature to facilitate direct surface force experiments in equi-
librium with fluids at different loci of their phase diagram. We built an autoclave that
can bear a miniature eSFA. To avoid mechanical or electrical feed-throughs the miniature
apparatus uses an external surface coarse approach stage under ambient conditions. The
surface separation is thus preadjusted to approximately 3 µm before sliding the apparatus
into the autoclave. Inside the autoclave the surface separation can be further controlled
with a magnetic drive at sub-Ångstrom precision over a 14 micrometer range. The au-
toclave pressure can then be set and maintained between 20 mbar and 170 bar with few
mbar precision. The autoclave is connected to a specially designed pressurization system
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to precondition the fluids. The temperature can be controlled between -20 and 60 °C with
few mK precision. We demonstrate the operation of the instrument in the case of gaseous
or liquid carbon dioxide. Thanks to a consistent decoupling of the eSFA mechanical loop
from the autoclave structure, the obtained measurement stability and reproducibility, at
elevated pressures, is comparable to the one established for the conventional eSFA, oper-
ated under ambient conditions.

3.1 Introduction

Interactions between molecules and surfaces play a chief role in many fields of science

such as colloid science, biology, geological processes, tribology as well as technical ap-

plications and processes. There are several techniques to directly and quantitatively mea-

sure surface forces across a medium. Besides the surface forces apparatus (SFA) [30],

examples include the thin film balance (TFB) [45], the micro-electromechanical system

(MEMS) force sensor [46], the atomic force microscope (e.g. evanescent wave AFM)

[47], the particle interaction apparatus (PIA) [48] and piezoresistive cantilevers [49]. In

each of the mentioned techniques a deflection of a compliant part is measured to deter-

mine the force. These techniques are usually used under ambient condition, which implies

a serious limitation in terms of thermodynamic loci. Namely, has it not yet been possible

to measure and study direct surface forces in technically relevant high-pressure fluids like

carbon dioxide, supercritical water, fluid methane or lubrication oils.

One pioneering instrument is described in literature that provides sliding friction measure-

ments in pressurized carbon dioxide to study refrigerant lubrication. It can be operated at

pressures up to 140 bar and in a temperature range between 0 and 100 °C [19, 20].

Over the past 20 years there have been some notable advances to extend some of the above

mentioned direct-force techniques to include vacuum conditions —mainly for cleanliness,

or, provide a range of low temperatures.

The Binnig group, for example, built the first low-temperature AFM under vacuum con-

ditions [50]. This AFM was operated at 4.2 K and 3 ⋅10−11 mbar. Another thermostatic

AFM was realized by Pang et al. [51]. There, the sample temperature can be varied

in a range between -90 and 20 °C with ±1 °C precision and the pressure is lowered to

1.3 ⋅10−10 mbar.
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We have found no literature suggesting that a direct surface force measurement has yet

been realized at controlled pressures above 1 bar. In this paper we present a new type of

eSFA where both the temperature as well as the pressure can be controlled. Our experi-

mental window is defined by the following values: -20 to 60 °C with a stability of better

than 0.002 °C/h and pressure 0.02 to 170 bar with a stability of 2 mbar/h. Within these

thermodynamic parameters we demonstrate measurement of surface forces in equilibrium

with the bulk fluid at different loci of its phase diagram.

3.2 Instrumental design

In this section we first give a more general overview of the most important components

and their function. In a second part we shall then describe selected novel elements of the

instrument in more detail.

In analogy to the conventional SFA [30], the surface force is to be measured between

two atomically smooth surfaces of mica. The 3-5 micrometer thick mica surfaces are

approached towards one another in crossed-cylinder configuration. One of the surfaces is

mounted on a spring, which is the force-sensitive element in the mechanical loop (Figure

3.1 (a)). The distance between the surfaces is measured using white-light interferometry.

To raise the optical finesse of the thin film interferometer, formed by the two mica layers

and the medium between them, the micas are each provided with a thin silver layer on

the outer faces. To simplify the optics setup we chose to use the light reflected back

from the interferometer. This is in contrast to many conventional SFA designs where the

transmitted light is analyzed. To simplify sealing, we also decided to omit mechanical or

electrical feed-throughs, apart from one single optical window.

The measurement of surface forces with an SFA is based on controlling the surface sepa-

ration between the surfaces over several micrometer ranges with sub-nanometer precision.

We have designed a magnetic drive with minimal thermal dissipation for stability. Since

the magnetic drive has a limited 14 µm range it is required to preposition the surfaces

at a separation of 3 to 5 µm prior to insertion into the autoclave. This pre-positioning

is done with the pre-positioning stage illustrated in Figure 3.1 (b). It consists of a sepa-

rate mechanical loop, which securely holds the two elements of the miniature eSFA for

positioning.
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Later, the autoclave is connected to a larger pressurization vessel via steel piping. The

pressurization vessel is used to precondition the medium to the desired pressure at no loss

of purity. It consists of a steel container with inner steel bellows that allows pressurizing

the medium of choice with nitrogen from the outside, but without mixing the media. The

bellows —for example filled with carbon dioxide— are compressed with gaseous nitro-

gen. We are using a computer-controlled reducing valve. For convenience, the pressuriza-

tion vessel and the autoclave are located inside separate temperature controlled thermal

insulation boxes.

3.2.1 The miniature eSFA

We designed a miniature stainless steel eSFA to hold the two cylindrically shaped glass

substrates (BK7, Crylight Photonics, China), which act as holders for the mica surfaces in

the experiment. The upper glass substrate is rigidly connected to a steel tube that contains

a permanent magnet (NdFeB, Webcraft GmbH, Switzerland). A helical spring (Durovis,

Switzerland) with spring constant k = 1750±70 N/m connects the upper surface including

the magnets to the upper eSFA part. It is laser soldered to both the magnet tube and to

the upper part of the miniature eSFA. The lower part consists of an optically blackened

steel socket with three press-fitted dowel pins; it centers the second glass substrate. At a

nominal surface separation of D ≈ 3−5 µm six headless M2 screws can be tightened to

lock the two eSFA parts in place. The pre-adjusted eSFA is then gently transferred into

the autoclave. The pre-adjusting and the autoclave transfer are completed inside a laminar

air flow cabinet to prevent particle or dust contamination. To assure optimal stability of

surface separation during pressure variations the eSFA rests in the autoclave with a single

point contact, which is at the optical window.

3.2.2 Two stage surface separation control

To control surface separation we utilize two stages. The coarse stage is designed to set

an initial surface separation of a few micrometers. The finer stage then uses a magnetic

drive. The coarse approach stage is based on an external auxiliary pre-adjustment tool.

This auxiliary device uses a micrometer head (Series 153-101, Mitutoyo, Switzerland) for

manual displacement of the two parts relative to each other. To keep the exact same optical

light path, the auxiliary device temporarily occupies the place of the autoclave. This
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practice allows one to use the same optical distance measurement during pre-adjustment

as during experiments. The surface separation is measured and displayed on a computer

screen with refresh rates of a few Hz. With this distance monitoring it is straight forward

to position the two eSFA parts at a selected surface separation to within a few 100 nm

before tightening the locking screws.

As described above a permanent magnet is attached to the upper surface. A low-resistivity

copper coil, which is wound around the autoclave, delivers a current-induced magnetic

field gradient into the autoclave. A computer controlled (UTA 12, EA Elektro-Automatik,

Germany) and stabilized current source (PS 3016-20B, EA Elektro-Automatik, Germany)

is used to drive the coil. The dimensions of the coil as well as the power supply are chosen

such that a minimal distance resolution of 0.1 nm/bit and a maximal power dissipation of

0.7 W at full deflection are guaranteed. The magnet drive has a bipolar operating range

of 14 µm. We developed a Labview subroutine that continuously runs in the background

to control all basic functions (positioning, speed, limits, etc...). Additionally, we found it

useful to have a secondary coil integrated into the optical table to bias the magnetic drive

during initial pre-adjustment and autoclave transfer.

3.2.3 The optics setup

To perform thin film interferometry in reflection we built a three-level optical stand that

provides a recess on the top (Figure 3.1 (b)) either for the pre-adjustment device with

eSFA, or, alternatively for the autoclave with eSFA. The top level of the stand also holds

a three-axis adjustable bi-convex focusing lens (Edmund optics, Germany). The mid-

plane houses a non-polarizing cube beam splitter (Edmund optics, Germany) as well as

the miniature spectrograph (USB2000+, Ocean optics, USA). A monochrome imaging

camera (DVC 4000, DVC company, USA) is optionally used to capture the contact area.

An aluminum coated 45° tilt mirror (Edmund optics, Germany) is located on the lower

level (Figure 3.1 (b)), where also the light sources are coupled in. All structural parts near

the path of light are blackened to reduce unwanted reflections.

In the experiment light is analyzed from the point of closest approach (PCA). To facilitate

initial centering of the optics to this PCA we use illumination by a low pressure sodium-

vapour lamp (Elevite, Switzerland). The sodium lamp emits two dominant spectral lines

(589.0 and 598.6 nm) and exhibits a large coherence length of roughly 15 mm, which is

particularly useful to visualize so-called Newton’s rings at surface separations >200 mi-
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Figure 3.1: eSFA and pre-adjustment. (a) The miniature eSFA consists two parts that
can be positioned and fixed relative to each other. The upper surface and the perma-
nent magnet are connected to the upper part via a helical spring. The other surface is
rigidly mounted to the bottom part. The back-silvered mica surfaces form a Fabry-Pérot-
interferometer. The manual pre-adjusting aid is shown in (b). Via a micrometer head the
surface separation is manually adjusted to D ≈ 3 µm while the interference pattern is
analyzed with a spectrograph. (c) The point of closest approach (PCA) can readily be
identified using Newton’s rings.

crometers. Newton’s rings are captured with the imaging camera (Figure 3.1 (c)). Align-

ment of the optics at the PCA and setting an initial surface separation of 10 micrometers

is straightforward in this configuration. We then switch to a white light source (xenon

arc lamp, Müller, Germany) for illumination of the spectrograph, which will detect the

interference fringes in Fourier space for the high precision measurement. The cubic beam

splitter can be rotated by 90° in reproducible fashion for this purpose using a rotation stage

(RSP-2T, Newport, Germany). Furthermore, an XY translation stage (MT1-Z8, Thorlabs,

USA) is used to center the end of a 200 µm diameter optical fiber (Ocean optics, USA)

onto the virtual image of the PCA (Figure 3.1 (b)). The eSFA is equipped for the fast

spectral correlation (FSC) method that allows real-time spectral analysis and monitoring

of surface separation for further fine adjustments as well as the final experiment.
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3.2.4 The autoclave

Illustrated in Figure 3.2, the autoclave is a titanium container that tightly fits around the

eSFA for minimal pressurized fluid volume. The autoclave has a cylindrical base shape

with a flange at one end (bottom) and an electrical pressure sensor (Series 8201 H, MTS,

Switzerland) at the other end (top). An optical window (BK7, Crylight Photonics, China)

is fitted into the flange. The sealing is established using viton o-ring gaskets at the side

faces of both flange and window. A recess in the flange prevents sliding out of the win-

dow under pressure. During operation, and also during pre-positioning, white-light is

directed through the same optical window to assure invariant optical path. The lower

glass substrate of the miniature eSFA is slightly protruding (0.1 mm) and forms a single

rigid contact with the also slightly protruding optical window of the autoclave flange. The

eSFA is gently held against this rigid contact via a small spring load from the other side

of the autoclave (not shown).

The autoclave is fitted with an inlet and an outlet to connect the feed and the exhaust of

the pressurized fluids.

3.2.5 The pressure control

To control the pressure of the fluid a separate pressure control system is used. The CO2

medium used here is special, inasmuch as the pressure inside a carbon dioxide bottle is

independent of filling and is 58-62 bar at ambient, because there is coexistence of liquid

and gas phases inside the bottle. Performing measurements at elevated pressures, i.e.

up to 170 bars, calls for a contamination-free CO2 compressor, which is non-standard.

Therefore, we welded a metal bellows (Series 245-15, Huntington, USA) with a nominal

volume of 0.26 dm3 volume into a flange that fits onto a cylindrical pressure vessel. At the

free end, which will be inside the pressurized vessel, we laser-soldered a one way exhaust

valve (RK 86a, Ramseyer, Switzerland) to the bellows that can open at a pre-determined

overpressure of 0.1 bar. This bellows-flange is finally slid into the cylindrical pressure

vessel. The top flange of the pressure vessel is connected via a 1/8 inch stainless steel

tube (Swagelok, USA) to a 200 bar nitrogen bottle equipped with an automated electro-

pneumatic reducing device (ER 3000, Tescom, Germany). A three-way-valve connects

the bottom flange of the pressure vessel with the carbon dioxide circuit including CO2

bottle and the eSFA autoclave. Prior to filling, the whole system can be evacuated by a

membrane pump (MVP 015-4, Pfeiffer Vacuum, Germany) to a nominal pressure of a few
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Figure 3.2: The measurement setup. The eSFA is placed inside an autoclave (left).
A copper coil is wound around the autoclave. A current can be used to deflect the
upper surface. Steel tubing connects the autoclave with a pressure vessel (right). It
contains a metal bellows for N2 pressurization. A one-way-valve limits the bellows
pressure. An electrical pressure reducer controls the pressure in the N2 circuit. For fine
adjustments (±0.1 bar), the pressure vessel can be vertically displaced by means of a
motorized translation stage.
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millibar. With the eSFA autoclave vent faintly open, one can thoroughly purge the system

with gaseous carbon dioxide (99.99 %, Carbagas, Switzerland). After purging, the vent

can be closed and liquid carbon dioxide is slowly transferred from the CO2 bottle into the

pressure vessel under gas-liquid-coexistence conditions. To facilitate condensation in the

CO2 circuit, we have placed the CO2 bottle with a dive tube one floor (i.e. ≈ 3.5 meters)

above the eSFA laboratory. To determine the level of filling, the vessel is freely suspended

on a strain gage (XMB, MTS, Switzerland) balance. The half-bridge gage is read out

via a home-built amplifier. The mass of the liquid carbon dioxide inside the vessel is

determined to a precision of 5 grams. The maximum filling is about 200 grams. During

filling, some CO2 inevitably exits through the one-way valve on top of the bellows for

pressure equilibration. The pressure in the N2 circuit (i.e. outside the CO2 bellows)

can be monitored with a mechanical manometer. Simultaneously the electrical pressure

sensor on top of the eSFA autoclave is indicating the pressure in the CO2 circuit. This

electrical pressure sensor signal can also be used as feedback to the electro pneumatic

reducing device controlling the pressure in the N2 circuit. After closing the CO2 feed

from the bottle, the nitrogen is used to further compress the carbon dioxide inside the

bellows. We developed some Labview software to control the automated reducing device

in a fine pulse mode, which limits the pressure rates in the system to about 1 bar/min.

If the feedback loop was set to PID controlled mode the pressure rates can reach 120

bar/min, which would be detrimental for our gaskets. Namely, at pressure drop rates of

more than some 10 bar/min the viton gaskets are irreversibly damaged by dissolved gas

expansion.

A fine-control of pressure is realized using gravity differences. Therefore, the pressure

vessel is suspended on a vertical translation stage (EP 1820, Phoenix mecano, Germany).

The driving spindle is coupled to a DC-minimotor (Series 2342, Faulhaber, Switzerland)

with a planetary gear (Series 23/1, 0.7 Nm torque) and a magnetic impulse generator (512

impulses per revolution) for position control. The minimotor is controlled via a computer

card (DCX-PCI 100, PMC corp., USA). The total vertical range of displacement is 1.5 m.

This height difference results in a pressure change of 0.1 bar, in liquid CO2, as measured

in the stationary eSFA autoclave while connected to the system. The pressure vessel and

the vertical translation stage are individually enclosed in a polystyrene thermal insulation

box, which is equipped with a 320 Watt Peltier thermal heat exchanger.

A special solution had to be found for the tubing that connects the eSFA autoclave with

the pressure vessel. The connectors at the autoclave are reusable Swagelok VCR fittings,

whereas the pressure vessel is equipped with fixed Swagelok ferrule fittings. At two
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locations we used Loctite 577 —a poly(ethylene glycol)-dimethacrylate as a sealant—

for the VCR fittings on the autoclave and to seal the manometer on the pressure vessel.

3.2.6 The temperature control

The thermal control of both eSFA autoclave and pressure vessel are realized using indi-

vidual Peltier heat exchangers as described previously [52]. The temperature range of the

eSFA autoclave is -20 to 60 °C with a stability of 0.002 °C/h. The thermal insulation

box surrounding the eSFA autoclave and the optical stand is posed on a vibration damped

optical table (Integrated Dynamics Engineering, Germany).

3.3 Results

3.3.1 Equilibration and stability

Operating the pressurization is a semi-automated process. After evacuating the autoclave

we reconnect it to the pressure vessel (i.e. CO2 circuit) by gently opening a needle valve

ensuring pressure rates of less than 1 bar/min. In Figure 3.3 we show the pressure and the

surface separation as functions of time during such a filling process of the autoclave. The

temperature control is OFF at this time, but the temperature inside the laboratory in the

basement is rather stable at 21±1 °C. We note that a step-wise pressure increase from 3

to 58 bars entails initial drifts of surface separation at rates of 50±10 nm/bar. At 58 bars

the pressure in the autoclave is again in equilibrium with the pressure vessel. To further

increase the pressure we use the electro-pneumatic reducing device on the nitrogen side.

It is interesting to note that at 63.3 bars the surface separation increases abruptly by 9±1

µm. This can be used as a clear indicator for liquid condensation around the eSFA. The

upper surface suspended on the spring is now entirely immersed in the liquid phase.

As expected, the refractive index measured interferometrically between the surfaces

changes abruptly from 1.05 to 1.18. We note that the observed spring deflection of 9±1

µm corresponds to a force of 16±2 mN, which is in the order of the expected Archimedes

floatation force of the upper surface (the density of liquid carbon dioxide at 22.8 °C and

64.0 bar is 0.73 kg/dm3 [53] and the volume of the immersed body measures 3.2±0.3

cm3). After further compressing the carbon dioxide with nitrogen to 78 bars, we close
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Figure 3.3: Effect on surface separation. The surface separation, D, (thick black curve)
and the pressure, p, (thin dotted curve) are plotted as a function of time during a fill-
ing process. Notable changes in experimental conditions are highlighted by arrows.
The inset is a zoom-in of the first hour. It illustrates the flotation of the upper surface
upon gas-liquid transition. After the flotation we have changed the refractive index, n,
manually, because at that time the refractive index library was not yet included in the
evaluation software

a valve to isolate the N2 circuit from active pressure regulation. During a first 10 hours

after this separation of the system the pressure drift is up to 280±50 mbar/h. After one

week of equilibration this value decreases to typically 50 mbar/h. And after two weeks

we have reached a steady state around 100 bar with drift rates of less than 2 mbar/h. Due

to the expansion and compression of the different media in the system upon initial filling

and compression, and, due to the relatively large thermal mass of the pressure vessel, we

create temperature gradients of a few K, which cause the mentioned pressure drifts. In

Figure 3.4 we illustrate the equilibrated response of the system to a change of selected

parameters (pressure, temperature, magnetic coil current). The surfaces are initially at an

equilibrium separation, D ≈ 1.6 µm. The temperature stability inside the polystyrene box



38 3. EXPERIMENTAL

is better than 2 mK/h. The pressure stability is better than 2 mbar/h (with a 7 mbar mea-

surement noise). A stability of the surface separation on the order of dD/dt ≈ 10 pm/min

can be achieved, which is comparable to the stability of the conventional eSFA at ambient.

0   2 A

97.84    95.88 bar

24   26°C

1.3 m

0.4 m

Figure 3.4: Instrumental drift. The surface separation, D, (black curve) and the pressure,
p, (dotted gray curve) are plotted against time while changing different control param-
eters. The starting times are highlighted with arrows. The inset shows a magnification
of the region of interest where the vertical fine pressure control was tested. The vessel
was vertically displaced by 0.9 meters. For illustration of this fine control, the noise-free
black curve superimposed to the measured pressure (gray) in the inset represents the
motor position (scale 0.4 m to 1.3 m).

If we decrease the pressure by 2 bar at t = 8.5 h the surface separation decreases by 0.09

µm in response (45 nm/bar). This pressure reduction step entails again some temperature

gradients in the system and the pressure drift rate momentarily increases to 8 mbar/h.

After some equilibration we induce a fine pressure change at t = 14 h by moving the

pressure vessel vertically over a total height of ∆h = 0.9 m (Figure 3.4 and inset). Each

vertical displacement of 0.1 m results in a pressure increase of 10 mbar. The change

in pressure again has an influence on the surface separation due to flotation forces. At

time t = 17 h we actuate the upper surface by changing the coil current from 0 to 2 A.
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This immediately changes the surface separation from 1.56 to 2.32 µm. At a current

of 2 A the power dissipation of the magnetic coil is 7 mW. The system proceeds to the

new steady state; temporarily exhibiting a small increase of pressure drift rate, which

remains however below 0.7 mbar/min. In another isochoric step at t = 18 h we change

the temperature set point in the thermal insulation box from 24 °C to 26 °C. The issued

increase of 2 °C, again, temporarily causes a moderate pressure drift rate increase of 1.8

mbar/min. After 150 min the system reaches a new steady-state with pressure drift rates

as low as 0.03 mbar/min. The surface separation responds at a ratio of 60 nm/°C and

the autoclave pressure at 70 mbar/°C to controlled temperature changes. It is important to

notice that this prominent relationship between temperature and autoclave pressure means

that any thermal drift always implies a pressure drift, which itself has an influence on the

surface separation (i.e. flotation). Temperature changes are thus the prime source of drifts

in the sealed system and therefore determine the practical equilibration times. As another

potential source of drift, we have also checked the stability of our current source (i.e. coil

current) to be less than 12 µA/min which is equal to a change in distance of 5 pm/min

and thus negligible in all previous considerations.

3.3.2 Measuring Surface Forces in CO2

The interferometric measurement of most SFAs, is configured in transmission [30, 54–

57]. The instrument presented here uses reflection to reduce the number of sealed win-

dows in the autoclave. The two equally thick muscovite mica sheets (each 2-5 µm) are

now prepared with different silver mirrors, namely 25 nm and 160 nm. The mica sheet

with 160 nm silver is more reflective and is thus placed at the upper sample holder in

the eSFA. Together, the two surfaces form a Fabry-Pérot-interferometer in analogy to the

transmission configuration. The resulting interference pattern is, however, destructive and

exhibits extinction fringes instead of interference peaks. This has some important practi-

cal consequences as we shall see. In Figure 3.5 a sample white-light corrected spectrum

is plotted together with the corresponding theoretically predicted one. It is a situation

where the two surfaces are in contact. The inset shows two selected extinction fringes of

odd and even order. We note already how asymmetric they are and that there is only a

≈30 % intensity modulation in the spectrum. The multilayer matrix method can also be

used to calculate the theoretical reflectivity coefficient of such thin film interferometer.

Therefore, it was appropriate to adopt the existing fast spectral correlation (FSC) evalua-

tion [58] with only a few minor software changes. The precision (i.e. standard deviation)



40 3. EXPERIMENTAL

of surface separation measurement in reflection is ±30 pm and therefore comparable to

the established transmission setup. The acquisition rates achieved at this resolution is ≈2
Hz.

Figure 3.5: Interference spectrum in reflection. The solid black line shows the theoret-
ical spectrum of a 3-layer etalon (160 nm silver, 10.4449 µm muscovite mica, 25 nm
silver). The points correspond to the measured spectrum. The inset shows a detailed
view of the shape of odd and even chromatic order extinctions.

To demonstrate the full function of the pressurized eSFA we performed surface-force

measurements at a temperature of 27±0.5 °C. The resulting force-distance curves are dis-

played in Figure 3.6. The standard procedure is to continuously reduce surface separation

starting at 1.0 µm using the magnet drive at a speed of 1 nm/s. After surface contact,

we continue increasing the magnetic loading force to 5 mN, which would correspond to

a nominal free motion of additional -3.0 µm. The same procedure is repeated at different

static pressures, namely p1 = 0.3, p2 = 1.0, p3 = 10.5 and p4 = 73.6 bar respectively as

shown in Figure 3.6 inset. The pressure drift rates throughout these four measurements

are smaller than 3 mbar/min. We observe surface forces of Van der Waals type with a
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jump into contact. At 1 bar we measure a jump-in-distance of 23±2 nm, which is com-

parable to other SFAs operated in a nitrogen environment at ambient conditions. As soon

as we pressurize the fluid becomes more viscose and vibration-induced surface oscilla-

tions are damped. In addition the permittivity of the medium is higher, which decreases

the Van der Waals interactions accordingly - altogether leading to smaller jump distances

(e.g. 13±2 nm @ 73.6 bar) for the spring instability [24].
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Figure 3.6: Force-distance measurements in carbon dioxide. We measure the surface
force (normalized by cylinder radius, R) while steadily decreasing the surface separation.
We repeated this procedure at four different pressures at 300.2 K. The spring instability
occurs at different surface separations due to variable viscous vibration damping in the
fluid (i.e. 25 nm @ 0.3 bar and 14 nm @ 73.6 bar). The 73.6 bar curve shows that the
surfaces are separated by molecularly layered CO2 after the jump. Similar layering is
known to occur in other simple liquids [59–61]. A detailed discussion is however outside
the scope of this paper.

The spring instability condition, dF/dD ≥ k, determines the surface distance at which the

jump occurs. In the case of 73.6 bar —in liquid CO2— the calculated jump-in-distance,
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in the absence of vibrations, would be 4.2 nm. The jump-in-distances measured here are

9±2 nm larger. We interpret this difference as the maximum amplitude of the vibration-

induced surface motion. Our main sources for mechanical vibrations are the ventilator

of the temperature box, the electrical and optical cables connections between the anti-

vibration table and the infrastructure, namely the rigid steel tube connecting the eSFA

with the pressure vessel. To effectively suppress vibration coupling we damped all the

power- and measuring-lines as well as the steel tube using pairs of heavy brackets with

soft foam linings —one bracket on the anti-vibration table with its counterpart on a normal

table.

3.4 Discussion

In contrast to an interferometric measurement in transmission where equal semi-

transparent mirrors are used, the mirror properties must be different for reflection optics.

Ideally, one surface is totally reflecting and the other is semi-transparent. To find the op-

timal silver thickness, we calculated spectral reflectivities for the thin-film interferometer

using the matrix multilayer method. Figure 3.7 inset (a) illustrates how a particular ex-

tinction fringe theoretically changes as the semi-transparent mirror thickness is varied. If

the reflective surface is covered with a silver mirror thicker than 100 nm, the shape of the

extinctions remains constant. We adopted the practice of using 160 nm thickness for the

reflective mirror. For easy machine detection of fringe position, we optimize for spec-

tral contrast. Figure 3.7 (a) shows how even small changes in the silver thickness of the

transmitting mirror can have a significant influence on spectral contrast. An optimum is

obtained around 25 nm silver thickness. We have experimentally verified and fine-tuned

this theoretical prediction by using mirror thicknesses of 100, 130 and 160 nm for the

reflective mirror and 20, 25 and 30 nm for the semi-transparent mirror.

It is important to note that the optical properties of a 25 nm silver mirror are particularly

sensitive to oxidation or contamination. Figure 3.7 (b) compares a simulated and a mea-

sured spectrum with slight oxidation. The shape of the measured spectrum is immediately

broadened due to minimal oxidation (not visible to the eye). An XPS analysis of the sur-

face revealed contaminations of oxygen, carbon, sulfur and chloride in a range of only a

few atomic percent. Special care must be taken during storage of these thin mirrors prior

to use in the eSFA.
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Figure 3.7: Optimization of reflection spectrum. After a white-light correction the mea-
sured spectrum has a flat baseline (top black points) and fits well the simulated spectrum
(top black curve). If one of the optical elements in the light path changes its position
slightly, the baseline of the spectrum is different (dotted slope). Inset (a) illustrates theo-
retical spectra for an etalon with variable transmission mirror thickness at fixed reflection
mirror thickness (160 nm silver). Optimal spectral contrast is obtained around 25 nm
(black curve). Inset (b) illustrates the measured reflection spectrum (black points) after
a minor oxidation of the transmission mirror as compared to the theoretical spectrum
(black curve).
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As one might expect, measuring extinctions in a reflected interference spectrum is techni-

cally more challenging than measuring the peaks of a transmission spectrum. This is due

to the fact that exact fringe positions now have to be determined at the weakest intensities

in the spectrum. Low intensities are more affected by shot noise, backscattering of light

and unwanted illumination from diffuse stray light. Parasitic light can originate from any

light-scattering objects near the path of light. We therefore had to carefully blacken all

metal parts near the optical path. Introducing several aperture stops also proved to be

helpful. We note that scattered light can have another spectral density (i.e. color) than the

incident light. In practice, this even applies to technically black metal surfaces. Since the

optical path is slightly altered during all optical alignment it is valuable to determine the

optical transmission function (i.e. white light correction) after alignment. This can sig-

nificantly improve the correct detection of spectral extinctions. Therefore we record and

average the interference spectrum (incl. interference extinctions) several hundred times

while the surface separation is continuously changed with the magnetic drive over a dis-

tance of at least 1/4 wavelengths. The extinction fringes are thus shifted at least by 2π
in the phase space and consequently averaged out. Division of all subsequently measured

spectra by this average transmission function finally mimics ideal white light illumination

as required for high precision FSC evaluation.

Although the FSC evaluation algorithm allows independent determination of refractive

index and surface separation, it is more robust against detection noise if a good starting

point for the refractive index is provided. For this purpose we have included the disper-

sive refractive index data from reference [62] into the software refractive index library.

Therein, Michels et al. measured the change in refractive index, n, of CO2 under differ-

ent pressures, p, at six different wavelengths, λ , and four different temperatures, T . We

had to extrapolate each n(p,λ)-surface of this data to our measurement window. Using

Cauchy’s formula n(λ) ≈ A+B/λ 2 [32], we can extract two coefficient-matrices A(p,T)
and B(p,T) for any given pressure and temperature.

Besides magnetic actuation, the surface separation, measured by interferometry, is also

affected by temperature and pressure (see Results). When the surfaces are not in contact,

the recorded surface separation is a measure for the drift stability of the instrument’s

mechanical loop. To this end we quantify and compare the most important effects on

surface separation:

1. The silvered mica surfaces are glued with a layer of EPON 1004 thermoset resin

(Young’s modulus: 2-2.2 GPa) to the cylindrical glass substrates. The thickness of
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the glue is in the range of 20-30 µm. We quantify a compression of the glue of <

0.3 nm/bar.

2. The other elements in the mechanical loop are of BK7-glass and metal with Young’s

modulus contrast of 81 GPa and 200 GPa, respectively. The dilation of the mechan-

ical loop due to maximal design pressures is thus expected < 10 nm/bar.

3. In addition to the compressibility we also have thermal expansion of each part in

the mechanical loop. We have measured that the equilibrium thermal effect is in the

order of 60 nm/°C.

4. Another effect is related to the change of flotation due to variations of density in

the fluid. The upper surface that is suspended on the k = 1.7 kN/m spring dis-

places a design volume of 3.2±0.2 cm3; i.e. including permanent magnet, the BK7

glass substrate and the metal holders. An exemplary pressure change from 65 to

85 bars at 25 °C entails a liquid CO2 density change increase from 0.71 to 0.79

kg/dm3. In need of extrapolation from existing data, these densities are calculated

with the Lorentz-Lorenz formula using the data of refractive indices from reference

[62]. The flotation induced dilation of the mechanical loop is in the order of 50±10

nm/bar. We recall that this floatation effect is of practical use, since it allows easy

detection of the gas-liquid transition in the eSFA.

5. Obviously, the mechanical loop is also affected by parasitic magnetic fields. Such

fields can be generated by possibly magnetized parts (autoclave, tools etc...) in

the vicinity of the eSFA. We are using ceramic tools and a titanium autoclave to

minimize the effect (we learned the lesson that non-magnetic steel can magnetize

when machined). There are still remaining magnetic fields from steel screws, opti-

cal holders and the pressure sensor at the autoclave that are more difficult to avoid.

Quantifying these static offsets is, to some extent, practically useful; for example,

if the surface separation is known to decrease by 7 micrometers when sliding the

eSFA into the autoclave, the pre-adjustment must be set to about 10 micrometers to

finally reach the desired 3 micrometers.

Medium leakage is one of the prime causes of pressure drifts. The test is yet simple.

If we disconnect the autoclave from the pressure vessel we measure leak rates of 30-

150 mbar/h. Leaking rates below this range are difficult to achieve with a reconnectable

autoclave. We can, however, significantly improve the situation if we keep the whole
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system connected. Due to the much larger volume the pressure drift reduces to < 2 mbar/h.

Measuring structural forces in a fluid calls for a fluid purity. We cleaned each individual

part several times in an ultrasonic ethanol path, rinsed it with "milli-q" water and dried

it with pure nitrogen gas. To connect the tubing we use high-purity, high-pressure VCR

diaphragm valves and non-lubricated Swagelok fittings with a two-ferrule mechanism.

We use Loctite to seal the two threads at the autoclave and the pressure vessel. In the first

tens of filling cycles these residues were dissolved and rinsed out by the liquid carbon

dioxide. We have finally used more than 50 rinsing cycles to assure clean CO2 in the

system.

The carbon dioxide may also be contaminated by N2. The carbon dioxide and N2 circuits

are separated by the metal bellows and the integrated one-way-valve. We verified this

possible source of N2 contamination using gas chromatography. The amount of nitrogen

found in carbon dioxide pressurized at 95 bar for weeks was only 1.6 to 5.1 times higher

than the amount found in the reference gas taken directly from the CO2 bottle (99.99 %).

We conclude that the amount of nitrogen dissolved in carbon dioxide in our pressurized

system is < 0.1 %, which we consider acceptable.

The eSFA described here with pressure control can be used in a wide range of novel

experimental work in the future. Notably, this includes the study of different important

fluids with convenient phase diagrams like CO2, ethane, propane, ethylene, propylene,

degassed water, methane or neat oils. In the case of CO2, a forthcoming publication will

study the molecular structure in nanometer confined liquid CO2 films. In supercritical

CO2 it is of fundamental interest to test the theory of dispersive surface forces by gradu-

ally changing medium density and permittivity. Near the critical point of CO2 we finally

hope to detect the thermodynamic equivalent of the Casimir force [22] as well as opti-

cally detect near-critical opalescence in the interference spectrum due to extended density

fluctuations.

Determining interfacial viscosities by squeeze experiments under hydrostatic pressures is

expected to yield a wealth of information that is useful in the scientific fields of tribology

or geology. The fact that the autoclave is well sealed also provides the opportunity to

study neat degassed fluids at any locus of their phase diagram. For example, we can now

study the role of dissolved gasses on the hydrophobic interaction in great detail across

aqueous solution, which is still a controversial topic.
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3.5 Appendix

3.5.1 Carbon dioxide

Carbon dioxide (CO2) is a chemical compound composed of two oxygen atoms covalently

bonded to a carbon atom. In Table 3.1 the physical properties are shown which are of

interest in this work.

Property Value [unit] Remarks and References
molar mass M 44.01 g/mol

C=O bond length 116.8 pm [14]
appearance colorless

odor odorless
mass density ρ 1.18 g/cm3 solid (216.6 K/5.2 bar) [63]

0.79 g/cm3 liquid (291.5 K/56 bar)[53]
1.98 g/dm3 gas (273.2 K/1 bar) [64]

triple point (Tt /pt) 216.59 K, 5.18 bar [63]
critical point (Tc/pc) 304.13 K, 73.77 bar [63]
dielectric constant εr 1.47 [65]

refractive index n 1.16 liquid (298.2 K/63.8 bar) [62]
el. dipole moment p 0

el. quadrupole moment Q -4.3 ⋅10−26 esu [66]
van der Waals constant a 3.592 dm3⋅bar⋅mol−2 [67]
van der Waals constant b 0.043 dm3/mol [67]

Table 3.1: Physical properties of CO2.

The refractive index of CO2 as a function of pressure and temperature

As described in section (3.4), the FSC evaluation algorithm is more robust against detec-

tion noise if a good starting point for the refractive index n is provided. We have therefore

checked the literature for a complete set of n(p,T). Michels et al. measured the change

in refractive index, n, of CO2 under different pressure, p, at six different wavelengths, λ ,

and four different temperatures, T [62]. Our idea was to extrapolate this data such that a

refractive index n can be calculated for any given pressure, temperature and wavelength

in our measurement window using Cauchy’s formula n(λ , p,T) ≈ A(p,T)+B(p,T)/λ 2

[32]. We developed a Matlab-script to calculate the matrices A(p,T) and B(p,T). The

corresponding subroutines of the Matlab-script are summarized in the following pseudo

code:
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Depict the available data in n(p,λ )-plots and extrapolate them with a mesh

with the base area p = 0−170 bar and λ = 0.447−0.668 µm.

This results in four different n(p,λ )-meshs, one for each temperature T .

for pi = 0 to 170 bar in ∆p-steps

At pressure pi: Cut the data out of the four n(p,λ )-meshs and extrapolate

them to the λ -range 0.350−0.800 µm using Cauchy’s formula.

This procedure leads to four single curves in an N(T ,λ )-plot, where N

represents the refractive indices out of the previous Cauchy extrapolations.

Extrapolate the four N(T ,λ )-curves by a mesh with the base area

T = −20 to 60 ° C and λ = 0.350−0.800 µm.

Introduce the refractive index steps at the gas-liquid coexistence line.

The height of the steps are extracted and extrapolated out of the measured

data of Michels et al [62].

for Tj = −20 ° C to 60 ° C in ∆T -steps

At temperature Tj: Cut the data out of the N(T ,λ )-mesh.

You end up with two refractive index points N(Tj,350 nm) and

N(Tj,800 nm), which are interpolated again with Cauchy’s formula.

The coefficients of this last interpolation are A(pi,Tj) and B(pi,Tj),

which represent two values we are looking for.

end

end

This program generates two matrices A(p,T) and B(p,T) which are used as a refractive

index library in the FSC algorithm. The unit of the coefficient B is [µm2]. The two

matrices are shown in Figure 3.8. At a pressure p = 90 bar and a temperature T = 20 °C we

obtain A(90,20)= 1.186 and B(90,20)= 0.00129 µm2. For the wavelength λ = 0.500 µm,

we thus obtain a refractive index n(0.5) = 1.186+0.00129/0.52 = 1.19.

Optical properties of CO2: birefringence

In order to analyze the spectrum of an eSFA experiment, it is useful to know the optical

properties of the intermediate medium. A birefringent medium leads to additional signals

in the spectrum, which have to be handled and understood.
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Figure 3.8: (a) Cauchy coefficient A(p,T) as a function of pressure and temperature (b)
Cauchy coefficient B(p,T).

We now address the question whether CO2 is birefringent. The refractive index, n, of a

medium is determined by the orientation and polarizability of its molecules [32]. The

dipole moment of carbon dioxide is zero because the molecule has a center of inver-

sion. The polarizability of a CO2 molecule comes mainly about its quadrupole moment

[68]. Buckingham et al. designed a pioneering experiment to measure the birefringence

in gaseous carbon dioxide [69]. When any fluid is exposed to a uniform electric field it

becomes birefringent due to the orientation of anisotropical polarizable molecules. This

partial alignment of the molecules occurs through the torque generated between the light

field and the induced dipole or higher moments. The induced orientational anisotropy

leads to a different index of refraction. This effect is also known as the optical Kerr effect.

In bulk this effect can only be measured using pulsed laser beams with electrical field

strengths of the order of 1012 V/m. Zheng et al. demonstrated the photo induced bire-

fringence in vapor, liquid and supercritical bulk carbon dioxide [70]. If the orientation of

the carbon dioxide molecules is provided by a different mechanism, such as a confine-

ment in nano-diameter capillaries, it is conceivable that smaller electrical field strengths

could lead to a change in refractive index. So far, we have not found any experimental

evidence along this line. The birefringence of carbon dioxide can thus be neglected in our

measurements.
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3.5.2 Sample preparation

As described in chapter 2, the Fabry-Pérot interferometer consists of two back-silvered,

atomically flat mica surfaces. In this subsection the preparation and handling of these

fragile parts is described.

Muscovite mica is a birefringent clay mineral consisting of stacked layers kept together

by van der Waals and electrostatic forces [71]. It can be easily cleaved into atomically

smooth sheets, which makes them an ideal substrate for surface forces measurements.

The preparation of the 10×10 mm2 and 2-5 µm thick mica samples takes place in a hori-

zontal laminar flow cabinet. After passing a filter system, air is blown out of the cabinet

towards the operator (product protection). 99.999 % of particles with diameters bigger

than 0.3 µm are filtered out. The interior space of the laminar cabinet is comparable to a

clean room of ISO 5 standard (according to the ISO 14644-1 protocol).

Cleaving and Silver evaporation

All mica samples used in this work are prepared according to the following protocol:

1. A 10× 10 cm2 mica block is split up into two surfaces, which are used as clean

depositing/storage surfaces (one for the transmitting and one for the reflective sam-

ples). Two Teflon tapes (width: 8 mm) are placed on top of the clean and smooth

surfaces (Figure 3.9 (a)).

2. An additional block of mica is re-cleaved until a sheet of the thickness of 2-5 µm

is obtained (Figure 3.9 (b)).

3. The direction of polarization of the mica is determined by means of the polarization

microscopy method (Figure 3.9 (c)): Two linear polarizers are arranged such that

their polarization axes are perpendicular to each other. The transmitted light after

the the second polarizer (=analyzer) is suppressed. Due to the birefringent property

of mica, we observe light passing the analyzer depending on the rotation of the piece

of mica between the polarizer and the analyzer. The polarization-axis of the piece of

mica coincide with the axis of extinction which is 45° off the axis of transmission.

4. Mica samples of the size of 10×10 mm2 are cut out of the 2-5 µm thick mica sheet

mentioned under point 2. The ceramic scissors are led along its polarization axis.
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The mica sheet is placed onto the backing sheet marked with "T" (semi-transmitting

samples). One edge lies on the Teflon tape, in order to be able to remove them again

later. The next mica sample —cut out off the same sheet of mica— is put on the

second backing sheet marked with "R" (reflective samples). So, the thickness of the

mica samples on the "T"- and "R"-backing sheets are equal.

5. The backing sheet with the reflective samples is placed inside the vacuum chamber

(base pressure < 1 ⋅10−6 mbar) of the thermal evaporation system. A silver layer of

130-160 nm is deposited. The same procedure is applied to the semi-transparent

mica samples which are covered with 25 nm silver.

After the cleaving and evaporation process the backing sheets are stored in a desiccator to

keep them clean.

Laminar air flow

T

R

A

P

S

Figure 3.9: (a) Two clean and smooth depositing/storage surfaces (one for the reflective
(R) and one for the semi-transparent (T) samples) are prepared with a stripe of Teflon
tape. (b) Mica-samples are cut out of a mica area of equal thickness and placed up-side-
down on the backing-sheets. (c) In order to determine the direction of polarization a
piece of mica (not one which is used in an experiment) is rotated between two perpen-
dicularly arranged linear polarizers (P: polarizer, A: analyzer, S: Light source). The axis
of polarization is parallel to the axis of extinction.
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Glueing and fixation in the miniature eSFA

For an eSFA experiment, the mica samples are removed from the backing sheets, glued

on top of glass substrates and fixed inside the miniature eSFA. There are some important

points which have to be considered, in order to obtain good experimental results. The

most important points are highlighted by italic letters.

In a first step, the glass substrates have to be cleaned and a 10-20 µm thick layer of

glue has to be spinned upon. A glass substrate consists of a cylindrically shaped and

polished BK7-glass with a radius of curvature of 20 mm (Crylight, CN, diameter: 10 mm).

They exhibit two facets parallel to the cylindrical axis (see Figure 3.10), which are used

for the alignment and clamping of the glass substrate inside the miniature eSFA. The

glass surfaces are cleaned with acetone and ethanol and carefully polished with an optical

tissue. Then, the clean glass is placed on top of a home-built spin-coating device. A

gas-tight syringe is used in order to apply a drop of glue on top of the glass surface. The

glue consists of 15-20 weight-percent epoxy resin (EPON 1004F, Shell chemicals, USA)

dissolved in chloroform. The rotational frequency of the coater is chosen such that the

thickness of the spinned glue is in the order of 10 to 20 µm. If the glue-thickness is in

this range, an interference pattern is faintly visible on the glue surface.

In a second step, the mica sheets are removed from the backing-sheets and glued on top

of the glass substrates. The glued substrate is placed on top of a heating plate (WHP

80, Weller AG, Switzerland) that is connected to a soldering station (WS 81, Weller AG,

Switzerland). The temperature of the heating plate is set to 145 °C. A mica sample is

gently removed from the backing sheet by means of sharp tweezers (e.g.: 5F-SA, Regine,

Switzerland) and deposited —with the silvered surface down— onto the hot liquid glue

on the glass substrate. During the lift-off of the mica samples from the backing sheets,

it is important, that the sample is lifted vertically without torsion, which would lead to

wrinkles and surface irregularities. The polarization axes of the mica sample are aligned

parallel to the cylindrical axis of the glass substrate. The mica sample is automatically

pulled down to the glass substrate by means of the glue meniscus between the sample and

the glass. If the temperature of the heating plate is above 150 ° C, the adhesive forces are

to strong and can complicate the handling. Wrinkles in the surface and bad alignment

can be a consequence.

In a last step, the glass substrates have to be placed inside the miniature eSFA described

in (3.2.1). We use metal sample holders manufactured with the same two facets as the
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glass substrates. The facets are arranged such that the cross-cylindrical configuration of

the mica samples inside the miniature eSFA is preset. The glass substrates are clamped by

means of two metal brackets, which are tightened with two M2-screws. It is important that

the glass substrates are not tilted in any direction after the tightening of the screws. The

bottom of the glass substrate has to be parallel aligned to the bottom of the metal brackets.

Figure 3.10 (b) shows the sample holders —bearing the glass substrates— before they are

fixed inside the miniature eSFA.

top view
scale: 3:1

10 mm

Figure 3.10: (a) Construction design of the sample holder. (b) The mica samples are
glued on top of BK7 glass substrates. They are clamped inside metal sample holders
by means of metal brackets and M2 screws. (c) The sample holders are fixed inside the
miniature eSFA.

3.5.3 Calibrations

The eSFA setup is equipped with several sub-units, which have to be calibrated in order

to obtain reliable data in the experiments. In this subsection, the calibrations of these sub-

units are described. More details can be found in a calibration manual in the laboratory.
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Spectrometer Ocean optics USB2000+

We measure direct surface forces that are based on an interferometrically determined

distance measurement. Namely, the surface separation is calculated using the exact wave-

length position of the interference fringes in a spectrum. The spectrometer is calibrated

by means of a light source exhibiting a series of discrete emission lines at well-known

wavelengths.

The here used Ocean optics USB2000+ spectrometer consists of a grating, collimating

and focusing mirrors and a high-performance 2048-pixel linear CCD-array. The grating

diffracts light which is then focused to the pixel-array. We use a mercury-argon light

source with well known emission lines in order to correlate the pixel number with a

wavelength by means of a conversion function. As conversion function we choose a

second-order polynom fitted through the calibration points in the λ versus pixel-position

plot. The polynom has the form λ [µm] =C0+C1 ⋅ p+C2 ⋅ p2, where p is the pixel position

(index) of the CCD-array. Typical values of the coefficients are: C0 = 3.901274 ⋅ 10−1,

C1 = 1.983726 ⋅10−4 and C2 = −1.707187 ⋅10−8. The standard deviation between the mea-

sured points and the fitted conversion function is 39.0 pm. This value is a measure for the

quality of the fit. In table 3.2 the emission lines of the calibration source are listed.

# Wavelength [nm] Source
1 404.656 Hg
2 407.781 Hg
3 435.835 Hg
4 546.074 Hg
5 576.959 Hg
6 579.070 Hg
7 696.543 Ar
8 706.722 Ar

Table 3.2: Emission lines of the calibration source. (Hg: mercury, Ar: Argon)

Spring constant

The exact value of the spring constant, k, is needed, in order to calculate the surface

forces. The spring constant is obtained by loading metal pieces of different mass, m, on

top of the spring-suspended surface of the miniature eSFA and measure its deflection, ∆s.

The mass of the different metal pieces were determined with a precision of (∆m = 0.1 mg)
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by means of a Mettler Toledo XS 204 balance. The deflection of the spring is measured

with a home-built telescope containing a graticule in the eyepiece. Prior to the deflection

measurement the graticule is calibrated with a grid standard (0.1 mm scale) placed at

the same distance from the telescope as the miniature eSFA. For small deflections we

measured a linear force versus distance behavior. The spring constant is 1750±70 N/m.

Magnet drive

The fine adjustment of the surface separation is obtained by means of a magnet

drive, which consists of a copper coil and a computer controlled (UTA 12, EA

Elektro-Automatik, Germany) and stabilized current source (PS 3016-20B, EA Elektro-

Automatik, Germany) (see section 3.2.2). We have to correlate the current with the surface

separation —measured by means of the spectrometer.

In order to calibrate the magnet drive, the PCA has to be aligned to the spectrometer (see

subsection (3.5.4)). By changing the current, we move the spring-suspended surface to

five different positions. At each position, we determine the surface separation using the

FSC-algorithm and plot it as a function of current. The data-points are interpolated by

a least-square fit. Changing the current by 1 A deflects the surface by 0.343±0.002 µm.

In order to test the linearity of the magnet drive, we scan the surface separation, D, and

plot it as a function of the current, I (see Figure 3.11). If we fit the measured data and

afterwards subtract the linear fit from the data, we obtain ∣D−Dfit∣ = 0±1.2 nm (inset of

Figure 3.11) as a measure for the linearity and self-consistency of our instrument.

Strain gage

By means of a strain gage, we can weigh the mass of the liquid carbon dioxide inside a

pressure vessel. This is necessary because the gas and liquid phase of carbon dioxide do

coexist and pressure alone is not a measure for bottle content. The pressure remains at its

value if carbon dioxide is released.

We suspend our pressure vessel (Figure 3.12 (a)) on a strain gage (XMB, MTS, Switzer-

land), which is used to monitor the mass of the liquid carbon dioxide. The strain gage

consists of a Wheatstone bridge that operates in a range between 0 and 30 kg, which

corresponds to an output voltage between 0 and 3 mV/V. We feed our bridge with a con-

stant voltage of 5.04 V. The output signal is amplified with a home-built three-amplifier
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Figure 3.11: Magnet drive calibration. The grey curve represents the data. The black
curve is a linear fit. The inset shows the difference between the data and the fitted curve.
The value (D−Dfit) varies around a mean value of 0.0 nm with a standard deviation of
1.2 nm.
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Figure 3.12: (a) The pressure container (PASCALE) is suspended at a strain gage. (b)
Amplifier scheme. R1=100 kΩ, R2=11 kΩ, R3=11 kΩ and Rgain=0.501 kΩ. The circuit
gain is 401.
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instrumentation amplifier [72]. The circuit is shown in Figure 3.12 (b). The principal

element is the single j-FET operational amplifier LF357 (key data: 5 µV/°C voltage drift,

15 nV /
√

Hz voltage noise, 0.01 pA/
√

Hz and 5 µV/h drift rate). The circuit gain is

trimmed to a factor 401 using the 1 kΩ potentiometer. The amplified voltage is recorded

my means of a USB 6221 data acquisition device. In Figure 3.13 we show a calibration

curve, which was obtained by loading some known weights on top of the strain gage. We

can determine the mass of the liquid carbon dioxide with an accuracy of 0.01 kg.

0.5 kg

1.0 kg

2.0 kg

Figure 3.13: Load cell calibration measurement. We deposit weights on top of the strain
gage and measure the voltage of the deflected strain gage. The inset shows the resulting
calibration.

Other calibrations

There are other components of the setup that require proper calibration such as the pres-

sure and temperature sensors, as well as the DC-motors of the spectrometer-translation-

stage.

For the pressure sensor we refer to the company’s (Burster, Germany) calibration protocol.

The output signal of the sensor is amplified by a precision measuring amplifier (X-201-

1KA03, MTS, Switzerland). The amplifier output of 50 mV corresponds to a pressure

of 1.0 bar. The amplifier signal is directly used as a feedback for the ER3000 pressure

reducing devise.
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The temperature control consists of an MP-31-93 temperature sensor (R=15±0.65 kΩ
@ 25 °C), a temperature controlling hardware unit, a power supply and a Peltier-stage.

The temperature sensor was calibrated by the supplier. The sensor type and the offset-

temperature, To f f can be set in the software. We determined the offset-temperature in

measuring the temperature of an ice-bath (Tice=0.34±0.02 °C).

The xy-translation stage motors (Z-812, Thorlabs, USA) are used to align the

spectrometer-fiber-entrance to the PCA (see section 3.5.4). The motors are equipped

with a 67:1 reduction gear head and a rotary magnetic encoder feedback with

512 counts/revolution. The linear displacement of the stage per encoder count is

1.0 mm/34304 counts=29 nm/count. The PCA is focused to the spectrometer-fiber-

entrance by means of a bi-convex focusing lens. So, there is an optical magnification. The

stage-calibration is carried out using a reference ruler with a grid-spacing of 100 µm. The

reference ruler is placed on top of the lower glass substrate of the miniature eSFA to be at

the same position as the PCA in the experiments. Light of a tungsten halogen lamp passes

the reference ruler and is focused to the spectrometer-fiber-entrance. The total intensity

of the captured light is recorded over the full motor range. There is a periodic pattern of

bright and dark stripes, which is used for the lateral calibration. A least-square linear fit

leads to a calibration of 5.056 nm PCA displacement per encoder count. Therefore, the

optical magnification is 5.7.

3.5.4 Measuring routines

In this subsection, all the standard operating procedures (SOPs) to carry out a successful

measurement with the new eSFA are described. They involve the alignment of the optical

elements, the adjustment of the separation of the mica surfaces in the miniature eSFA and

the handling of the pressure inside the autoclave and the pressure system.

Alignment of the optical elements

Figure 3.14 (a) shows how the optical elements are arranged on three levels I,II and III in

the optical stand. This figure is used in order to explain the alignment of the elements.

There are two main tasks in this optical measurement method: First, the location of the

PCA (point of closest approach) has to be found and second, the PCA has to be imaged
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Figure 3.14: (a) Schematic of the setup. The three levels of the optical stand are labeled
with I,II and III. The setup-elements are: 1) autoclave 2) CCD camera 3) xyz-lens-
translation stage with lens L1 4) beam-splitter (BS) on rotary stage 5) spectrometer with
optical fiber on a xyz-translation stage 6) right-angle mirror 7) light-sources (Xe-arc-
and Na-lamp) (b) We place an auxiliary fixture at the position of the autoclave. The
auxiliary fixture is connected to a halogen white light source via an optical fiber. The
light cone of the halogen source is centered to the CCD chip by means of the xyz-lens-
translation-stage. (c) The optical fiber is fixed at the place of the spectrometer. We
install a convex lens (L2) in the optical stand on level II. The beam-splitter is rotated,
such that the light spot is directed to the CCD chip. The optical fiber is moved with the
xyz-spectrograph-translation stage such that the light spot is centered to the CCD chip.

to the entrance of a waveguide connected to the spectrometer. Both tasks are carried out

by a proper alignment of all the optical elements in the setup.

Once the basic alignment of the optical elements in Figure 3.14 (a) established, we can

align the PCA. We first use a sodium vapor lamp and direct it to the Fabry-Pérot inter-

ferometer, which leads to Newton’s rings. The beam-splitter on level II in the optical

stand (see Figure 3.14 (a)) is directed to the CCD camera. By means of minor movements

of the xyz-lens-stage, the PCA (seen as center of the Newton’s rings) is centered to the

CCD-chip of the CCD camera. Afterwards, we rotate the beam-splitter by means of the

rotary stage on level II and direct it towards the spectrometer. Finally, the xyz-stage of the

spectrometer has to be only slightly moved, in order to align the PCA to the spectrometer.

The basic alignment of the optical elements is realized by a reverse path method: We

temporarily use an auxiliary fixture, positioned at the place of the autoclave on level III
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(Figure 3.14 (a)). The auxiliary fixture is an aluminum cylinder with a hole and an optical

thread, which is used to connect an optical fiber (Figure 3.14 (b)). The aperture of the

optical fiber inside the auxiliary fixture is at the same position as the PCA in an experi-

ment. The fiber itself is connected to a halogen light source (OCOHL-2000, GMP SA,

Switzerland). The emitted light cone of the optical fiber is centered to the CCD-camera

on level II by means of the xyz-lens-translation stage (containing the double convex lens

L1, focal length: 30 mm). In a next step, the optical fiber is fixed on the xyz-translation

stage of the spectrograph (Figure 3.14 (c)). The beam-splitter is rotated such that the light

is directed to the CCD camera. The light cone is again centered to the CCD chip, by

means of the xyz-spectrograph-translation stage and a second lens (L2, focal length: 50

mm). Now, the locus of the PCA is centered to the CCD camera and the spectrograph at

the same time.

The adjustment of the mica surfaces in the miniature eSFA

As described in section 3.2.2, the surface separation is controlled using two stages. A

coarse stage to set an initial surface separation to a few micrometers plus a finer stage to

vary the separation with sub-Å-resolution using the magnetic drive. The coarse approach

is based on an external auxiliary pre-adjustment tool (adjusting device). By means of the

adjusting device, the mica surface separation in the miniature eSFA is fixed at D ≈ 10 µm

before it is transfered into the autoclave. In order to preset the surface separation to 10 µm,

we have first to align the PCA to the spectrometer and determine the mica thickness (we

have to know the mica thickness in order to determine the exact surface separation D),

then we separate the mica surfaces to D ≈ 10 µm by means of the adjusting device and fix

the screws of the miniature eSFA.

The following paragraph describes the handling of the miniature eSFA inside the adjusting

device in more detail. The sample holders —bearing the glass-substrates with the mica

surfaces— are fixed in the miniature eSFA, which itself is placed inside the adjusting

device. The adjusting device temporarily occupies the place of the autoclave (see Figure

3.1 (b)). We use a sodium vapor lamp as a light source to illuminate the Fabry-Pérot

interferometer. The separation of the two parts of the miniature eSFA is varied by means

of the micrometer head. At a micrometer head position of 5.550 mm, the mica surfaces

are separated by 100 to 150 µm (empirical value). We use the xyz-lens-translation stage

in order to find the Newton’s rings, which will be visible as several black concentric

circles on the CCD-camera. After the Newton’s rings are centered to the CCD-camera, the
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beam-splitter is rotated towards the spectrograph. The xyz-spectrograph-translation stage

is motorized along the y- and z-direction (using the directions of the coordinate system in

Figure 3.14). By means of the FSC software we can scan with each motor individually to

obtain a spectral image in the motor direction. A typical scan along the y-axis is shown in

Figure 3.15 (a). The interference pattern appearing in the upper half of the plot represents

the desired fringes of equal order (FECOs, described in section 2.2). The shape of the

FECOs reflects the cross-sectional profile of the surfaces. It is obtained applying the FSC

algorithm. The surface profile can be fitted by a circle. Its center coordinate is used to

adjust the optics to the PCA (in Figure 3.15 (a), this center coordinate is at -50 µm). The

same procedure is repeated with the motor along the z-direction until the deviations are

smaller than 1 µm in each direction.

Figure 3.15: Spectral images. The measured spectra are plotted as a function of the
translation-stage motor position. (a) In the upper part of the spectral image we observe
displaced FECOs as they are measured during a typical alignment process. The PCA is
located around -50 µm. The surfaces are not in contact yet (D = 13 µm). The FECOs
must be centered to the image to continue the procedure. (b) FECOs of a mica-mica
contact after a successful alignment of the PCA.

In order to determine the mica thickness, the mica surfaces have to be in contact. Contact

can be easily achieved in reducing the surface separation by the micrometer head of the

adjusting device. However, there are two difficulties: First, we do not know the exact

surface separation yet —which would simplify the approaching action— and second, the

micrometer head has an accuracy of ±3 µm. So, it is almost impossible to smoothly

contact the surfaces. If the surfaces are not approached smoothly, they are destroyed. We

can solve these problems by using the second electro-magnetic coil integrated into the

optical table on level III of the optical stand. The coil is connected to a second power
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supply. The full operating range of this coil corresponds to 9 µm and its accuracy is less

than 0.01 µm. We reduce the surface separation in a two-step-approach: The position of

the micrometer head is reduced —from the initially 100 to 150 µm— in 5 to 7 µm steps.

After each step, the surface separation is further reduced by slowly changing the coil

current from 0 to 10 A. If the surfaces are not yet in contact after this fine-approach —no

contact means that the Newton’s rings on the CCD-image are still vibrating— the current

is set to 0 A again and the micrometer head is manually rotated to a closer distance.

This procedure is repeated until the Newton’s rings observed in the CCD-image stop

vibrating. Now, the mica surfaces are in contact and we can determine the mica thickness.

Afterwards, the mica surfaces are separated by means of the adjusting device and a surface

separation of D ≈ 5 µm is set. Six headless M2 screws are tightened to lock the two

miniature eSFA parts in place using a non-magnetic tool (see Figure 3.16 (a)). Now, the

miniature eSFA is transfered into the autoclave. The autoclave is positioned at the place

of the adjusting device and fixed to the optical stand using an aluminum clamp shown in

Figure 3.16 (b). On top of the aluminum clamp, there are six slots which can be occupied

with six permanent magnets. They can be used to offset the surface separation when the

chamber is filled with a liquid. The flotation force of the liquid displaces the surface by

10-12 µm, which is almost the full range of our magnet drive. The permanent magnets

are used to compensate for this displacement.

At this point we connect the autoclave to the steel tubing of the pressure system using

a VCR-connection and a silvered metal gasket. If the VCR-screw nut is torqued by an

angle of 90±10°, the connection is tight. The pressure inside the autoclave is at 1 bar.

The handling of the pressurized medium is described in the next section.

Connect the autoclave with the pressurized pressure vessel

After the transfer of the miniature eSFA into the autoclave, we connect the autoclave to

the pressure system. In this subsection, we describe the SOPs to pressurize the carbon

dioxide.

Each single element in the pressure setup is labeled. These labels are also depicted in

the schematic of the pressure setup in Figure 3.17. Symbols labeled with V represent

diaphragm valves, NV stands for a needle valve and RV for a relief valve. We can monitor

the pressure at three different places in the setup. The pressure sensors are labeled with M
(manometer) and with S (electrical pressure sensor), respectively. The nitrogen as well
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Figure 3.16: (a) Fix the screws of the miniature eSFA with a home-built special tool
(non-magnetic). (b) Fix the autoclave to the optical table by means of an aluminum
clamp. On top of the aluminum clamp we can position six permanent magnets to further
adjust the surface separation if needed.

as the carbon dioxide bottle are connected to a non-return valve (1W), in order to prevent

a back-flow of the system gas to the bottles. Between V1 and V2 we have installed

the pressure reducing device (ER3000). The pressure vessel (PASCALE) containing the

metal bellows is fixed between V2 and V6. The outlets A, B and C can be connected

either to a venting tube D or the membrane vacuum pump P.

We use the following protocol in order to raise the pressure and fill the autoclave with

liquid carbon dioxide. To connect the autoclave (AGNES) with the pressurized system -

the diaphragm valve V6 is closed. The vacuum pump (P) is connected to the outlet C.

We achieve a vacuum of about 20 mbar, if we open valve V7 as well as the needle valve

NV2. In order to test whether the VCR connection with the metal gasket at the autoclave

is tight, we close valve V7 and monitor the pressure in the autoclave with the sensor S. A

small leakage would lead immediately to an increasing pressure.

Once the metal gasket is tight we start five purging cycles. The needle valve NV1 has

to be closed, while opening the valve V6. We smoothly open the needle valve NV1 and

raise the pressure to about 5 bar. Then, we open the second needle valve NV2 and lower
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Figure 3.17: Pressure setup. The abbreviations of the symbols have the following mean-
ing: A,B and C are outlets. AGNES represents the autoclave. D is a venting tube. The
ER3000 is the pressure-reducing device. M is a manometer. NV represents a needle-
valve. P is a vacuum pump. PASCALE is the pressure vessel. RV is a release valve. S
is an electric pressure sensor. V are diaphragm valves and 1W stands for a non-return
valve.
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the pressure to ≈ 1.5 bar. In order to prevent a back-flow of ambient air, the pressure in

autoclave is always higher than ambient pressure. This cycle is repeated five times to

ensure a pure carbon dioxide environment in the autoclave.

After the purging cycles, the pressure in the autoclave is slowly raised (at pressure rates <

5 bar/min) by gently opening the needle valve NV1. If the pressure reaches an equilibrium

value, NV1 as well as V6 can be completely opened. The autoclave is now at the same

pressure as the pressure vessel (PASCALE).

Fill the pressure system with CO2

In order to transfer liquid carbon dioxide from the gas-bottle into the pressure vessel, the

system pressure has to be always slightly below the gas-bottle pressure. In this section,

we describe this non-trivial procedure. The abbreviations in the text again refer to the

symbols in the scheme in Figure 3.17.

Before transfering liquid carbon dioxide from the gas-bottle to the pressure vessel (PAS-

CALE) the system has to be completely empty. In order to empty the system, the venting

tube D is connected to the outlet B. Slightly opening V4 reduces the system pressure and

the liquid carbon dioxide starts to boil.

Before the system is filled with carbon dioxide, we carry out some purging cycles. In

order to connect the carbon dioxide gas-bottle to the system, the diaphragm valve V5
is closed and then V8 is completely opened. The pressure in the tube between V5 and

V8 is now the same as in the gas-bottle located outside the building one floor above the

laboratory. To accomplish the purging cycles we open V5 gently and raise the system

pressure to about 3 bar (read the pressure value at the pressure sensor S). We connect the

vent D to the outlet B and open valve V4. Opening valve V4 reduces the pressure in the

system. We adjust the two valves V4 and V5 such that the steady-state pressure inside

the system remains above 1 bar. There is a constant carbon dioxide gas flow to purge the

system for ten minutes. The same procedure is repeated at the outlet C. Here, we open

the two valves V5 and V7.

Now, liquid carbon dioxide is transferred from the gas-bottle to the pressure vessel. First,

we read out the mass of the suspended steel container using the strain gage. Now, we

open V5 again. The mass of the steel container will steadily increase parallel to the

pressure inside the system. A pressure increase of 5 bar/min should not be exceeded in
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order to not overstress the gaskets. If the pressure in the autoclave equals the pressure in

the CO2 bottle (V5 fully opened but no more change of mass) and the target mass is not

reached yet, valve V4 (connected to the venting tube) has to be slightly opened in order

to continue the liquid transfer. Carbon dioxide will only flow into the system when the

system pressure is slightly below the bottle pressure. We stop transfering carbon dioxide

when the mass of carbon dioxide inside the pressure vessel is 0.350 kg. We close valve

V5.

In order to further increase the system pressure, we connect the pressure reducing device

(ER3000) to the system by opening the valve V2. We further compress the bellows inside

the pressure vessel by gaseous nitrogen. After the compression, we close V2 again and

wait until the system reaches its equilibrium (after approximately one week).

Hazard notes

One has to mind several potential hazards when operating the pressure system. Ignoring

the risks mentioned below, can not only lead to a damage of parts of the system but it is

also dangerous for the experimenter.

1. Increasing or decreasing the system pressure at high pressure rates (>10 bar/min)

can lead to a failure of the gaskets and carbon dioxide can leak out. This process

can quickly lead to CO2 room concentrations above 1 %. Concentrations above 4 %

already lead to severe health problems. We use the display of the CO2-alarm-system

in order to check the concentration of carbon dioxide in the room.

2. Damaged gaskets can also cause damage of the delicate metal below inside the

metal container (PASCALE).

3. If the steel vessel contains 350 g carbon dioxide after the filling process, the au-

toclave can be used 8 to 10 times. Emptying the autoclave and refilling it again

corresponds to a loss of approximately 20 g carbon dioxide.

4. The pressure in an autoclave —completely filled with liquid carbon dioxide— raises

dramatically if the temperature increases. We have demonstrated this effect in a

small test. We have connected our autoclave to the pressurized system at 80 bar and

cooled it down to a temperature T = −20 ° C. Now, we close V6, which means that

the autoclave is decoupled from the pressure vessel. We turn off the temperature
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control and investigate the pressure increase in the system. The pressure raised to

160 bar within 15 minutes. The temperature increased from -20 to -10 °C. After

another 3 minutes the safty valve RV2 opened. This issue should be always kept

in mind while working with liquids in closed containers, particularly if they do not

have any exhaust valve or are not connected to a bigger pressure reservoir (in our

case PASCALE).

3.5.5 List of materials and equipment

The tables 3.3,3.4 and 3.5 contain an alphabetic list of all the items used during this work.
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Item Supplier Type Remarks
Adjustment device home-built
Bandpass filter Edmund optics, DE NT62-151 CWL 500 nm
Beam splitter Edmund optics, DE NT47-009
CCD camera DVC company, USA DVC-4000
CO2 alarm system Kimessa, CH CANline
CO2 gas cupboard Carbagas, CH
Copper coil Pg Handel, CH ø: 3.35 mm
Current source Elektro-Automatik, DE PS 3016-20B max. I: 20 A
Current source, Elektro-Automatik, DE UTA 12 16 bit resolution
interface
DAQ device NI, USA NI USB-6221
DC-minimotor Faulhaber, CH S-2342
Diaphragm valves Swagelok, USA SS-DSVCR4 1/4"VCR
DC lens Edmund optics, DE NT45-087 f = 30 mm
Exhaust valve Ramseyer, CH RK 86a EPDM gasket
Gaskets Angst + Pfister, CH Viton, EPDM
Glass substrates Crylight, CN BK7, R: 20 mm
Halogen Source (W) GMP SA, CH 2960-K
Heating plate Weller AG, CH WHP 80 max. T : 200 °C
Helical spring Durovis, CH k = 1750 N/m
Laminar flow cabinet Thermo Fisher, CH HPH 12
Membrane pump Pfeiffer Vacuum, DE MVP-015-4 range: 2 mbar
Metal gaskets Swagelok, USA SS-2-VCR-2 VCR technology
Metall bellows Huntington, USA 245-15 volume: 260 ml
Metering valves Swagelok, USA SS-31RS4 medium-flow
Mica S&J Trading Inc., USA Grade #1, #2
Micrometer head Mitutoyo, CH 153-101 precision: 3 µm
N2 filter gun SKAN AG, CH GF-30A 0.45 µm PTFE
Optical fibers Ocean optics, USA ø: 50, 200 µm
Optical stand home-built
Optical table Integrated Dynamics, DE air damped
Optical window, Crylight, CN BK7
autocalve
PC-motor-card PMC corp., USA DCX-PCI 100
Peltier modules TE technology, USA HP-127-1 power: 80 W
Permanent magnet Webcraft GmbH, CH NdFeB
Planetary gear Faulhaber, CH S-23/1 torque: 0.7 Nm
Power supply Distrelec, CH 116-010186D
Pressure reducer Tescom, DE ER3000 max. p: 170 bar
Pressure sensor MTS, Switzerland 8201 H range: 0-200 bar

Table 3.3: List of equipment I
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Item Supplier Type Remarks
Relief valves Swagelok, USA SS-4R3A-EP 220 bar
Right-angle mirror Edmund optics, DE NT45-688
Rotation stage Newport, DE RSP-2T
Sodium lamp, Elevite, CH SOX Pro 35 W
bulb
Sodium lamp, Kontakt Ag Zürich, CH BY22d ceramic
bulb socket
Sodium lamp, home-built
housing
Sodium lamp, Elevite, CH BSX26L81
power supply
Spectrograph Ocean optics, USA USB2000+ grating # 9
Spin coater home-built
Stage micrometer Präzisionsoptik Gera, DE Scale # 3
Steel tubing Swagelok, USA SS-T2-S-028 ø: 1/8"
Strain gage MTS, CH XMB range: 30 kg
Syringe (glueing) BGB Analytik AG, CH 1001 RN
Teflon tape Angst + Pfister, CH
Temperture controller TE technology, USA TC-36-25
Titanium autoclave home-built
Translation stage XY Thorlabs, USA MT1-Z8 range: 12 mm
Translation stage, Phoenix mecano, CH EP1820 hub: 1820 mm
Turnscrew Ampco metal, CH CJ0025 nonmagnetic
Tweezers Regine, CH 2A-SA, 5F-SA
White light source Müller, DE XBO 450 W

Table 3.4: List of equipment II

Item Supplier Purity Remarks
Acetone Fisher Scientific, CH 99.97 %
Carbon dioxide Carbagas, CH 99.99 %
Chloroform Fisher Scientific, CH 99.99 %
Epoxy glue Shell Chemicals, USA resin only EPON 1004F
Ethanol Fluka, DE 99.8 %
Loctite Henkel, CH 577
Nitrogen Carbagas, CH 99.9999 %
Silver shot ABCR GmbH, DE 99.99 %

Table 3.5: List of chemicals





CHAPTER 4

CONFINED SUPERCRITICAL CO2

In this chapter, we describe the experimental results obtained for supercritical carbon

dioxide in confinement. We show that the extension of the liquid-gas coexistence-line

(ridge) divides the supercritical state into a liquid-like and a gas-like regime of distinct

physical properties. Parts of this chapter are intended for submission to the "Journal of

Supercritical Fluids".

Manfred Heuberger is the co-author of this publication. For this publication, I have

planned and performed all the experiments, performed all the data evaluations and wrote

the draft of the manuscript. Manfred Heuberger advised me for data interpretation, in

particular he developed a Labview program to simulate birefringent spectra, which was

successfully used to interpret our unexpected spectral data. Furthermore, he was signif-

icantly involved in editing my English in the manuscript and helped develop the ideas

therein in many discussions we had together.

Abstract: We directly measure surface forces across nanometer thin films of supercriti-
cal carbon dioxide. At sufficiently high fluid density, the surface forces are comparable to
those measured in liquid CO2. In contrast, additional attractive surface forces are detected
near the critical point, and, along the critical extension (also known as "Widom line" or
"supercritical ridge"). Attractive forces are of long range (>100 nm) in the low-density
region below the ridge. Our results highlight the important role of the supercritical ridge
for supercritical fluids under confinement. Under confinement one has a clear contrast
between liquid-like and gas-like behaviors. Using an adjustable model slit pore coupled
with direct force measurements, our experiment can probe large length scales of inho-
mogeneities and the associated changes of thermodynamic potential. The model slit pore
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is realized between two atomically smooth mica surfaces in a novel high-pressure sur-
face forces apparatus. Furthermore, addition of small amounts of solute (poly(ethylene
glycol)-dimethacrylate) reveals very different solubility and associated phase-separated
structures above and below the supercritical ridge. In the gas-like regime, stable nano
menisci of solute can be generated and stretched out to several micrometer extensions.
The phenomenon is detected as an optical birefringence effect. At liquid-like densities of
CO2 such solute meniscus structures are no longer detected. Confined supercritical CO2

below the critical density thus exhibits a significant structural richness, which we interpret
as cavitation.

4.1 Introduction

Above a critical pressure, pc, of 73.8 bar and a critical temperature, Tc, of 31.0 °C bulk

carbon dioxide is in its supercritical state. Supercritical CO2 is an interesting solvent be-

cause it is non-flammable, chemically inert and non-toxic. It exhibits liquid-like density,

gas-like diffusivity and its surface tension is said to be negligible. These unique proper-

ties of supercritical CO2 form the basis for a wide range of applications for example as an

environmentally friendly solvent [4, 5], in polymer syntheses [73], for extractions [74],

tissue engineering [9], and in microelectronic processing [10, 11]. In most of these appli-

cations, supercritical CO2 is used in confined geometries. Some fundamental questions

about supercritical carbon dioxide have already been answered [15]. Nevertheless, the

microscopic and mesoscopic structure, which is believed to be responsible for much of its

remarkable properties, is yet not fully understood. Although supercritical CO2 is often ap-

plied to porous media, experimental data in such confined systems are rare; in particular,

direct surface force measurements across supercritical CO2 do not exist to date.

At the critical point (pc,Tc) of any fluid, the energetic distinction between liquid and gas

disappears. By going through the supercritical state, a liquid phase can be continuously

brought into its gas phase by a continuous change of density. Near the critical point,

fluctuating regions of the gas and the liquid phases are intermixed at all length scales,

giving rise to significant density inhomogeneities. At the critical point, the isothermal

compressibility diverges. The compressibility also has a local maximum along the super-

critical extension of the coexistence-line (hereafter referred to as ridge), although there is

no first-order phase transition [75]. The existence and relevance of a supercritical ridge

has been controversial for some time. For example, Herbert Callen wrote in his text book
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on thermodynamics, that the extension of the coexistence curve into the supercritical state

is "non-physical" [25].

On the other hand, there is increasing experimental evidence that the supercritical ridge

actually divides the supercritical state into two regimes. For example, density fluctuations

in supercritical fluids have been studied using small-angle x-ray scattering (SAXS) or

small-angle neutron scattering (SANS) techniques. The measured x-ray intensity at zero

angle is closely related to the statistical fluctuations in the system [27] and the correlation

length is a measure of the diameter of the heterogeneous region at nanometer scales.

Nishikawa and co-workers investigated supercritical carbon dioxide by means of SAXS-

measurements [16]. They found, as expected, that the correlation length and the amplitude

of density fluctuations become larger, the closer to the critical point one measures. In

addition, they were able to show that the correlation length locally reaches maximum

values along the ridge [76]. First-order separated phases are, however, not expected in the

supercritical region [18].

A change of size in a system, e.g. confinement, can entail a change of its thermody-

namics. The basic thermodynamic equations change locally, and fluctuations of extensive

variables (particle number N, volume V , internal energy U) gain importance as the sys-

tem size is comparably reduced. Physical laws and assumptions, which hold true in bulk,

do not have to be correct in very small fluctuating systems [77]. Indeed, the bulk phase

diagram may lose its relevance. Likewise, confinement can impose an upper limit on the

largest allowed fluctuation; leading to an overall energy reduction that is measured as an

attractive surface force. This critical Casimir effect is theoretically predicted [42] and

experimentally documented in binary fluid systems [22].

Geometric restrictions (i.e. confinement) and the presence of walls (i.e. surface energy)

may have an effect on the solubility of solutes in supercritical CO2. The solubility of

various solutes in supercritical CO2 was investigated since the pioneering work on high-

pressure gas chromatography above critical temperatures in 1962 [78]. To date, the sol-

ubility of various polymers and copolymers in supercritical CO2 [79] and ionic-liquid-

supercritical-CO2 systems [80] has been investigated, mainly motivated by various appli-

cations in chemical industries. The role of density inhomogeneities on solutes in CO2 is

known as a local effect and reviewed in ref [15].

In the surface forces apparatus technique applied here [30], where two crossed-cylinder

mica surfaces confine a fluid film at controlled thickness, size effects and changes of ther-

modynamic potential due to film thickness can readily be studied. The surface separation,
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D, can be precisely controlled from contact to micrometers and optically monitored with

sub-Å resolution. A continuous transition from bulk to quasi 2D-fluid films can thus

be realized, while film thickness, refractive index (i.e. density) and surface force (i.e.

thermodynamic potential) are monitored simultaneously. We want to utilize this most

suitable method for the first time in supercritical CO2 to shed light on its behavior under

confinement.

4.2 Experimental

4.2.1 Measuring surface forces

The design of the extended surface forces apparatus (eSFA) used in this study has been

previously described in detail [44]. In summary, the new apparatus consists of a miniature

measurement device embracing two cylindrically shaped glass substrates, which hold the

two mica surfaces in the experiment. The upper glass substrate is connected to a per-

manent magnet; together they are attached to a compliant spring, k = 1750± 70 N/m.

The spring deflection is used as a measure for the surface force. The mica surfaces are

asymmetrically back-silvered (25 nm Ag and 160 nm Ag) and thus constitute a reflective

optical resonator for the white-light interferometric distance measurement (see Figure

4.1 (a)). The miniature device can be slid into a tight autoclave, which is closed with a

flange that provides an optical window. The autoclave is fitted with side-inlet and outlet

to connect it to the pressurized fluid. A low-resistivity copper coil generates the magnetic

field required to deflect the one magnetic surface and therefore control the surface sep-

aration, D (i.e. slit dimension) at sub-nanometer precision. Therefore, the coil current

is varied by a computer controlled and stabilized current source. The fluid feed for the

autoclave comes from a larger pressurization vessel via steel piping. The pressurization

vessel serves to precondition the clean carbon dioxide to the desired pressure, p. The

thermal control of both measuring device and pressure vessel are realized using custom

heat exchangers [52]. Some key specifications of the eSFA are summarized in Table 4.1.

In order to perform neat fluid experiments, we had to slightly modify the system from

that described in [44]. Namely, all EPDM o-rings that were in contact with CO2 were

replaced by Viton o-rings and the titanium autoclave connectors —formerly sealed with

Loctite 577— were weld-sealed.
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Range Precision Stability
Pressure, p 0.02 - 170 bar 0.007 bar 0.002 bar/h

Temperature, T -20 - 60° C 0.008° C 0.002° C/h
Surface separation, D 0-14 µm 0.03 nm 0.6 nm/h

Table 4.1: The key specifications of the new pressurized eSFA

D

Light
source

Figure 4.1: (a) White-light interferes destructively in a Fabry-Pérot resonator and gen-
erates a spectrum as depicted to the right. The surface separation D as well as the index
of refraction can be determined using the exact position of the extinctions within a de-
fined wave-length window (black dotted line). (b) Interference plot in the liquid state
(p = 81 bar, T = 303.2 K). The two mica surfaces are approached in steps of 1 nm. After
each step, we measure a spectrum. This procedure is repeated between 2 and 0 µm.
The black lines in the (D,λ )-plane represent the destructive interference pattern, which
is obtained from the interferometric measurement. The spectrum shown in (a) represents
the horizontal line in the (D,λ )-plane at D=1.5 µm (white dotted line).



76 4. CONFINED SUPERCRITICAL CO2

In this work, we have visited a total of 25 different loci in the phase diagram of CO2,

including the gas phase, the liquid phase and different loci in the supercritical state. Al-

though our discussion and conclusions refer to the full data set, a selection of particular

loci will frequently be used in the text. For convenience we designated those with a letter

as listed in Table 4.2 below and also shown in Figure 4.8 (b):

State Temperature T [K] Pressure p [bar]
A 307.2 91.4
B 318.2 77.5
C* 307.2 77.0
D* 311.2 83.6
E* 318.2 88.5
X 299.2 92.8

Y* 305.0 75.0
F* 309.2 81.4
G* 318.2 98.6
H 304.7 85.5
I 308.2 88.8

J* 312.2 88.8
K* 315.2 90.2
L* 310.2 83.1
M* 307.2 77.8

Table 4.2: A list of designated thermodynamic states with their respective temperature
and pressure. The letters labeled with * correspond to loci along the ridge. The states
A to Y correspond to measurements in pure CO2. A small amount of solute is dissolved
in the supercritical carbon dioxide at the states F to M. For convenience, the listed states
are also depicted in a phase diagram in Figure 4.8.

4.2.2 Experimental Procedure

The mica surfaces are glued to the glass substrates with a thermoset resin (EPON 1004)

and the glass substrates are fixed inside the miniature measurement device. The surface

separation, D, is pre-set to ≈ 5 µm by means of an auxiliary pre-adjustment tool. The

device is then transferred into the autoclave and evacuated. It is then filled with carbon

dioxide. Temperature and pressure are set and after about 10 hours the system is in ther-

mal equilibrium, which means that the stability values of Table 4.1 are obtained. By

means of an XY-translation stage, we adjust the center of an optical fiber in the image

plane to capture the interference light from the point of closest approach (PCA) between

the crossed mica cylinders. The optical fiber leads the light to a miniature spectrometer
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(USB 2000+, Ocean optics, USA). For better results, we perform a white-light correction

to normalize the interference spectrum. To determine the mica-thickness at a given lo-

cus (p,T ), the surfaces are brought into contact and an additional magnetic loading force

of 5 mN is applied. The mica thickness is determined using the automatic fast spectral

correlation (FSC) algorithm [31].

A force-distance curve is measured by continuously reducing the surface separation start-

ing from 1.0 µm using the magnet drive at a speed of 1 nm/s. Once in surface contact,

we similarly continue to increase the loading force to 5 mN. During the approach we con-

tinuously measure spectra and use the FSC algorithm to determine the surface separation,

D, and the refractive index, n. The latter can be done in real-time (automated) or offline

(manually) as described below.

4.2.3 Spectrum evaluations

We now explain a manual evaluation method used to determine two distinctive refractive

indices from an interference plot obtained in presence of a birefringent medium. This

method will be used later to evaluate some of the interference spectra obtained in super-

critical CO2 in the presence of a solute.

In reflection, certain wavelengths of the incident light interfere destructively in the Fabry-

Pérot resonator. White-light illumination thus generates an extinction spectrum, as seen

in Figure 4.1 (a). The wavelengths at minimal intensities (i.e. position of spectral dips)

can be used to determine the surface separation D and refractive index n; the method

works in close analogy to the better known evaluation of transmission spectra based on

constructive interference [31]. In Figure 4.1 (b), we measured a so called interference

plot, which is the lineup of interference spectra I(λ), each obtained at a different surface

separation, D. The fluid film of variable thickness used in this measurement was carbon

dioxide in the liquid state at 81.0 bar and 30.0 °C. Dark undulating curves in the (D,λ )-

plane represent the destructive interference pattern (extinctions) that we want to evaluate.

At each surface separation D, we chose a maximal wavelength range (dotted black line on

the wavelength axis) within which the exact positions of the extinctions are determined.

Alternatively, a set of adjacent extinctions can be manually selected and the corresponding

surface separation and refractive index is determined by the FSC algorithm [31]. The

procedure is repeated for all surface separations of interest. As one could expect, the
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refractive index in this experiment is found to be constant (n = 1.19±0.02) for all surface

separations.

We shall now calculate such interference patterns assuming that the fluid film is bire-

fringent, using the multilayer matrix method [32]. Birefringence means that the medium

optically exhibits two different refractive indices. In contrast to the common term of bire-

fringence, the structural birefringence discussed here is not related to optical axis in a

crystal or the polarization of light. As we will discuss later, it is the result of a nano-

structured optical medium. Mathematically, we reproduce such birefringent interference

plots by intensity-addition of two interference spectra —one calculated for a refractive

index n1 and the other calculated for n2 as shown in Figure 4.2 (a). The predicted in-

terference plot for values n1 = 1.15 and n2 = 1.40 is shown in Figure 4.2 (b). In contrast

to one single undulating dark pattern, we now obtain two superimposed undulating dark

patterns with different overall slopes. A beating effect is present leading to alternating

wavelength regions with double-dip-pattern and single-dip-pattern. In wavelengths re-

gions exhibiting a clear double-dip-pattern (dotted black line in Figure) both refractive

indices can be extracted manually as follows: after automated detection of all dip posi-

tions we manually assigned pairs of dips to a first and a second interference pattern; we

obtain two separate mica thickness’ (i.e. optical zero), one for each interference pattern,

finally the FSC method returns two distinct refractive indices and surface separations, (n1,

D1), (n2, D2). The evaluation region has to be shifted according to the spectral beating

effect depending on surface separation. In the following, we refer to this procedure as

double-dip-evaluation method, used to measure both refractive indices of a birefringent

medium.

4.2.4 Mica cleanliness in supercritical carbon dioxide

In this section, we address the issue of the cleanliness of our mica surfaces during an eSFA

measurement in supercritical carbon dioxide. We use X-ray photoelectron spectroscopy

(XPS) analysis and established quality tests in the eSFA measurements.

In Figure 4.3, we compare XPS spectra on three different mica surfaces ("Mica clean",

"Mica EPDM, Loctite" and "Mica Viton"). The XPS spectrum of the first sample is la-

beled with "Mica clean". In this experiment, the mica surface was freshly cleaved just

before the XPS-analysis. This is our reference spectrum. In the second experiment, the

mica surface was used in an eSFA measurement. It was in contact with poly(ethylene
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Figure 4.2: Simulation of interference spectra in a birefringent medium. (a) We add the
spectra of two etalons with gap media of different refractive indices (n1 =1.15, n2 =1.40).
The interference plot of this addition is shown in (b). The individual destructive interfer-
ence patterns of the two etalons have a different slope. Therefore, they do superimpose
in certain areas. In order to extract the surface separation D and the refractive index n,
we have to choose a proper wavelength window (black dotted line). The interference
patterns of both etalons have to be visible.
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glycol)-dimethacrylate dissolved in supercritical carbon dioxide. Poly(ethylene glycol)-

dimethacrylate is the main component of the Loctite 577 sealant, which was used to seal

the connectors of the autoclave. The autoclave flange and the optical window were sealed

with EPDM o-rings. The XPS spectrum of this second sample is labeled with "Mica

EPDM, Loctite". In a third experiment, the mica surface was used in an eSFA mea-

surement, where it was exposed to nominally clean supercritical carbon dioxide. In this

experiment, the autoclave connectors were welded and the flange and the optical win-

dow were sealed with Viton o-rings. The corresponding XPS spectrum is labeled with

"Mica Viton". We find an increase of the carbon and fluorine signals in the "Mica Viton"-

spectrum (C from 9 at% to 21 at% and F from 0 to 13 at%) as compared to the reference

spectrum. The oxygen signal decreases from 57 at% (in reference spectrum) to 40 at%.

In the "Mica EPDM, Loctite"-spectrum, the carbon signal is much higher, i.e. 62 at%,

whereas the oxygen signal is 23 at%.
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Figure 4.3: XPS spectra of three mica surfaces. We compare three different mica sur-
faces. The spectrum labeled with "Mica clean" is the reference spectrum of a mica
surface only briefly exposed to air. The fluorine signal in the "Mica Viton" spectrum
is assigned to a leaching of fluorinated species from Viton o-rings. The decrease of
the oxygen signal and the increase of the carbon signal in the "Mica Viton" and "Mica
EPDM, Loctite"-experiments are due to impurities adsorbed on the mica surfaces.
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The second sample ("Mica EPDM, Loctite") and the third sample ("Mica Viton") were

used for several days in eSFA measurements. The "Mica EPDM, Loctite" sample thick-

ness increased with a rate of 2±1 nm/day during the eSFA measurements. This increase

is measured interferometrically in successive mica-mica contacts. We have also observed

that the typical 10 to 20 nm jump into contact, which is an indication for clean mica sur-

faces, eventually disappeared. With the "Mica-Viton" sample, the mica thickness-increase

is significantly less than 0.1 nm/day and the jump into contact is always clearly visible.

We interpret these results as follows: the increase of the fluorine signal of the "Mica

Viton"-spectrum can be explained by a minimal leaching of the fluorinated Viton o-rings.

The fluorine increase does not originate from the transfer into the XPS instrument, since

no fluorine was measured in the reference spectrum. The increasing carbon signals and

decreasing oxygen signals in the spectra "Mica Viton" and "Mica EPDM, Loctite" can be

interpreted as adsorption of solutes from supercritical carbon dioxide.

The eSFA measurements, which were carried out in the modified autoclave, i.e. sealed

with Viton o-rings and welded connectors, are to be considered nominally clean. In-

creasing the purity of CO2 could only be achieved by replacing all polymeric seals of the

autoclave and its optical window.

4.3 Results and Discussion

4.3.1 Measuring surface forces

In Figure 4.4 we display two representative force-distance curves (i.e. surface force as

a function of surface separation). The experiment at locus A is above the supercritical

ridge. Upon approaching the surfaces, eventually, the surface force gradient equals the

spring constant of the eSFA and the surfaces jump into contact by a known mechanical

instability. Since the spring constant is invariant in our experiment, the surface separation

at which we observe this instability is a comparative measure for the effective range of

surface forces. Note that during the jump, the curve does not closely follow the surface

force potential due to the instability. The instability at locus A occurs at D=17±1 nm. The

shape of the curve before the jump is comparable to the ones measured in liquid carbon

dioxide [44]; i.e. short range van der Waals forces are observed at surface separation

<20 nm.
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Figure 4.4: Comparison of force distance experiments above (Locus A) and below the
ridge (Locus B). We measure the surface force (normalized by cylinder radius, R) while
steadily decreasing the surface separation. The spring instability occurs at different sur-
face separations (Locus A: 17±1 nm, Locus B: 123±5 nm). The measured data at Locus
A is comparable to the measurements in liquid carbon dioxide. Below the ridge we ob-
serve long-range attractive forces up to 450 nm. The data between 450 nm and the point
of the spring instability can be best fitted by an exponential function (grey line).

Another experiment is performed at locus B below the supercritical ridge (77.5 bar,

318.2 K). The surfaces jump into contact from a much larger distance of 123± 5 nm.

This is a remarkable qualitative contrast between two relatively close loci in the supercrit-

ical regime. The attractive force can be clearly detected up to 450 nm surface separation.

Such long-range surface forces cannot be explained by van der Waals forces. Indeed,

established surface forces of similar range are only documented between hydrophobic

surfaces in water [81] or in critical binary mixtures [22].

If we carry out the same type of measurements on three loci C, D, E (Table 4.2) along the

ridge, we find that the attractive forces tend to be of longer range the closer the locus is to

the critical point (see Figure 4.5). At locus E (88.5 bar, 318.2 K) we measure a long-range
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attractive force up to 250 nm. The surfaces jump into contact at 58±3 nm. In the case of

locus D (83.6 bar, 311.2 K), the long-range attractive force can be measured up to 450 nm

and the instability occurs at 71±4 nm. Finally, at locus C (77.0 bar, 307.2 K) the maximal

distance of attractive forces is 500 nm and the jump-into contact occurs from a surface

separation of 78±4 nm.
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Figure 4.5: Force-distance curves along the ridge at the loci C,D and E. The spring
instability occurs at higher surface separations the closer we measure to the critical point
(58±3 nm, 71±4 nm and 78±4 nm). Furthermore, the distance over which long-range
attractive forces (F/R < 0 mN/m) act on the suspended surface increases form 250 nm
(@ Locus E) to 500 nm(@ locus C). The curves are offset by 10 mN/m for clarity.

To look for direct signs of density fluctuations in our experiment we reduce the surface

separation D from 200 to 0 nm in steps of 10-30 nm at two different loci X,Y (Table

4.2) in the phase diagram. After each step we monitor the surface separation D and

refractive index n during five minutes at ≈ 3−5 Hz sampling rate. We find that the standard

deviation of the two quantities, D and n, are (σD, σn)liquid=(1.2 nm, 0.005) at locus X
in the liquid state and (σD, σn)ridge=(2.3 nm, 0.008) at locus Y along the ridge. We

compare these standard deviations to those measured in the gas phase at T=300 K and

p=1 bar: (σD, σn)gas=(1.7 nm, 0.003). The standard deviation σD in gas lies between the

values for liquid and supercritical carbon dioxide. The smaller value in liquid CO2 can

be understood as a viscous damping of the instrument vibrations. The higher values of

σD and σn in supercritical carbon dioxide could indicate enhanced density fluctuations.
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Another interesting observation is a characteristic decrease of refractive index for the

smaller surface separations, occurring only at locus Y near the ridge (see Table 4.3).

Surface separation D [nm] 143.0 105.4 86.5 81.2 70.3 60.7 47.6
Refractive index n 1.277 1.263 1.234 1.224 1.193 1.160 1.100

Table 4.3: Decreasing refractive index, n, at smaller surface separations, D, at locus Y
near the ridge.

The increase of the standard deviations together with the reduction of averaged refractive

index indeed suggest fluctuations and a reduction of average density near the supercritical

ridge.

4.3.2 Solute in supercritical carbon dioxide

In the following we describe the direct surface force measurements in the presence of a

small amount of the solute poly(ethylene glycol)-dimethacrylate (PEGDMA) in super-

critical CO2. The solute was introduced unintentionally in the setup described in [44],

because three seals in the pressure vessel were realized with Loctite 577, where the

main component is PEGDMA. Due to this unintentional dosage, the exact amount un-

fortunately remains unknown here, but it is estimated that the total dissolved amount is

≈1 ppm. We are aware that additional more systematic experiments, including the scrutiny

of other solutes in CO2, are desirable in the future. We think however that the remarkable

phenomenology found here could also appear with other solutes and is thus worthy of

consideration.

Multiple times during each eSFA experiment we evaluate the interference pattern in the

intimate mica-mica contact as a reference. In the presence of dissolved PEGDMA in CO2

we found adsorption in the order of 2±1 nm/day film thickness on each mica surface. For

comparison, in clean CO2, this adsorption rate is far less (≈0.1 nm/day) and comparable to

the adsorption of trace contaminants from a gentle flow of clean N2 gas. The phenomenon

of molecular adsorption on mica over time is a known effect that is a consequence of the

relatively high surface energy (≈ 500mJ/m−2) of clean mica [82]. Molecular adsorption is

linked to the presence of small amounts of impurities in the medium above mica.

In Figure 4.6 (a) we show an interference map acquired in PEGDMA/CO2 at locus F on

the ridge (81.4 bar, 309.2 K). The magnet drive is used to increase the surface separation

in 1 nm steps, starting from surface contact. After each step an interference spectrum is
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Figure 4.6: Interference plot in the supercritical state on the ridge. (a) On the ridge at
locus F (p = 81.4 bar and T = 309.2 K), we gradually move the suspended surface from 2
to 0 µm in 1 nm steps. After each step we measure a spectrum. In some areas, a double-
dip pattern is visible. (b) We can evaluate this pattern with the double-dip evaluation
method described in the methods part. We measure two distinct indices of refraction.
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recorded and added as a line to the map. The observed spectra are remarkably different

from those measured without solute. We now detect a birefringence effect. For example,

at a surface separation D ≈ 1 µm, a double-dip-pattern is visible between 460 and 560

nm. The fact that we observe a birefringent spectrum rather than a single refractive in-

dex spectrum strongly suggests that channels of distinctive refractive index connect the

two surfaces. In average, these channels must cover a significant portion of the analyzed

surface area to appear in the interference spectrum. Due to our limited lateral resolution

(20-30 µm optically), it is unfortunately not possible to discern the lateral repartition of

this phase-separated structure. Since we observe no sign of lateral inhomogeneity upon

lateral displacement of the optics, we conclude that these channels must have a diame-

ter significantly smaller than our lateral resolution of ≈20 micrometers. The birefringent

spectrum can be evaluated by means of the double-dip-evaluation method described in

the methods section. The obtained two distinct refractive indices are plotted as a function

of surface separation in Figure 4.6 (b). The spectra recorded at particular surface sepa-

ration intervals, namely those at D= (0 µm , 0.3 µm), (0.6 µm, 0.9 µm) and (1.45 µm,

1.65 µm), exhibit nearly overlapping interference patterns over the full spectral range

(400 - 750 nm). They cannot unambiguously be evaluated with the double-dip-evaluation

method, which explains the data gaps in Figure 4.6 (b). At all other separations we can re-

producibly determine two refractive indices; they are well defined, namely n1 = 1.15±0.06

and n2 = 1.42± 0.09. We interpret these values as follows: n1 belongs to channels of

mainly CO2 and n2 corresponds to the expected refractive index of PEGDMA.

If we move along the supercritical ridge even further to locus G (p= 98.6 bar, T = 318.2 K)

the phenomenon of double-dip spectra eventually disappears and the normal single-dip

spectrum of CO2 prevails. It is interesting to note that attractive surface forces and his-

tory effects still indicate presence of the phase-separated channels. These force-distance

curves are shown in Figure 4.7. Here, we repeated twenty force-distance measurements in

sequence; i.e. the surfaces are repeatedly brought into contact with a velocity of v1=1 nm/s

and after contact they are separated at v2 = 5 nm/s. To illustrate the system evolution, num-

bers are used to differentiate force measurement cycles (e.g. 1, 2 and 20) in the plot. Dur-

ing the first approach (1) the surfaces jump into contact at a distance of 20.4 nm. During

the second approach (2) the jump-in occurs at a larger distance of 40.4 nm. In addition,

there is now a long-range attraction extending to a surface separation of at least 450 nm,

which was not present during the first approach. In all further approaches this long-range

attraction is present. The jump-in distance asymptotically reaches a maximum value of

47±2 nm. A certain pull-off force has to be exceeded now in order to separate the surfaces
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after contact (i.e. adhesion). The surface separation measured immediately after the pull-

off jump is a measure for the amount of adhesion; it is in the order of Dpo ≈ 0.8 µm. This

value corresponds to an effective interfacial energy given by the Johnson-Kendall-Roberts

(JKR) equation [83], γi = Fpo/3πR ≈ 7.4 mJ/m2, which is rather low.
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Figure 4.7: Force-distance measurements close to the ridge. At a pressure p = 98.6 bar
and a temperature T = 318.2 K, we repeat 20 force-distance experiments. After the first
contact, we measure long-range attractive forces up to 450 nm. The jump-in distance
increases from initially 20.4 nm to 47±2 nm.

In contrast to the above observations on the ridge, we have performed additional mea-

surements in the supercritical region above the ridge (loci H and I) and surprisingly never

found a double-dip spectrum. Accordingly we determine only one index of refraction

above the ridge. At locus H (85.5 bar, T=304.7 K), for example, the jump-in distance

measures only 24±1 nm. There is no long-range attraction besides Van der Waals forces.

Also we observed no history effects. This is again a clear qualitative difference when com-

paring with loci on or below the ridge. We interpret it as absence of the phase-separated

channel structure mentioned above.
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If we start at a locus above the supercritical ridge and increase temperature along the

quasi-isobar —the pressure only slightly increases since the autoclave is connected to a

pressure reservoir— we progressively approach the supercritical ridge. The closer the

locus is to the ridge, the stronger the long-range attractive force that one records. At locus

I (p = 88.8 bar, T = 308.2 K) we measure a jump-in distance of 49±1 nm in presence of

a single-dip spectrum (∆Tridge ≈ 5 K). At locus J (p = 88.8 bar, T = 312.2 K), however, a

double-dip spectrum is recorded (∆Tridge ≈ 1 K).

If we compare force-distance curves of three different measurements along the ridge, we

obtain the following picture: The curve at locus G (98.6 bar, 318.2 K) shows a jump-in at

47±2 nm. At locus K (90.2 bar, 315.2 K) the jump-in occurs at 170±2 nm and at locus

L (83.1 bar, 310.2 K) the jump-in distance is 161±11 nm. There is a clear trend towards

stronger attractive forces the closer the locus is to the critical point.

To elucidate whether the double-dip spectrum is the result of a non-equilibrium effect

we have stopped the magnet drive at a given surface separation and monitored the time

evolution of the spectrum. At locus M (77.8 bar, 307.2 K) we observe the birefringence

as before. A spectrum is recorded every 20 s and the data is evaluated with the double-

dip evaluation method. We find that birefringence persists, while the surface separation

exhibits a constant value of 1.10±0.02 µm over a period of more than 18 hours. This

finding suggests that the system is in equilibrium or at least in a meta-stable state. The

left and the right dip evaluations are also very well defined and consistent (n1 = 1.15±0.01,

D1 = 1.11±0.04 µm) and (n2 = 1.47±0.04, D2 = 1.08±0.02 µm).

To further test the limits of stability of the birefringent phenomenon we have also sepa-

rated the surfaces with a constant velocity of 25 nm/s after surface contact. Remarkably,

we find the birefringence to a maximum surface separation of D ≈ 8.5 µm, after which the

refractive index resumes a constant value of 1.16±0.01. The transition at D = 8.52 µm

is marked by an abrupt change of the refractive index and the surface separation D. We

detect a small jump-out of 55 nm, which is interpreted as sudden elimination of an attrac-

tive surface force, or, a change of energy ∆E ≈ 3 pJ. Together these observations strongly

suggest that the phase-separated channel structure has a very small interphase energy and

can be stretched to macroscopic dimensions by pulling the surfaces apart (i.e. increasing

pore size) before the structure eventually ruptures.
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4.4 Confinement effects in supercritical CO2

The (bulk) supercritical state in CO2 is characterized by density fluctuations at different

length scales that become stronger close to the critical point. An important finding is

that the supercritical ridge, which is already known to affect bulk measurable quantities

like fluctuation amplitudes, compressibility or sound propagation, profoundly affects ap-

pearance and range of surface forces. The strength of the effect and the distance from

the critical point are indeed unexpected. Very long range attractive forces are detected

below the ridge. Unfortunately, we are somewhat limited in the observation of density

fluctuations in our experiment (e.g. variations of refractive index) due to temporal and

special averaging of our optical method. Nevertheless, we hypothesize that the measured

changes of free energy (i.e. surface forces) are related to density inhomogeneities of size

comparable to the surface separation. It is important to note that we measure such long-

range attractive forces in clean CO2 below the supercritical ridge, where critical density

fluctuations are expected to be negligible.

As a matter of fact, none of the loci presented here is close enough to the critical point

to explain density fluctuations exceeding local molecular dimensions; large critical fluc-

tuations usually occur in the few 10 mK vicinity of the critical temperature, Tc. Never-

theless, critical fluctuations may play a role here since we observe a significant increase

of attractive forces towards the critical point, in qualitative agreement with the theoretical

predictions by the exponentially diverging correlation length ξ :

ξ ≅ ξ0 ∣1−
T
Tc
∣
−0.63

, (4.1)

where ξ0 describes the radius of bulk density fluctuations which is in the order of

Ångstroms. The attractive force expected for the critical Casimir effect between two

crossed cylinders has an exponential envelope given by

F = 2πAkBT R
e−D/ξ

ξ 2 , (4.2)

, where A is -1.51 [43].

Fitting of our surface forces at loci C, D and E with an exponential function (eq. 4.2)

yields values of ξ = 120±50 nm and A ≈ −3000. These values are orders of magnitude
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larger than the theoretical predictions as well as the experimentally determined correla-

tion lengths measured by SAXS in bulk samples [16, 84]. This significant quantitative

discrepancy suggests that a mechanism different from critical Casimir forces is present.

Our observations still suggest that density fluctuations play an important role, since the

attractive forces clearly become more important towards the critical point. Also, the su-

percritical ridge clearly divides the phenomenology into two regimes, which suggests that

densities below the critical density are prerequisite for the effect. We recall that particu-

larly strong attractive forces in clean CO2 persist below the ridge, even at temperatures as

much as >10 K above Tc, (e.g. locus B).

Again, this behavior clearly indicates that we do not observe the theoretically expected

critical Casimir effect. It is important to note that the theory of the critical Casimir ef-

fect assumes that fluctuations larger than the geometrical space between the surfaces are

suppressed, in analogy to the quantum-dynamical Casimir effect. The associated energy

decrease gives rise to the exponentially attractive force. On the other hand, it seems re-

alistic that those "theoretically suppressed" density fluctuations actually still exist, for

example, as areas of lower density. The presence of the surfaces and the difference of

interfacial energy between regions of different density and the surface should affect the

morphology of the density fluctuations at this length scale. The surface-energy aspect rep-

resents a fundamental difference between the quantum dynamical and the critical Casimir

effects, which is widely ignored in theory.

Based on our measurements we propose that the situation in confined supercritical CO2

indeed is different; fluctuations potentially larger than the surface separation are not sim-

ply suppressed. As soon as the largest density fluctuations can bridge the two surfaces,

transient cavitation occurs. The lifetime of the resulting channels is dependent on the sur-

face energy between the domains of different densities as well as the interfacial energies

with the surface. A lifetime enhancement of bridging fluctuations versus non-bridging

fluctuations would allow kinetic trapping and enrichment of bridging channels. The en-

richment of bridging channels could explain the observed reduction of refractive index

under progressive confinement (Table 4.3). In cases where cavitation occurs only in a low

percentage of the total pore surface, the measured spectra would not be birefringent, but

an attractive surface force would be measured.

While the density-dependent energy contrast may be rather small in supercritical CO2, it

can be significantly stronger in the presence of a solute like PEGDMA. We believe that

this explains the origin and stability of the observed phase-separated channeling structure
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seen as optical birefringence. The interface energy between CO2 and PEGDMA must

still be relatively small to allow micrometer elongated structures. To support the cavita-

tion hypothesis, we note that cavitation is indeed known to produce long-range exponen-

tially attractive surface forces. An example is the spontaneous water cavitation between

hydrophobic surfaces, which gives rise to very similar attractive surface forces in the pres-

ence of only small amounts of dissolved gases [81, 85, 86], albeit at smaller distance and

larger intensity due to the higher water/gas interface energies. A theoretical description

of the cavitation force between surfaces does not yet exist.

Additional surface force and refractive index measurements much closer to the critical

point will be useful in future work to study the cavitation mechanism and the transition to

the theoretically predicted critical Casimir effect.

4.5 Conclusions

Direct surface force measurements in supercritical CO2 reveal completely different be-

havior above and below the supercritical ridge. This highlights the importance of the

critical density for confined supercritical films. Long-range exponentially attractive sur-

face forces are found at loci near and below the supercritical ridge. This surface force

does not conform to the theory of the critical Casimir effect, yet we find evidence that

fluctuations play an important role. We propose that transient cavitation due to contrasts

in interfacial energy with the surface can explain those attractive forces, both in terms of

distance dependence, range and magnitude. In the presence of a solute these cavitation

channels can be enriched and stabilized by an enhanced energy contrast with the surface

(see Figure 4.8 (a): supercritical solubility model). In conclusion, super critical CO2 ex-

hibit’s a structural richness under confinement, which is not included nor predicted by

common theory.
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Figure 4.8: Supercritical solubility model. (a) Close and below the ridge, bridges of
residues are pinned from one surface to the other and cannot be dissolved in supercritical
CO2. A double-dip pattern is visible in the spectrum. Above the ridge, this pattern cannot
be detected. The residues are dissolved in supercritical CO2. (b) The supercritical phase
can be divided into two areas of different solubility. Above the ridge, admixtures can be
dissolved, below the ridge not.



CHAPTER 5

CONCLUSIONS and OUTLOOK

The final chapter of this thesis is divided into two parts. In the first part, the overall

conclusions of this work are presented. In the second part, three topics for future research

are proposed, which are based on the results of this thesis.

In this work, we have built the first pressurized extended surface forces apparatus (eSFA).

Its measurement window lies between 0.02 and 170 bar and -20 and 60°C. This apparatus

can be used to investigate the surface forces across a substance as a function of position

within its pressure-temperature-phase diagram. We observe van der Waals surface forces

in gaseous and liquid carbon dioxide. In the surface forces measurements in gaseous

carbon dioxide (1.0 bar, 300.2 K), the surfaces jump into contact at 23±2 nm. In liquid

carbon dioxide (73.8 bar, 300.2 K) the jump-in occurs at 13±2 nm. The reduction of the

jump-in distance is mainly due to the viscous damping of instrumental vibrations in liquid

carbon dioxide. In addition, the permittivity of liquid carbon dioxide is higher than in its

gaseous state, which reduces the range of the van der Waals interactions.

The extension of the gas-liquid coexistence-line (ridge) divides the supercritical state into

a gas-like and a liquid-like regime. On and below the ridge, we measure long-range attrac-

tive surfaces forces up to 500 nm, which are probably due to a cavitation effect. Above the

ridge, we find surface forces similar to those measured in liquid carbon dioxide, i.e. of van

der Waals range. If we follow the ridge towards the critical point, we measure an increas-

ing strength of attraction, as would be expected from the theory of the critical Casimir

forces. However, if we compare the measurements with the established theory, we find

significant quantitative discrepancies. The extracted correlation lengths are 2-3 orders of

magnitude larger than expected. Moreover, we measure large attractive forces below the
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ridge, where no critical Casimir forces are predicted. The observation of the increasing

range of attraction closer to the critical point still suggests that density fluctuations may

play an important role in the understanding of the observed phenomenon.

If small amounts of poly(ethylene glycol)-dimethacrylate are dissolved in supercritical

carbon dioxide, a birefringent spectrum is observed rather than a single refractive index

spectrum. This finding strongly suggests that nano-sized channels of distinctive refractive

index connect the two surfaces. This nano-structured medium is only visible on and below

the ridge. Above the ridge poly(ethylene glycol)-dimethacrylate is dissolved in supercrit-

ical carbon dioxide. These observations indicate that the ridge divides the supercritical

state into two regimes of different solubility. This conclusion concur with the results ob-

tained in clean supercritical carbon dioxide, where we find two regimes of different ranges

of attraction.

Based on our existing data set and conclusions, the following three topics seem appropri-

ate for further investigation:

Topic 1: Critical Casimir effect in carbon dioxide. In order to demonstrate the critical

Casimir effect in carbon dioxide and to determine the correlation length of the confined

density fluctuations, surface forces measurements have to be carried out close to the crit-

ical point. A possible experimental procedure to obtain these results can be described as

follows: In a first step the temperature and pressure of the system are set to the critical

temperature and pressure. After an equilibration time of about 10 hours, the pressure is

altered over the range of 0.1 bar in 0.01 bar steps by means of the translation stage of the

pressure vessel described in the experimental part of this thesis. After each pressure step

a force-distance curve is measured. When the full pressure range of 0.1 bar is completed,

the temperature is changed in steps of 0.05 K and the described procedure is repeated

again. This experiment leads to a three-dimensional plot of the amplitude and range of

the surface forces measured as a function of temperature and pressure. We would expect

that the amplitudes and force ranges diverge at the critical point and that they decrease

along the ridge.

Topic 2: Solubility studies of different admixtures in confined supercritical car-
bon dioxide. In this thesis we have demonstrated a different solubility of poly(ethylene

glycol)-dimethacrylate above and below the ridge. A systematic study of different admix-

tures of known amounts should reveal whether our results can be reproduced. In addition,

it would be interesting to investigate how the interaction potential changes due to the dif-

ferent molecular properties of the admixtures. From the literature it is known that solutes



95

in supercritical fluids can be classified according to the type of density inhomogeneities

they induce [87]. Solutes are divided into three classes: attractive, weakly attractive and

repulsive. Depending on the solute class, we would expect to measure different interac-

tion potentials in our surface forces measurements. Many polymers can be dissolved in

supercritical carbon dioxide. The solubility of a polymer in CO2 can be increased if the

polymer is at least partially fluorinated. So far, we know only a few substances that can

be dissolved at temperatures and pressures of our experimental window. One example is

VDF-HFP22 (poly(vinylidene fluoride-co-hexafluoropropylene) copolymer with 22 mol%

hexafluoropropylene) and the other example is Teflon AF —a fluorinated copolymer [79].

We may expect from our observed history effects that excess adsorbed solute molecules

on the mica surface may play an important role for the formation of the solute channels.

Topic 3: Systematic studies of structural properties of nano-confined liquid and su-
percritical carbon dioxide. During the course of this project, we have investigated the

structural properties of confined liquid and supercritical carbon dioxide. However, due

to the large amount of time that went into the instrumental setup, we have only collected

enough data at two loci in the phase diagram (one measurement in liquid and one in su-

percritical carbon dioxide) to study structural details in the thin film. This data can be

found in the appendix of this thesis. We have found evidence that there is a molecular

ordering effect in liquid as well as in supercritical carbon dioxide, which is different from

that observed in a simple liquid such as OMCTS. The confined liquid and supercritical

films are continuously squeezed out. Only in the liquid case, does there seem to be a

final, step-like transition from a single layer to zero layers. The occurrence of this smooth

step seems to depend on the approaching speed of the variably mounted surface. In order

to understand these mechanisms, a systematic study of the layering effect in liquid and

supercritical carbon dioxide has now to be carried out. Data at different loci in the phase

diagram have to be compared. Layering transitions are normally observed close to the

melting point of a substance. Our measurement window starts about 30 K above the melt-

ing point. The step sizes and transition times have to be statistically evaluated in order

to obtain typical time and length scales of the problem. Furthermore, the question of the

effect of the approaching speed on the layering transitions has to be answered.





APPENDIX A

Layering transitions in liquid and supercritical CO2

In this appendix, additional data towards the investigation of structural forces or layering

in nano-confined carbon dioxide is presented. We have collected data at two loci in the

phase diagram: one measurement in liquid and one in supercritical carbon dioxide. Al-

though this data set is yet incomplete, it allows identifying some potentially interesting

effects that could be investigated more systematically in future studies.

A.1 Introduction

The structure and dynamics of fluid films confined between two solid boundaries play

an important role for applications pertaining to nanotribology [88], boundary lubrication

[89] or nanofluidics [90]. Spherical molecules in a confined film tend to arrange in a

layered structure. The physical properties of such a film can vary profoundly from those

of the bulk fluid. In order to investigate these phenomena, various versions of the surface

forces apparatus (SFA) [30], the atomic-force microscope (AFM) [91] and friction-force

microscopes (FFM) [92] have been commonly used.

The effect of confinement on molecular ordering has been studied over many years in

many different liquids such as water [93], hexadecane [94], ethanol [59], cyclohexane

[55, 95–97], octamethylcyclotetrasiloxane (OMCTS) [98] or 1-undecanol [60]. It was

speculated that liquids confined to a few monolayers undergo an abrupt first-order-like

transition to a solid-like phase [99]. Elsewhere, a reduction of molecular mobility in a

confined film was observed and attributed to a glasslike transition [100]. In 2007, Balmer
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and co-workers performed the first high-resolution measurements on nano-confined OM-

CTS films in order to understand its mechanical and structural properties [101]. They

found that the molecules form interpenetrating layers, imposing in-plane ordering. This

work shows that confined fluids are neither bulk-like fluids nor bulk-like crystalline solids;

they are an intermediate kind of soft matter, where short-range packing and dynamical re-

arrangements of structure are interrelated.

To date, no measurements on the structural properties of nano-confined (liquid or super-

critical) carbon dioxide exist, since none of the scientific instruments have been equipped

with a pressurized system. The eSFA presented in this thesis is the first scientific ap-

paratus that allows such experiments. In almost all the measurements cited above, the

layering effects have been observed close to melting temperature, Tm. The only exception

is ethanol, where the experiment was carried out 135 °C above Tm=-114 °C and a layering

effect was reported [59]. The data presented in the following is obtained in nano-confined

liquid and supercritical carbon dioxide 70 to 80 °C above the melting temperature.

We would expect a quantitative difference between layering effects in liquid as compared

to layering effects in supercritical carbon dioxide, due to the different energetics in the

two states. The Gibbs free energy, ∆G, in the layering transition can be expressed as ∆G =
∆H −T ∆S, where ∆H denotes the change in the enthalpy (i.e. intermolecular potentials)

and ∆S the entropic change in the confined layer. In the supercritical state the Gibbs free

energy is entropy dominated, we thus have a gas-like phase, which is not a condensed

phase although its density may even be higher than the liquid phase. Layering transitions

in liquids are characterized by oscillatory balance in the enthalpy as well as the entropy.

It is therefore interesting to look at layering phenomena in the supercritical state where

one of the terms completely dominates.

A.2 Method

The measurements were performed according to the standard operating procedures de-

scribed in detail in chapter 3.
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A.3 Results and Discussion

In order to investigate a confined liquid carbon dioxide film, we have set a pressure p =
92.6 bar and a temperature T = 299.2 K. After an equilibration time of 10 hours, we carry

out a sequence of approaching-separation cycles. One of these cycles is depicted in Figure

A.1. We approach the surfaces with a constant speed of v = 10 nm/s, starting at a surface

separation D ≈ 1 µm. At a distance D = 15±1 nm the surfaces abruptly jump to a surface

separation of about 3 nm confining an intermediate medium. In the gas phase the surfaces

would jump to 0 nm. The jump-in occurs, since the gradient of the surface forces —due

to van der Waals interactions— exceeds the spring constant i.e. dF/dD ≥ k (van der Waals

instability). We further compress the confined film with a final force of 5 mN at a rate of

18 µN/s, which results from a nominal motor speed of 10 nm/s. When the final loading

force of 5 mN is reached, the surfaces are separated again with a motor speed of 5 nm/s. A

pull-off force has to be exceeded in order to separate the surfaces (adhesion). This cycle

is repeated several times. Each time we observe a similar behavior.

We have carried out loading-unloading cycles at four different velocities. In Figure A.2,

we compare the confined films of four curves measured at velocities v = 0.5, 1, 5 and 10

nm/s. The data shown starts at the van der Waals instability (t = 0 min; c.f. grey rectangle

in Figure A.1). The four curves in Figure A.2 are offset by 5 nm for sake of readability.

The grey dotted lines represent the point of zero-surface-separation in each experiment.

The approach with a small velocity of v = 0.5 nm/s takes 20 times longer than the one with

10 nm/s. In order to compare the four curves, we have stretched them accordingly on the

time axis: the stretching factors are 20 in the case of v = 10 nm/s, 10 in the case of v = 5

nm/s, 2 in the case of v = 1 nm/s and 1 for the lowest velocity.

In all the curves, we observe repulsive forces at a finite film thickness, followed by a

decrease of film thickness with increasing loading force. Carbon dioxide molecules are

thus continuously squeezed out of contact and we look for molecular ordering effects that

would be visible as step-like transitions. As we have seen in chapter 4.2.4 (cleanliness of

mica surfaces), the apparent mica thickness increases less than 0.1 nm/day in the autoclave

with welded connectors and Viton o-ring gaskets, which supports the hypothesis that the

experiment is clean and the observed effect is due to CO2 alone. However, we have

also measured some atomic percent of fluorine in the XPS analysis after the experiment.

So, we cannot completely exclude the possibility of impurities playing a role for the last

molecular layers.
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Figure A.1: Approach-separation cycle. The surfaces are approached with different
velocities v = 0.5, 1, 5 or 10 nm/s. Due to a van der Waals instability, the surfaces jump
from 15±1 nm separation to a surface separation of 3 to 10 nm confining a film of CO2
between them. After increasing the load up to 5 mN, we separate the surfaces again. At
a critical adhesive stress the surfaces jump out of contact. This cycle is repeated several
times. The grey rectangle labeled with "confined film" represent the zoom-in which is
compared in Figure A.2

In four out of twenty curves measured at a velocity of v = 10 nm/s, we observe a 2±0.5 Å

step-like transition over the last nanometer (see black arrow in Figure A.2). The transition

time is about 10 s. This transition could be due to expulsion of a last layer of carbon

dioxide. The diameter of a CO2 molecule is d = 2.41 Å [102], which is indeed in the order

of the measured step size. But such slow transitions could also indicate that the system is

not yet as clean as it should be. In layering measurements in OMCTS for example, it is

known that traces of water have a significant influence on the layering effects [101] and

could also lead to such slow transitions.

We do also observe smooth transitions in the curves measured at velocities lower than 10

nm/s. However, they are not as pronounced as in the case of v = 10 nm/s. The initial film
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?
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Figure A.2: Layering transitions in a liquid CO2 film (92.6 bar, 299.2 K). In force-
distance measurements the surfaces are approached with four different velocities. The
black vertical dotted line marks the position, where the van der Waals instability condi-
tion is fulfilled and the surfaces jump to a surface separation of 3 to 5 nm confining an
intermediate medium. After the jump, we continue increasing the load up to 5 mN. We
only depict data of the squeezing process in the nano-confined films (see grey rectangle
labeled with "confined film" in Figure A.1). The curves are shifted by 5 nm for clarity.
The grey dotted lines represent the point of zero-surface-separation. In order to compare
the curves, they are normalized with respect to the lowest velocity (stretching factors:
20 (v = 10 nm/s),10 ,2 and 1 (v = 0.5 nm/s)). The large black arrow in the 10 nm/s curve
marks the position, where a smooth transition can be observed. The black arrows with
the question marks in the curves v = 5 nm/s and v = 1 nm/s point at possible smooth
transitions.
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position of the jump-in

Figure A.3: Layering transitions in the supercritical state (93.5 bar and 318.2 K). The
nano-confined fluid film is squeezed out continuously. We measure an increasing film
thickness right after the jump-in, the slower the approach velocity is. The four curves are
shifted by 5 nm for clarity and the grey-dotted lines represent the point of zero-surface
distance. The black vertical dotted line marks the point where the jump in of the surface
occurs.

thickness right after the jump in is 3.1 nm in the case of a velocity of 10 nm/s and 4.8

nm in the case of 0.5 nm/s. We carry out similar experiments in the supercritical state

at p = 93.5 bar and T = 318.2 K. The approach velocities are the same as in the liquid

case. The result is shown in Figure A.3. In contrast to the experiments in the liquid state,

the smooth transitions are even less pronounced or not apparent. The confined films are

squeezed out continuously. The initial film thickness right after the jump-in varies from

5.0 nm in the case of a velocity of 10 nm/s and 9.7 nm in the case of 0.5 nm/s. These

values are larger than the measured film thicknesses in the liquid case.

A.4 Conclusions and Outlook

We find evidence that there is a molecular ordering effect in liquid as well as supercritical

carbon dioxide, which is different to the one observed in a simple liquid like OMCTS. The
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confined liquid and supercritical films are continuously squeezed out. In the liquid state,

there seems to be a final smooth step-like transition from a single layer to zero layers. The

occurrence of this slow transition seems to depend on the surface approach speed. The

smooth transition could also be an indicator that the measurements of the last nanometers

in confinement are not yet clean enough. In order to understand these mechanisms, a

systematic study of the molecular ordering effects has to be carried out. Data at different

loci in the phase diagram has to be investigated. Measurements carried out with different

sets of mica surfaces have to be compared to improve the statistics. In order to reduce

the possibility of impurity effects even more, the Viton gaskets of the autoclave could be

replaced by metal gaskets in a future set of experiments.

In order to investigate the characteristic time and length scales, the surfaces are ap-

proached one another until they jump to the 3 to 5 nm thick film. Now, one would stop

increasing the loading force and only monitor the surface separation over time. If there

is an intrinsic reordering mechanism in the thin film, we would expect a (step-wise) de-

crease in the film thickness. If we do not observe any effect after an adequate waiting

time, we then could increase the loading force by say 0.1 mN and again measure the

changes in surface separation. If this procedure is repeated over the whole force range of

5 mN until the mica surfaces are in contact we could detect, whether there are any tran-

sitions and determine their time and length scales. Furthermore, light has to be shed on

the question, whether the approaching speed and therefore rate effects have an influence

on the molecular ordering effects. This is to establish whether the confined film is in fact

a non-equilibrium structure.
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