
Episodes of the Life and Death of Thin
Fluid Membranes

Patterns and Dynamics at the Cross-Over from
Two to Three Dimensions

Dissertation

to obtain the academic degree

doctor rerum naturalium
(Dr. rer. nat.)

approved by the Faculty of Natural Sciences
of Otto von Guericke University Magdeburg

by

Dipl.-Phys. Kirsten Harth

born on 14th November 1985 in Haldensleben

Reviewer 1: Prof. Dr. rer. nat. habil. Ralf Stannarius

Reviewer 2: Prof. Dr. Pawel Pieranski

submitted on 23rd February 2016

defended on 31st March 2016





Liquid Crystals

stand between

the isotropic liquid phase and

the strongly organized solid state.

Life

stands between complete disorder,

which is death

and complete rigidity,

which is death again.
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1. Introduction

1.1. Motivation

At first glance, we might think that our first encounter with thin fluid films were the beau-
tifully colored, yet so vulnerable soap bubbles we used to play with in childhood days. We
may have found out early that not all soap solutions work equally well for their production.
In such a way, we learned to approach problems in analytical manner. Indeed, this is not the
first time we came across a fluid membrane, any kind of soapy bath foams are but small air
volumes separated by soap films. And again, we may step further back, and back to much
smaller length scales: All our cells are enclosed by partly rigid, partly fluid structures.

Physicists try to simplify natural systems as much as possible in order to gain fundamental in-
sights about their environment. One crude simplification of a cell membrane is nanometer-thin
bilayers of amphiphilic molecules, e.g. in the form of vesicles. In order to study hydrody-
namics in thin fluid films, soap films are frequently used. These are still complex, because
they involve surfactant layers and their dynamics. In addition, the film thickness is usu-
ally non-uniform. In this thesis, we focus on yet another physical model system: smectic
membranes.

Smectic liquid crystalline materials possess a unique property: They can form stable free-
standing films (FSF) of immense aspect ratios and uniform thickness on a molecular level
in equilibrium. Smectic FSF are interesting objects of research for various reasons and have
been investigated since the 1970s: For example, phase transitions are typically shifted towards
higher temperatures and due to the well-ordered layer structure and the confinement, even
other phases than in the bulk liquid crystal material may be induced. In some phases, the
spontaneous formation of decorative patterns is observed in FSF. Apart from these intrinsic
properties of the specific smectic phases, FSF represent ideal model systems for investigations
of the hydrodynamics of confined, quasi two-dimensional fluids. Such investigations yield
valuable insights which may be adapted to the more complex membranes of vesicles or cells.

In the next Section, we will give some fundamental introduction to the properties of liquid
crystals.

1.2. Fundamentals of Liquid Crystals

From everyday life and school classes, we know the classic aggregate states of matter: gas,
liquid, solid. In our usual understanding, the atoms or molecules of fluids (i.e. gases and
liquids) erratically move within the fluid volume, there is no long-range order in the molec-
ular positions or orientations. Fluids possess the ability to flow, exerting a viscous drag on
a moving body. In solids, we expect an ordered structure of atomic positions on a regular
lattice. Crystals counteract deformations by elastic stresses.

1



2 1. Introduction

Figure 1.1.: Schematic representation of the molecular arrangement in different LC phases encoun-
tered throughout this thesis. The mean molecular orientation is denoted by the n-director, ~k
denotes the layer normal in smectic phases, and θ is the tilt angle in the smC phase, between ~k
and the n-director.

In the late 19th century, several researchers found colorful appearances of cholesterol deriva-
tives near the melting point. In 1888, the Austrian botanical physiologist Reinitzer reported
distinct melting points and details of a reversible transition between cloudy and clear fluid
states in cholesterol benzoate. With advice of physicist Lehmann, the cloudy liquid was iden-
tified to possess some properties of crystals [1]. Only at the beginning of the 20th century,
competing research groups from Halle and from Paris started systematic investigations of
this new aggregate state of matter. While the materials may flow similar to usual liquids,
they possess some characteristics of solids, e.g. birefringence. Thus, this new class of ag-
gregate states was termed ’fließende Kristalle’, later called liquid crystals (LCs). In general,
molecules forming liquid crystalline phases possess some shape anisotropy, i.e. an elongated
or a flattened shape. Liquid crystalline phases of organic molecules may occur upon change
of temperature alone (thermotropic LCs) or upon change of concentration and temperature
in mixtures of a solvent and some other substance (lyotropic LCs). In this terminology, some
soap solutions may display liquid crystalline order of the surfactant molecules. Here, we focus
on thermotropic LCs of rodlike molecules (calamitic LCs).

Already about 100 years ago, two principle classes of liquid crystalline phases have been
distinguished by G. Friedel [2]: In the nematic phase (denoted N, from greek ’nema’, νηµα,
for ’thread’), the mesogens on average align parallel to each other, without long-range order
of the center of mass positions. The mean molecular orientation is denoted by the nematic
n-director, which is invariant under a rotation by 180◦. Chiral nematics possess an additional
helicoidal arrangement of the orientation with a material and temperature dependent pitch.
These substances are frequently called cholesteric LCs, and Reinitzer’s substances fall in this
category.
Smectic phases (from greek ’smegma’, σµηγµα for ’soap’) possess an orientational order of
the molecules similar to nematics, and additionally the centers of mass of the molecules are
arranged in equally spaced layers. There are numerous different smectic phases, depending on
the order of the centers of mass and the alignment of the n-director of the mesogens respective
to the layer normal. In order of their discovery, the smectic phases were named smectic A,
smectic B, etc. (smA, smB, etc.). Today, thousands of different compounds and mixtures of
those exist. After the synthesis of more complex molecular structures, e.g. containing a bend
in the central unit of the mesogen, numerous sub-classes of those smectic phases and even
new phases have been added.
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Figure 1.2.: Smectic C free-standing films: (a) Definition of the c-director as a unit vector along the
projection of the n-director onto the layer plane, where ϕ denotes the angle to the x-axis and the
z-axis is parallel to the layer normal ~k. (b) Representation of the c-director field of a smC FSF.
(c) Principle director field around defects of topological strength +1 and −1 in FSF. Depending
on the material, +1-defects preferentially occur in radial, splay configuration (left) or tangential,
bend configuration (right).

Still, the most prominent application of liquid crystals exploits the anisotropy of the interac-
tions of nematics with electric fields: most flat screens or projectors contain nematic liquid
crystals. Several other applications exist or are anticipated, e.g. the use of polymer dispersed
liquid crystals in windows which can be switched between a transparent and a milky state,
spatial light modulators, the detection of minuscule amounts of some chemicals in Labs on a
Chip [3] or the application of liquid crystals for self-organizing micro-structures [4–6]. Beyond
that, liquid crystals themselves are interesting from a fundamental scientific point of view.
This applies in particular for smectic FSF:

For calamitics, the thinnest possible films are only two layers (around 5 nm) thick, but they
may span areas of several square centimeters. The layers lie always within the film plane.
Their structure makes them qualitatively different from the otherwise very similar soap films.
In equilibrium, smectic FSF possess a homogeneous thickness on a molecular level, the number
of molecular layers is uniform in the film plane. In practice, one frequently encounters long-
term persisting dislocation steps enclosing regions with surplus layers (’islands’) or depleted
layers (’holes’), or separating terraces. Small islands and holes behave in many respects very
similar to liquid or solid inclusions in the films. In most cases, smectic FSF can be treated as
quasi two-dimensional fluids. Inclusions in such films can mimic 2D colloids.

In the simplest case, one may consider the motion of inclusions or islands / holes in smA
films, as e.g. in Refs. [7, 8]. Such films are isotropic in the film plane. In the smC phase, the
mesogens possess an average tilt θ of the n-director respective to the layer normal. Similar to
the nematic phase, one may define an orientation field within the layer plane as sketched in
Fig. 1.2. The c-director is defined as a unit vector along the projection of the n-director onto
the smectic layer plane. Note that the c-director is a vector in two dimensions, the symmetry
of the n-director against rotation around 180◦ is not transferred to the c-director field.

The orientational order in all liquid crystalline materials is connected to an orientational elas-
ticity, encountered when deviations from the equilibrium state are present. In the bulk of
nematics, three types of elastic deformations of the n-director field are distinguished: splay,
twist and bend sketched in Fig. 1.3. The density of the free elastic energy away from topo-
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Figure 1.3.: The three bulk deformations of the n-director field, contributing to the free elastic
energy Eqn.(1.1). Only splay and bend occur in the two-dimensional c-director field in smectic C
FSF.

logical defects of the n-director n field is given by [9]

fN =
K11

2
(∇ · n)2 +

K22

2
(n · (∇× n))2 +

K33

2
(n× (∇× n))2, (1.1)

where K11, K22, K33 denote the elastic constants related to splay, twist and bend deforma-
tions, respectively. Typical values are around 10−11 N. K11 and K33 are comparable and
K22 is the smallest elastic constant [10]. At boundaries of the system, the director usually
possesses some preferred alignment, called anchoring. When this alignment is perpendicular
to the boundary, one speaks of homeotropic, and in case of alignment parallel to the interface
of planar anchoring. Due to the symmetry of the n-director, topological defects of integer
and half integer strength may be observed in nematic director fields. An illustration of the
nematic defects is omitted here, as only c-director fields will be discussed in this thesis.

In the two-dimensional approximation of the geometry of thin planar smC FSF, only splay
and bend of ~c can occur, and the density of the free elastic energy reads [9]

fSmC =
KS

2
(∇ · ~c)2 +

KB

2
(∇× ~c)2, (1.2)

where the smC elastic constants KS, KB for splay and bend are related to the nematic ones by
KS = K11 sin2 θ and KB = K33 sin4 θ+K22 sin2 θ cos2 θ, respectively, with the tilt angle θ [11].
Thus, KB < KS in most materials. If a spontaneous polarization is present in a material,
splay may become favored to bend of ~c, cf. e.g. Refs. [12, 13]. In chiral phases, denoted by
smC∗, one sense of bend is preferred at boundaries of homogeneously thick film regions, e.g.
at thickness steps, at menisci to the frame or around inclusions, owing to the existence of an
additional linear bend term in the free energy that can be transformed into a surface integral
when calculating the total free energy [14–16].
An important consequence of the vector character of the c-director in two dimensions is that
only topological defects of integer strength can exist in thin smC FSF. In the vicinity of a
topological defect, Eqn.(1.2) is not applicable: One encounters divergence of the free elastic
energy when approaching the defect core. This is avoided by a reduction of the molecular tilt
angle, so that the defect core will contain material which is locally in the smA phase [11,17].
The elastic deformation energy near a defect is larger for the elastic deformation related to
the larger elastic constant. For KB < KS, in practice one encounters bend defects in smC
FSF. In addition, all defects of topological charge larger than ±1 are unstable [18, 19], thus
one observes only those of strength ±1. Their typical structures are sketched in Fig. 1.2(c).
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Upon normal incidence of light, smectic C FSF are birefringent. This allows the determina-
tion of the c-director field by polarized light microscopy.

Gravity is irrelevant for the shapes of horizontal smectic FSF and their menisci: Typical
meniscus heights are ≈ 10 µm, three orders of magnitude smaller than the gravitational cap-
illary length which can be estimated from the surface tension γ ≈ 25 mN/m, the density
ρ ≈ 1000 kg/cm3 and the gravitational acceleration g as

√
γ/(ρg) ≈ 1.5 mm.

1.3. Structure of this Thesis

In this thesis, we address three wide fields of investigations with flat and curved smectic
FSF. The individual episodes will teach us, e.g., about pattern formation, static film prop-
erties, surfactant adsorption and the dynamics of shape relaxation and rupture. Although
thematically related, the three topical Chapters of this thesis can be read independently. In-
troductions, results, conclusions and perspectives on the specific topic are given separately
in the Chapters. We close with some general concluding remarks. The investigations were
grouped into three fields:

Menisci of Smectic FSF
Free-standing films considered in the literature are drawn over frames, similar to soap films.
The menisci of smectic FSF possess an interesting structure, which differs from that of New-
tonian fluids, and their shapes in the smA phase have been extensively studied by the group
around Patrick Oswald. In addition, menisci of smC FSF are decorated by stripe patterns of
unclarified origin, which have been observed by various authors since the 1970s. Chapter 2
will address meniscus shapes, spontaneous meniscus patterns and related c-director textures
in the FSF.

Freely Floating Soap and Smectic Bubbles
Free-floating soap and smectic bubbles are introduced as model systems for general hydrody-
namic phenomena related to the influence of specific membrane properties on droplet / gas
bubble relaxation dynamics in Chapter 3. We investigate the shape relaxation of bubbles
from strongly distorted non-equilibrium shapes to the spherical equilibrium. We describe a
reliable method to prepare closed, free-floating smectic bubbles, and we perform a compara-
tive analysis of the relaxation dynamics of soap and smectic bubbles. We demonstrate that
the smectic layer structure has an immense impact on the relaxation dynamics.

Smectic Bubbles in a Viscous Environment
Chapter 4 addresses the rupture of smectic films in a viscous environment. It displays an
immense slowing-down compared to the predictions for thin fluid films and the previously
published results for sessile smectic bubbles of 8CB in air. For solving this problem, reliable
knowledge of interfacial tensions is essential. We will present a novel and accurate measure-
ment method for interface tensions of smectics to surrounding fluids, which will be applied to
determine static and dynamic interface tensions. Finally, we provide a sketch of a model. The
phenomena of the slowed relaxation in Chapter 3 and the rupture in Chapter 4 are strongly
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related to each other.



2. Menisci of Smectic Free-Standing
Films

Free-standing films (FSF) have been conveniently applied in studies of, e.g., phase transitions,
material parameters, or pattern formation in various smectic phases for more than 40 years.
In FSF, the smectic layers usually lie in the film plane. In sufficiently thin films, gradients
along the layer normal can be neglected, and a two-dimensional equivalent may be considered.
This simplifies models of elasticity or hydrodynamics. As such, smectic free-standing films
may serve as ideal model systems for investigations of pattern formation, phase transitions in
two dimensions or 2D rheology of isotropic and anisotropic fluids. Inclusions of heights ex-
ceeding the film thickness by factors of hundreds may be embedded in the film. Their elastic
and hydrodynamic interactions are especially interesting in the smC phase. In addition, local
regions of decreased or increased film thickness, the ’islands’ or ’holes’, respectively, may serve
as single, flat inclusions or as building blocks for a study of the evolution of two-dimensional
emulsions. An extended overview of theoretical and experimental results up to 2006 is given
in the book by Oswald and Pieranski [20]. Inclusions in smectic FSF are discussed in a review
by Bohley and Stannarius [21].

Similar to other fluids, the thin central part of the smectic FSF is connected to the supporting
frame via a meniscus. These menisci play a central role in the film stabilization as well as
in dynamic processes related to film area changes. In contrast to soap films, smectic films in
equilibrium may possess large central film regions which are homogeneous in thickness up to
a single layer. They are stable over very long times as they are not subject to evaporation
or drainage. This remarkable feature is due to the layered phase structure of smectics, as
will be outlined below. The layer structure also causes distinct features of smectic menisci
as compared to non-layered liquids. Menisci of a smA material, 8CB, have been extensively
studied [22–26].

FSF in tilted smectic phases are birefringent. Observation of smC FSF between crossed
polarizers reveals patterns of dark and bright regions, similar to nematic samples in planar
aligned cells. Over the years, a vast number of smectic compounds with diverse material
properties have been synthesized. With that, also the types and origins of patterns in such
films have become manifold. An exemplary smC film viewed between crossed polarizers is
shown in Fig.2.1: One can distinguish the meniscus on the very left and the film on the right.
This film consists of several plateaus of decreasing thickness from left to right, separated by
thickness steps.
Stripe patterns of different characteristics and periods decorate the meniscus and the plateaus.
Yet, their origin is unclear, even more than 40 years after their first observation. These
textures are the focus of this Chapter and will be analyzed in Secs. 2.3 and 2.4. In the
meniscus, we find focal conic domains in direct contact with the metal frame holding the film.
Adjacent to that, regular arrays of stripes extend towards thinner regions. These are followed

7



8 2. Menisci of Smectic Free-Standing Films

Figure 2.1.: Overview image of a free-standing smectic film between crossed polarizers parallel to
the image edges: The meniscus displays two types of stripe patterns and focal conic domains.
The non-equilibrated film with thickness steps is on the right, decorated by an array of c-director
walls. Thickness steps are localized where the texture appears strangled. Some steps are indicated
by black arrows at the bottom, they cross the field of view in vertical to oblique directions. Point
defects exist where walls end at a thickness step.

by a more blurry texture in the photograph, a different set of stripes. Stripes decorating
the meniscus of smectic C FSF have been first described by Meyer and Pershan [27] in
1973, who also proposed a model based on the symmetry breaking in the environment of the
surface layers. The difference between the stripes in the thicker and thinner meniscus regions
has only been revealed recently [28]. The pattern in the flat film region was explained by
Maclennan [29] in 1990 on the basis of Meyer’s and Pershan’s model. It will be demonstrated
below, that the explanation of the stripe patterns with the original model [27] is at least
insufficient, and partly even inappropriate.
In Figure 2.2, we provide more impressions of the appearance and occurrence of the menis-
cus stripe patterns along with a schematic identification of the c-director orientations. All
photographs have been obtained using the same substance. The textures around inclusions
in the FSF, exemplarily shown in (c) and (d), will be referred to as coronae. We will reveal
below, that the optical meniscus textures are accompanied by surface undulations [31], a fact
independently discovered by Loudet et al. [32]. These studies are the first applications of
Atomic Force Microscopy (AFM) on free-standing smectic films well below 1 µm in thick-
ness. Interestingly, the appearance of our meniscus stripes and coronae display an intriguing
similarity with hierarchical wrinkling patterns in thin rigid sheets under stress on an elastic
substrate, exemplarily shown in Fig. 2.3. This may have inspired Loudet et al. [32] to develop
an alternative model predicting layer undulations in the meniscus. Such undulations would
couple to the local tilt-azimuth orientation similar to the considerations in cells [33] and yield
a periodic pattern between crossed polarizers. However, this model is even less appropriate
to capture the properties and the physical origin of the stripes than the splay domain model.
We begin this chapter in Sec. 2.1 with a brief introduction of three typical characterization
methods, which will be applied throughout the following Sections. In Section 2.2, we review
the main results on the static features of smA menisci and introduce our experimental findings
on menisci in the smC phase. After this, we turn to patterns of smectic menisci. An analysis
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Figure 2.2.: Universality and occurrence of stripe patterns in various menisci of smectic FSF of
Felix16 (top) for menisci (a) at the frame, (b) at the frame with plateau regions separated by
broad wedge-shaped thickness steps, (c) and (d) around a group of hollow glass spheres. Images
between crossed polarizers parallel to the edges, (b) and (c) with additional λ phase plate at 45◦.
Films (a)-(c) are in the smC∗ and (d) in the smA phase. Below, we sketch the typical appearance
of a FSF of intermediate thickness in the smC / smC∗ phase between crossed polarizers (left) and
with additional λ = 550 nm phase plate at an angle of 45◦ respective to the polarizers (right).
Top row images reproduced from Harth and Stannarius, Eur. Phys. J. E 28, p. 265 (2009) with
kind permission of The European Physical Journal (EPJ).

Figure 2.3.: Hierarchical wrinkling patterns of thin rigid membranes on a soft substrate: (a) Succes-
sive optical micrographs of the growth of a wrinkled domain of a Ti/PS/SiOx multilayer formed
by a 15 nm thick titanium layer deposited on a 0.25 µm thick polystyrene layer (molar weight 75
kDa) on top of a silicon substrate obtained after immersion in toluene vapors. From left to right,
after 10 s, 35 s, 60 s, 85 s, and 110 s immersion in toluene vapors (scale bar 10 mm). (b, c) Radial
wrinkled patterns obtained with similar conditions, (b) 15 kDa, and (c) 75 kDa. Reproduced from
Vandeparre et al. [30] with permission of the Royal Society of Chemistry.
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of many experimental aspects of the stripe patterns in regions with thickness gradients will be
provided in Section 2.3. In Section 2.4 we address the related 2π wall arrays in regions of ho-
mogeneous film thickness. We close with a summary of our experimental findings. They will
be discussed in detail, with respect to the above mentioned and other modeling approaches.
Several interesting problems remain for future research. The full names of the materials and
their phase transition temperatures are provided in Appendix D.

2.1. Characterization Methods

Here, we briefly introduce three fundamental characterization methods for free-standing smec-
tic films. The text of the first and last paragraph is adapted from Harth et al. [31] with
permission of the Royal Society of Chemistry.

2.1.1. Optical Thickness Measurements

A convenient way to determine the local thickness of a meniscus is the analysis of interference
colors or fringes in reflected light. In monochromatic light of wavelength λ, the intensity at
normal incidence is given by

I = I0

(
1− 1

1 + [ρ/(1− ρ2)]2 sin2(2πδn/λ)

)
, (2.1)

where

ρ =
n− 1

n+ 1
(2.2)

is a reflection coefficient related to the effective refractive index n, and δ is the local thickness.
In FSF in the smA phase, the effective refractive index equals the ordinary index of refraction,
no, whereas in the smC phase, this index depends upon the orientation of the c-director
respective to the polarization plane. It can vary between no and

nmax
eff =

none√
n2

e cos2 θ + n2
o sin2 θ

, (2.3)

where θ is the tilt angle and ne is the extraordinary index of refraction. Note that we neglect
the biaxiality in case of the smC phase.
Minima and maxima of the transmission intensity are found at δmin = mλ/(2n) and δmax =
(m + 1/2)λ/(2n), respectively, where m is an integer. To obtain an absolute value of the
meniscus height, the thickness of the homogeneous film would have to be measured, e.g.,
using a spectrometer and white light in reflection mode. Here, we are mainly concerned with
slopes. In a wedge-shaped meniscus, extrema appear as parallel stripes.

Optical images are captured using a Carl Zeiss AxioImagerPol microscope with AxioCamHR
camera/software system. The film holder is mounted onto a Linkam THMS 400 stage for tem-
perature control. Optical interferometry is performed in reflection with monochromatic light
of wavelengths 440 nm (blue), 546 nm (green), 590 nm (orange), 640 nm (red). Not all wave-
lengths have been used for all the menisci, data from images taken at different wavelengths
are merged to obtain the individual profiles.
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One error source is the lack for knowledge of the exact value for the (effective) refractive
indices. For materials Felix16, OMCPB and 7O-7 we assumed neff = 1.5. For PM1, we use
the values reported by Hauser et al. [34] for homologues of our substances. They studied 8
members of the homologuous series of 5-n-Hexyl-2-[4-(n-alkyloxy)phenyl]pyrimidines. The re-
fractive indices show systematic trends with alkyl chain length, but differ in total by no more
than 2% between the homologues. Extrapolating the data of the octyloxy member to room
temperature, we obtain n̄ = (2no + ne)/3 = 1.5471. With the measured optical anisotropy
of our mixture [35] of ne − no = 0.13, we obtain no = 1.5038 and nmax

eff = 1.533. With the
assumption of an effective refractive index of 1.51, the relative error should be well below 2%,
and consequently the influence on film thickness measurements is of the same order of mag-
nitude, well below other experimental uncertainties. With our optical setup, it is possible to
distinguish up to about 40 interference orders which corresponds to ≈ 7 µm thickness change.
In principle, one could fit the complete optical characteristics, Eqn. (2.1), to the experimental
data, but for our purposes, it is sufficient to evaluate the positions of the interference minima
and maxima only. In addition to monochromatic reflection images, the corresponding white
light images are recorded to estimate the interference order m from the interference color.

2.1.2. Polarization Microscopy

In polarized light microscopy, the FSF is typically placed between a polarizer and an analyzer
which are rotated by 90◦ with respect to each other (crossed polarizers). In smA FSF, the
n-director is parallel to the layer normal, which coincides with the direction of incidence.
Thus, they appear dark. Deviations of the director orientation from this may appear in very
thick menisci, where the layers bend and the layer normal is no longer parallel to the direc-
tion of light incidence. In smC FSF, where the n-director is tilted respective to the layer
normal, bright and dark regions appear depending on the local orientation of the c-director.
The film acts as phase plate, and the contrast increases with increasing film thickness. The
transmitted intensity between crossed polarizers is maximal when the c-director is aligned
diagonal to the polarizers, and minimal for alignment parallel to the polarizer or analyzer.
When elliptically polarized light is used, e.g. by insertion of a proper phase plate (here
λ = 550 nm), the diagonal directions along 45◦ and 135◦ can be distinguished. The local
phase lag in the phase plate will be either additive or subtractive with respect to that of the
film. In the bottom of Fig. 2.2, we sketch the corresponding typical intensity and color maps
for FSF of ≈ 0.5 . . . 4 µm. Rotating the film respective to the polarizers (and phase plate)
yields additional information on the c-director field. A final determination of the orientation
of the vector ~c may be performed, e.g., by tilting the film plane respective to the normal
incidence of light by few degrees along the axis 45◦ or 135◦ to the polarizers. Here, regions
with increasing effective tilt of the n-director to the direction of incidence will become brighter
and those of decreasing effective tilt darken. This method may induce material flow, and the
limited focal depth of the objectives yields a smaller part of the film which is actually in focus.
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(a) (b)
Figure 2.4.: Trace/retrace plots of a ‘good’ ambidirectional AFM scan (a) and an example of

trace/retrace curves where only one direction produced smooth scan profiles (b). Cross section
taken from the measurement in Fig. 2.19(b) in Sec. 2.3.3. Reproduced from Harth et al. [31] with
permission of the Royal Society of Chemistry.

2.1.3. Atomic Force Microscopy (AFM)

AFM measurements are performed with a Veeco MultiMode V with MultiMode heater in
tapping mode. Standard non-coated silicon cantilevers (Olympus OMCL-AC160TS) with a
spring constant of 42 N/m are inserted. Typical resonance frequencies are around 300 Hz. The
resolution along the film normal (height) is much better than the lateral resolution in the film
plane: up to 2 nm in height and up to 0.02 µm in-plane for the measurements presented here.
The slowest possible scan rate at 0.1 Hz is used. Films were prepared at room temperature by
spreading a small amount of material over a conical hole of 3 mm diameter at the top surface
in a thin steel plate. Then, the film holder was carefully placed in the apparatus and heated
to the desired temperature. As it is impossible to position the film exactly horizontally in the
AFM, the AFM height data are corrected by subtracting a plane fitted to the flat film area.
In addition, AFM phase data are recorded. These indicate changes in the elastic properties of
the surface. The phase angle is a measure for the energy dissipated because of interactions of
the surface with the tip. Areas of different softness differ in the phase data [36–38]. Absolute
phase values could in principle be obtained, but are not necessary for the present purpose.
Phase images are only interpreted qualitatively in the following sections.
The AFM is equipped with an optical microscope of small resolution. This is sufficient to
estimate the film thickness in the homogeneous regions. The meniscus width decreases as
soon as the needle is tapping its surface, and it broadens again as soon as the measurement is
stopped. This effect will impact the absolute values of heights and slopes, but not the general
characteristics of the meniscus profile. AFM images shown below are usually captured in one
scanning direction (technically termed trace or retrace) completely.
Exemplary scan profiles are shown in Fig. 2.4: There is no principle difference between the
two scanning directions. However, often scanning is only stable in one of them and in the
other direction we observe overshooting of the control system that becomes manifest in a
noisy curve as can be seen for the retrace curve of Fig. 2.4(b). The reason is most probably
the large slope of around 10 degrees of the meniscus. Particularly for larger image sizes, it is
not always possible to obtain a stable scan in both directions. The scan parameters can only
be optimized either for scanning ‘uphill’ or ‘downhill’. This effect can also not be avoided by
scanning with the lowest possible scan rate of 0.1 Hz, but even in the case of overshooting,
one can clearly see the consistency between the two scanning directions. In case of adhesion,
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the tip would drag the meniscus structure in the direction of scanning and lead to an offset
between the curves and a deformation of the observed pattern. Such interactions and any
other large influence of the tip on the sample can be excluded. We only used scan directions
which gave smooth curves.

2.2. Profiles and Structure of Smectic Menisci

Similar to FSF of isotropic fluids or soap solutions, a smectic film is connected to the frame
by means of a meniscus, serving as a reservoir of material e.g. during film area changes.
However, the layered structure severely alters not only dynamics related to film area changes,
but also the meniscus shape in equilibrium: For isotropic fluids, the surface shape of a finite
volume of fluid in contact with a wall is a smooth function, i.e. there is no end of a meniscus
towards the bulk of the fluid surface. As will be shown below, this is not the case for smectic
materials at optical resolutions. Theoretically derived meniscus shapes will be compared to
experiments. For a detailed discussion of inhomogeneously thick films and derivations of
the meniscus shapes see Chapter 8 of the book by Oswald and Pieranski [20]. Section 2.2.1
follows their explanations. Previous studies of smectic meniscus shapes have been performed
using optical methods, e.g. in Refs. [23–25, 39–42], new details are revealed using Atomic
Force Microscopy (AFM) [31]. Previous studies of smA FSF [22–26] were performed with
the material 8CB, and a mixture of 80% 8CB with 20% 10CB. This choice of material was
probably motivated by the fact that the substances are commercially available and possess
a smA phase at room temperature. We performed measurements with different materials,
several of them in the smC phase. Thus, we discuss 8CB and the other materials in separate
sections.

2.2.1. Menisci of Smectic A Films: Experiments and Model Using the
Material 8CB

The surface shape of any liquid in absence of gravity is determined by minimization of the
free energy of the combined system of meniscus and homogeneously thick film. The overall
volume is constant, set by the amount of material present at the moment of spreading the
film. The film thickness as well as the Laplace pressure difference between the interior of
the LC material and the surrounding air are not a priori set, they depend on the preparation
method, e.g. the pulling velocity, and on the temperature. As in any other fluid, the meniscus
surface is assumed to be smooth.
In smectics, layer dislocations must be introduced to achieve a substantial thickness increase.
The interaction force between a dislocation and an interface such as the free surface depends
on the elastic layer modulus B, the splay elastic constant of the n-director K11 and the
interface tension γ as F ∝ −(γ −

√
K11B)/(γ +

√
K11B) [20] p. 133. For typical values of

γ ≈ 25 mN/m, K11 ≈ 10−11 N and B ≈ 107 N/m2, always F < 0 and the dislocations are
repelled from the free surface. In equilibrium, they are located in the midplane of the film,
but they may be trapped in other metastable positions within the bulk. Steps on the interface
of an anticlinic smC phase to its isotropic melt, where the interface tension is γ < 1 mN/m,
have indeed been observed [43]. In addition, dislocations in the thin meniscus regions below
≈ 10 µm thickness are expected to be of Burgers vector equal to a single layer thickness. The
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Figure 2.5.: Features of the meniscus of free-standing smectic films: (a) Sketch of a meniscus neigh-
boring a plateau region of homogeneous thickness and another larger thickness decrease to a
homogeneously thick film. The meniscus has a well-defined end toward the plateau region, and
the broad thickness step has a defined end to the homogeneous film. Layers form a lamellar
structure up to few microns thickness, sketched by the lines. At larger thickness, focal conics are
formed. Single dislocations occur in the bulk of the film in thinner meniscus regions (grey dots),
and bunch to multiple layers height at large thickness. (b) Photographs of a smectic C meniscus
of material PM1 at room temperature. Interference fringes in monochromatic light of λ = 546 nm
in reflection (left); textures in white light in transmission with crossed polarizers parallel to the
image edges and phase plate at 45◦ (middle), identification of different regions (right).

range of the elastic layer deformations due to a dislocation in the meniscus is so large that
the deformation fields of neighboring dislocations overlap substantially [23].
Figure 2.5 (a) sketches a meniscus connected to the homogeneously thick film via a plateau
and a large thickness step. This represents a non-equilibrium state, but is often encountered
in experiments. The time scale for a complete equilibration of menisci is days to months,
depending on the film thickness [26]. The left image of Fig. 2.5(b) shows the appearance of
a smC meniscus in reflected, monochromatic green light without polarizers. The meniscus
thickness can be reconstructed from such images as described above. The right image shows
the same meniscus in transmission between crossed polarizers with a phase plate. Within
the meniscus, we can distinguish three zones in terms of the dislocation types: At very large
thicknesses, the layers are arranged in wrapped configurations called focal conics, to minimize
layer compression. They are described in detail e.g. in the book by Stewart [44] and will not
be discussed here. In the thinner part of the meniscus, layers arrange parallel to the surfaces,
and layer dislocations are added near the midplane. These will be of Burgers vector equal to
the layer thickness in general (grey dots in Fig. 2.5(a)). Such single dislocations in menisci of
thermotropic LCs are not directly visible in microscope images. Only at several micrometers
meniscus thickness, dislocations merge to giant dislocations of larger Burger vectors equal to
multiple layer thicknesses, observed in 8CB by Picano et al. [23]. In addition, smC menisci
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above a minimal thickness are covered by stripe textures visible between crossed polarizers
(cf. Sec. 2.3) and thinner regions may be non-patterned, see Fig. 2.5(b). The end of the
meniscus towards the homogeneously thick film is typically seen as a line in the image, even
in unpolarized white light.

Finally, let us write the total free energy for a film with meniscus at a straight frame [20] p.
417:

F [δ] =

∫ 2γ

√
1 +

(
d(δ/2)

dx

)2

+ ∆pδ + f [δ(x)]− E[δ(x)]

δ0

dδ

dx

 dx, (2.4)

where x is the coordinate along the slope of the meniscus, the function δ(x) is the local
meniscus thickness, γ is the interface tension between the smectic and air, δ0 is the equilibrium
thickness of a smectic layer, and ∆p = psm−pair is the hydrostatic pressure difference between
the LC and the surrounding air. The most prominent contribution results from the interfacial
tension (term 1). The second term gives the work related to the Laplace pressure difference.
Attractive interactions between the surfaces yield an energy excess (term 3) due to the finite
thickness of the sample related to the disjoining pressure pd = df/dδ, with pd < 0 at finite
sample thicknesses. The last term in the free energy is the contribution of the layer steps, it
does not enter the Euler-Lagrange equations:

∆p+
df

dδ
− γ

R
= 0. (2.5)

The function f(δ) has been derived from the profile of the complex smectic A order parameter
by Picano et al. [24], based on the assumption that the amplitude of the smA order parameter
is slightly larger at the interface than in the bulk. This has been confirmed numerically by
Palermo et al. [45] and indirectly in experiments with pre-smectic films above the bulk smA-N
phase transition [24] in good approximation. The disjoining pressure rapidly decreases with
increasing film thickness, pd ∝ [1−tanh2(H/

√
2ζ)]−σN(H), where ζ is the smectic correlation

length (on the order of ≈ 1 nm [20] p. 70) and σN < 0 is the elastic stress normal to the
layers.

In the flat film, 1/R = 0, and thus the pressure difference ∆p present in the complete sys-
tem is given by the disjoining pressure. The elastic properties of the layers compensate this
stress and avoid film collapse [24]. This is a major difference to soap films, where the com-
pensation is through viscous stresses during thinning until a Newton black film is reached.
In equilibrated smectic menisci, an optimal arrangement of layer dislocations compensates
this under-pressure, which may be measured from the curvature of the meniscus surface at
large thickness. For typical film thicknesses above 20 layers, pd is negligible and the pressure
difference is given by the Laplace equation ∆p = γ/R. The meniscus cross section is circular.
Despite the layer structure, the smectic behaves like an ordinary fluid.

A quite intriguing phenomenon is the visibility of the meniscus edge in white light. It results
because the circle describing the meniscus profile intersects the film plane at a non-zero
apparent contact angle θm. Of course, we may expect the transition to be smooth on a
molecular level. Integration of Eqn.(2.5) over the film thickness yields

∆pδ + f(δ) + 2γ cos θ = τ, (2.6)
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Figure 2.6.: Characteristics of menisci of smA films of 8CB: (a) Meniscus profile measured from
interference fringes fitted with a circle. The film thickness is 8 layers. (b) Contact angle θm in
films of different thicknesses at 28.7◦C. The solid line is a fit with the model sketched in the text,
with the proportionality Eqn.(2.7). (c) Temperature dependence of the contact angle θm. Due
to the surfaces, FSF are stabilized in a certain thickness-dependent temperature range above the
bulk phase transition. The latter is indicated by the dashed line. For comparison, an angle of
θm =

√
4 · 10−3 rad ≈ 3.6◦. Reprinted Figures from F. Picano, P. Oswald and E. Kats, Phys.

Rev. E 63, 021705 (2001). Copyright (2001) by The American Physical Society.

where τ is the film tension. Extrapolation of the circular profile at large thickness to the film
surface at δ = H gives ∆pH + 2γ cos θm = τ , thus 2γ(cos θm − 1) = f(H). The apparent
contact angle is

θm ∝
1

γ

[
1− tanh

(
Nδ0√

2ζ

)]
, (2.7)

where δ0 again denotes the equilibrium layer thickness. It depends on film thickness and
temperature.
Poniewierski et al. [25] have determined the meniscus profiles and film thicknesses of 8CB films
in the smA phase experimentally from interference fringes in reflected light. Their meniscus
profiles can be perfectly fitted by a circle. In accordance with the above theory, a nonzero
apparent contact angle θm between the extrapolated meniscus cross section and the flat film
has been observed: contact angles are of the order of 4 degrees for the thinnest (3 layer) films
studied, but they rapidly decrease with film thickness, so that they are practically below the
experimental resolution in films of a dozen layers and more in the smA phase, see Fig. 2.6(c).
Well below the smA-N phase transition, the model is in excellent agreement with the experi-
mental results.

Menisci around inclusions in FSF may be modeled in the same context. Here, the geometry
is axisymmetric with respect to an axis perpendicular to the film plane through the midpoint
of the inclusion. The mean curvature of the surface must be considered in the last term of
Eqn.(2.5) instead of the curvature 1/R of the meniscus cross section alone, as discussed within
the next subsection.
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(a) (b)

(c) (d)
Figure 2.7.: Optically measured meniscus profiles, abcissa values represent the distance to the menis-

cus edge: (a) PM1, menisci at the frame for two different films at RT (black, red) and for the first
film at 41◦C (green). The agreement with the RT data of film 2 (red) is accidental. Thicknesses
of the flat film at RT are around 100 nm, at 41◦C the film is much thicker. (b) Felix16 in the
smC∗ phase, meniscus at the frame at room temperature (RT, squares) and at 66◦C (triangles),
meniscus around the inclusion shown in the inset at RT (crosses). (c) Meniscus around a group
of glass beads in OMCPB in the smC∗ (black, solid line) and smA phase (gray, dashed line).
The lines are quadratic fits. (d) 7O-7 in smA phase, the solid line is a quadratic fit. Figure (a)
reproduced from Harth et al. [31] with permission of the Royal Society of Chemistry. Figures
(b)–(d) are adapted from Harth and Stannarius, Eur. Phys. J. E 28, p. 265 (2009) with kind
permission of The European Physical Journal (EPJ).

2.2.2. Menisci of Other Materials in the SmC / SmC∗ and SmA Phases

The measurements discussed in the previous section have all been obtained using 8CB or
a mixture containing large percentages of 8CB. It is interesting to investigate other mate-
rials and phases. Most results from this section are published in Refs. [31] and [42]. The
results on droplet embedding in a smA film are published in Ref. [46]. A substantial part
of the text is adapted from Harth et al. [31] with permission of the Royal Society of Chemistry.

Optical Measurements
In height profiles of our menisci at the frame or around inclusions obtained from the evaluation
of interference fringes in monochromatic reflected light, a maximal height of 7 µm could be
resolved. Figure 2.7 shows cross sections for different films, materials and temperatures.
We assume that the meniscus is mirror symmetric respective to the film plane (disregarding



18 2. Menisci of Smectic Free-Standing Films

small surface undulations, see below). The inclusions considered in our measurements are
well above 10 µm in diameter, thus their curvature in the film plane only contributes little to
the meniscus cross section. This aspect will be discussed below, but is not considered in the
present measurements.

By comparing the meniscus cross sections for the same material at the same temperature, it
is evident that the meniscus profile in individual films can vary, take for instance the slopes
of two films of material PM1 in Fig. 2.7(a). It depends on preparation conditions, such as
the amount of material at the edge or the pulling velocity of the edge, see Ref. [20] p. 420.
Nevertheless, the global features are reproduced: All cross sections can be conveniently fitted
by a quadratic or even a linear function. The film thickness has not been measured, but it
was estimated from the color of the films in white reflected light to be larger than 100 nm.
In all films, the end of the meniscus towards the homogeneous film is clearly visible.

Let us now consider the apparent contact angles θm obtained by extrapolating the slope of
the menisci in the thin region near the end of the meniscus to the film plane: In Fig. 2.7(a),
θm =1.33◦ (film 1) and θm =1.66◦ (film 2) at room temperature. These differences are well
above the experimental uncertainty. They reflect typical differences measured for menisci
of the same material at the same temperatures in different films. As outlined above, θm is
related to the thickness of the homogeneous film, not to the specific meniscus cross section.
One sample (film 1) has been heated to 41◦C, approximately 5◦C below the smC-smA phase
transition. The high-temperature profile has a steeper slope and the larger contact angle of
2.55◦, almost twice as large as for the lower temperature profile. Qualitatively, the overall
shape is conserved. Such large increases of θm would rather be expected only closer to or
above a bulk phase transition to a phase without layered order, cf. Fig. 2.6(c) and Eqn.(2.7).
As PM1 possesses a smA phase up to 60.6◦C, the temperature dependence might pose an
interesting problem for further investigations.

The contact angles for the meniscus cross sections of Felix16, OMCPB and 7O-7 in Fig. 2.7(b)-
(d) are up to ≈ 5◦. All values presented here massively exceed Picano’s observations [23] in
8CB films of comparable thickness, see Fig. 2.6(c). Comparable contact angles have only
been found above the bulk smA-N phase transition and in films that were thinner than those
investigated here.

Shapes of menisci around inclusions may display more peculiarities, as the position of the
particle or liquid droplet respective to the film plane is not a priori clear. The standard
assumption for inclusions of much larger radius than the film thickness such as studied in this
work is that the inclusions penetrate the film and are placed in the midplane. The impact and
embedding of water droplets containing 5% wt. ethylene glycol on films of M5+ in the smA
phase at room temperature is shown in Fig. 2.8, it has been investigated by Dölle et al. [46].
Drop and film material are immiscible. Droplets are produced using a piezoelectric dispenser
and are almost monodisperse, with an initial diameter of ≈ 40 µm. At impact velocities below
2 . . . 3 m/s, the droplets are deposited. At higher velocities, rebound, penetration and shell
formation may occur [47].

The initial phase of the embedding process is displayed Fig. 2.8(a). First, the droplet settles
and its top surface is not yet covered by the smectic as seen by the difference in the curvatures
at the top and bottom. After ≈ 270 µs, the curvatures equilibrate and the opening angle
settles to ≈ 66◦. This can be interpreted as a coverage with a thin layer of liquid crystalline
material. The interface tensions at top an bottom become equal and the droplet assumes the
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Figure 2.8.: Impact and embedding of droplets (initial diameter 40 µm) of a mixture of 5% wt.
ethylene glycol in water onto a film of material M5+ in the smA phase: (a) Initial phase after
impact at t = 0 µs with velocity 0.8 m/s including the entrainment of the droplet in the film.
Frames extracted from a high-speed video captured with a Phantom V611 (Vision Research) at
180 067 frames per second, spatial resolution 0.86 µm/pixel. (b) Final shape of an inclusion with
meniscus 10 min after impact and corresponding sketch. (c) Overlay of a transmission and a
fluorescence microscopy image of a drop 15 s after impact in top view. The drop fluid was doped
with a flourescent dye, bar length 50 µm. Experiments by S. Dölle. Adapted with permission
from Dölle et al., Langmuir 30, 12712 (2014). Copyright (2014) American Chemical Society.

shape of two sphere caps sketched in (a). On the time scale of several seconds to minutes, a
meniscus is formed around the droplet. Equilibrated menisci around large inclusions (much
larger than the film thickness) often assume a discus-like shape, see Fig. 2.8(b). In this ge-
ometry, the droplet became completely entrained in film material, the liquid inclusion again
assumes a roughly spherical shape. Figure 2.8(c) shows a top view fluorescence microscopy
image of such an equilibrated droplet, where the drop fluid was doped with a small amount
of a fluorescent dye. From this image, it is evident that no detectable amount of material has
dissolved in the surrounding LC. Note that the border of the meniscus towards the homoge-
neous film is not circular here.

For much smaller inclusions, other anomalies of the meniscus shapes may exist: Deviations
from a circular meniscus cross section must be expected, because now the mean curvature
of the meniscus includes contributions from the axisymmetric inclusion border. The second
radius of curvature can be estimated by R2 ≈ r/θ [22], where r is the distance from the
inclusion center and θ is the angle between the local tangent to the meniscus cross section
and the homogeneous film.
Dolganov et al. [48] have recently investigated the evolution of meniscus shapes of water
droplets mixed with 1 . . . 3.5% wt. glycerol in 4’-octyl-4-biphylcarbonitrile films in the smA
phase at room temperature. After evaporation of water, the drop sizes are several micro-
meters to several tens of micrometers. Unfortunately, the experimental analysis is not very
comprehensive, and the authors attempt to explain non-equilibrium states during meniscus
equilibration with equilibrium theory. In addition, the droplet material is soluble in the smec-
tic material. Conradi et al. [41] have argued for their 2.8 µm diameter polystyrene spheres,
that those particles are deposited on the top of the film without penetration, giving rise to an
undulation instability as outlined in Sec. 2.3.1. A more thorough investigation of meniscus
shapes around small inclusion and their evolution would be interesting future work. Measure-
ments should also include the film thickness.
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(a) (b)
Figure 2.9.: Meniscus profile determined from AFM measurements in the smC phase of PM1 at

room temperature. Three regions are distinguishable: the flat film (right), a first thin region of
the meniscus with nearly linear slope and the thick meniscus region with nonlinear slope and
periodic surface undulations. (a) 3D profile of the scanned area, the dashes mark the contact line
between flat film and meniscus. (b) Averaged meniscus profile with the the contact line to the
film as reference point, average over 112 lines of the AFM scan. Fit curves show the flat film
(green), the nearly linear slope near the flat film (red) and the circular profile in thicker meniscus
regions (blue) with curvature radius 78 µm. Reproduced from Harth et al. [31] with permission
of the Royal Society of Chemistry.

Atomic Force Microscopy (AFM) Measurements
The above optical characterization methods suffer from a low sensitivity to the local height
profile of the meniscus. They rather measure the local optical thickness. Atomic force mi-
croscopy (AFM) is a high-resolution alternative to measure meniscus profiles and surface
structures. Generally speaking, scanning the LC-air interface of smectics by tapping mode
AFM is already a well established method. First measurements were done on pre-wetting
films [49]. Those films are surely strongly surface-stabilized, but also the scanning of the
surface of bulk material is known to be possible without disturbance of the surface struc-
ture [50, 51]. The technique has been successfully applied to surface profile measurements of
liquid and liquid-crystalline films on substrates [49, 52–56]. Here, we employ AFM to study
the smectic meniscus profile and periodic surface structures of the film meniscus. We com-
pare AFM with optical measurements in order to relate them to the textures discussed in the
following sections. AFM measurements were performed with PM1.

A typical meniscus surface from an AFM height image is shown in Fig. 2.9(a). The image has
been taken in the smC phase at room temperature, the thickness of the homogeneous film on
the right hand side of the image is around 100 nm. Here, we are interested in the averaged
meniscus slope and discard the slight surface undulations of the order of a few percent of the
local height discussed in the next section. The black graph in Fig. 2.9(b) shows an averaged
profile obtained from the data set presented in Fig. 2.9(a). A field of 112 adjacent cross section
profiles of the meniscus, perpendicular to the contact line, was extracted. Then, their average
was calculated. Note that the AFM scanning direction is not exactly parallel to these profiles,
their angle is approximately 5◦. The individual cross sections deviate from this master graph
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mainly by the transversal undulations in the thicker meniscus part.

Three regions can be clearly distinguished in each individual profile, denoted after the original
image (a): the planar film (right), an initial meniscus zone of nearly linear slope (middle)
and an undulated region of concave slope (left). The latter part of the averaged meniscus
profile is excellently fitted by a circle with 78 µm radius (blue dashed line in (b)). Using the
surface tension γ = 22.45 mN/m of PM1 [57], this corresponds to a Laplace pressure deficit of
≈ 290 Pa in the meniscus, and thus in the whole system. Due to disturbances of the meniscus
shape by the scanning process, we may expect the equilibrium curvature and contact angles to
be smaller. The cross-over between the concave and linear regions is continuous. The contact
region of the linear meniscus slope (red dashes in (b)) to the flat film is smaller than the lateral
resolution of our AFM. Strikingly, a sharp angle between meniscus and flat film is observed,
which is 3.3◦ in this particular case. This region is also clearly identified in optical images
discussed above. We cannot exclude a sharp kink. Again, the apparent contact angle can be
defined by extrapolating the linear-sloped region to the homogeneously thick film. Note that
in Ref. [39], the apparent contact angle is defined at the intersection of a circle fitted to the
thick part of the meniscus and the homogeneously thick film. No linear region was resolved
there. The contact angle we measure is therefore always smaller than the apparent contact
angle in their definition, which would be at the intersection of the blue fit in Fig. 2.9(b) with
the film plane. However, the spatial resolution of the optical interferometry images is more
than one order of magnitude lower than that of our AFM data.

When the films are heated, the meniscus profile and the contact angles are expected to change.
We note that FSFs of this specific material tend to thicken with increasing temperature. While
the meniscus profile is stationary after a few minutes, it is not possible to reach an equilibrium
film thickness even after hours in thick films. At higher temperatures it is very difficult to
adjust reasonable AFM parameters for scanning and to obtain useful AFM images. Often,
the meniscus border is dragged with the cantilever especially in the thin meniscus regions.
The stripe patterns in the polarization microscopy images vanish reversibly at around 63◦C
(measured in the AFM), an indication for a complete phase transition of the meniscus to the
smectic A phase.

2.3. Meniscus Stripe Patterns

This section is devoted to a comprehensive study of the striped domains visible on menisci
of smC and smC∗ films, first described by Meyer and Pershan [27] in 1973. Several other
patterns in the film and in wedge areas may be related to them. Typical examples have
been introduced at the beginning of this Chapter in Figs. 2.1 and 2.2. The description of the
appearance of the pattern was attempted in two models, discussed in the first part. Then, a
thorough experimental analysis of the phenomenon is given. Additional results are presented
in Appendices A, B and C. Full names of the LC materials and their phase sequences are
given in Appendix D.

2.3.1. Literature Review: Models for the Meniscus Stripes

Here, we briefly discuss the models suggested in the literature: Two alternatives based on
spontaneous surface splay [27] and stress-induced wrinkling [32] attempt to explain the menis-
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cus stripe pattern. For smA coronae, a wrinkling model was proposed by Conradi et al. [41].

Splay Domain Model [27]
The characteristic stripe texture of menisci was originally reported by Meyer and Pershan [27],
who gave a theoretical explanation but did not provide experimental details. Their idea relies
on the effects of the asymmetric environment of surface layers of FSF: The distribution of
up / down orientations of individual molecules will not be symmetric there. Such a polar
asymmetry may cause splay deformations, and one should expect domain formation when a
uniform splay is impossible [58]. To apply this idea to smectic menisci, Meyer and Pershan
consider a cross section perpendicular to the thickness gradient through a sufficiently thick
meniscus in the smC phase. If the tilt angle θ between the n-director and the layer normal
is no multiple of π/2, a spontaneous splay is possible (i.e. there will be no patterns in the
smA phase). Applying one-elastic-constant (KS = KB = K) approximation and assuming
a structure periodic in x-direction and uniform in y-direction, the density of the free elastic
energy at the surface reads

fS =
K

2
sin2 θ

(
∂ϕ

∂x

)2

− s0K sin θ sinϕ

(
∂ϕ

∂x

)
, (2.8)

with s0 a numeric factor. We have set (nx, ny) = (sin θ cosϕ, sin θ sinϕ), where ϕ is the
tilt azimuth orientation. A considerable energy reduction is only possible when domains are
formed, separated by surface defect lines where the c-director orientation jumps from −ϕ0

to +ϕ0. The authors disregard the layer structure of the smectic and assume a nematic
approximation of the free energy. In addition, surface polarization effects will extend only a
small distance ∆ of few layers into the bulk. For negligible changes of the c-director orientation
along the layer normal over the distance of the surface layer, the surface contribution can be
integrated to ES = −2s0K cos θ sin θ cosϕ0 if the c-director orientation in a domain varies from
ϕ0 → π − ϕ0. The bulk c-director field is as usual given by ∆ϕ = 0 with the aforementioned
boundary conditions.
From this, an instability of the homogeneous director orientation against a breakup into
striped domains would only occur if the sum ES + EB + ED < 0, where ED is the energy
of the c-director disclination and EB refers to the energy of the director distortion in the
bulk. The interaction between disclinations is repulsive. In particular, the bulk energy is
reduced by shifting the disclinations on opposing surfaces by half a period respective to
each other. The period of the pattern depends on material parameters (e.g. the induced
spontaneous surface splay, elastic constants for the n-director, disclination energies), which
are expected to considerably vary in different LCs and environments and have not been
determined. The authors note that the patterns should disappear below a minimal thickness
where the meniscus thickness becomes comparable to the depth of the the dislocation sheets
in the bulk. The largest problem of this model is that the patterns would also be expected
to occur in homogeneously thick FSF, as long as the critical thickness is exceeded.

Layer Undulation Model [32]
Independent of our AFM measurements on menisci of free-standing smectic films [31], Loudet
et al. [32] discovered small undulations on the surface of menisci in the smC∗ films of several
materials using AFM and phase shifting interferometry [59, 60]. In polarization microscopy,
they observed stripe patterns in thinner meniscus regions and a square-like lattice in thick
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meniscus regions. With their optical method, the authors found undulations of 40 . . . 50 nm
amplitude at a period of ≈ 5 µm accompanying the stripes. The undulation period and ampli-
tude decrease towards the homogeneously thick film. The square-like pattern is accompanied
by a surface deformation of similar geometry.

Inspired by similarities with patterns seen in undulation instabilities in homeotropically an-
chored cells when a tension is applied parallel to the layer normal [33, 61] and even to wrin-
kling patterns in the more general context, e.g. Ref. [62], Loudet et al. propose that meniscus
stripe textures form due to layer dilation. A central assumption of this model is a specific
planar anchoring of the n-director at the circumference of the film holder. This infers a layer
thickness fixed to the smA value there. Upon transition from the smA to the smC / smC∗

phase, the layers contract due to the increasing tilt of the n-director to the layer normal.
This incompatibility between the anchoring at the border and the tilted configuration in the
remaining meniscus and film induces a small dilative stress, which finally induces the layer
undulations. Ignoring thickness gradients, interfacial slopes and the c-director distortions,
the authors minimize the elastic energy of density
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where x is perpendicular to the normal of undistorted layers and perpendicular to the film
thickness gradient, λ is the undulation wavelength (wave number qx = 2π/λ), u is the smectic
layer displacement and u0 = u|z=−δ/2,+δ/2 the amplitude of the undulation at the surface
of a film of undistorted thickness δ. B is the layer compression modulus, K11 the splay
elastic constant for the n-director and γ is the interface tension to air. There are no fixed
boundary conditions for the surface shape, the wave length of the undulation pattern in
the direction along the layer normal cannot be fixed a priori here. An ansatz u(x, z) =
σ0z + g(z) cos(2πx/λ) with g(z) = g0 cos−1(qzδ/2) cos(qzz) and qz = qx

√
σ0 − q2

xK11/B was
applied, where σ0 denotes the strain on the layers. Undulations occur for

σ0 >
K11

B
q2
x +

qzγ

δB
cot

(
qzδ

2

)
. (2.10)

The critical wave vector qx and critical strain σ0 were determined numerically, where for a
given thickness, ”the value of σ0 is adjusted until Eqn.(2.10) is satisfied for an appropriate qx
range” [32]. The critical wavelength scales with the square root of the local meniscus thick-
ness δ, similar for the critical displacement. As an example, they estimate for K11 = 10−11 N,
B = 107 J/m3, γ = 20 mN/m, δ = 10 µm a critical wavelength of 0.85 µm and a critical
displacement of 3.9 nm. They provide an experimental value λexp ≈ 1.5 . . . 2 µm at this
thickness. Elastic forces due to distortions of the c-director field are disregarded.

This model involves several problems, we only list a few here: First, the anchoring of the n-
director at the frame is unjustified as the adjacent meniscus regions are focal conics. Second,
the occurrence of a strain on the layer structure contradicts the theory presented in Sec. 2.2.1.
As the dislocations are mobile, the stress will be relaxed. Last, it completely disregards the
smC properties except a tilt, e.g. the tilt azimuth.
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Figure 2.10.: Menisci around two polystyrene beads of R = 1.4 µm radius on a smA∗ film of SCE8:
(a) Reconstructed height profile from color interference fringes in reflected white light (see left inset
image). The right inset image shows a similar set of beads under slightly de-crossed polarizers,
where the white circle provides the real size of the colloids. The solid line in (a) is a fit with their
modeled meniscus shape, based on the adsorption geometry sketched in (b). The bead settles on
the film and locally disturbs the layers underneath. A meniscus with layer steps at the surface is
formed. Adapted from Conradi et al. [41], with kind permission of the European Physical Journal
(EPJ).

Colloid Deposition Model [41]
Conradi et al. [41] observed the corona patterns shown in Fig. 2.10 around polystyrene beads
of 2.8 µm diameter in films of SCE9 at a temperature of 80◦C (commercial compound from
BDH Ltd., phase sequence isotropic (119◦C) N (87.3◦C) smA∗ (56.2◦C) smC∗). Striped
menisci extended over ≈ 3 . . . 4 µm beyond the particles, with a hardly film thickness depen-
dent period of ≈ 3 µm. These characteristics remained unchanged whether there were one
or multiple beads included in the same meniscus. The stripe pattern was unaltered when the
polarizers were rotated, and it persisted even in films above 5 µm thickness where the particle
should have been completely entrained in the film. From this, the authors inferred that the
particles rest on the top surface of the film and are partially wetted by the smectic material.
The layers beneath the inclusions are slightly bent and the layers forming the top part of
the meniscus are in a configuration with layer steps at the surface. The latter was observed
for smectic droplets below 100 µm radius deposited on a solid substrate [63]. The stripes
represent layer undulations in the meniscus, caused by small layer dilation due to the specific
meniscus shape. With approximate layer elasticity B = 106 N/m2 and K11 = 10−11 N, they
calculate a minimum thickness of 1.3 µm for the appearance of stripes and a number of ≈ 20
stripes around a single colloid in comparison to ≈ 12 stripes found experimentally.

2.3.2. General Characteristics and Occurrence of the Stripes

Here, we will provide some general results on the meniscus stripe texture from optical mea-
surements. A detailed analysis of the director field will be performed in Sec. 2.3.5. The results
summarized here are published in Refs. [28] and [42], the second half of the text considering
different types of meniscus stripes is adapted from Harth et al., A Gallery of Meniscus Pat-
terns of Free-Standing Smectic Films, Ferroelectrics 2012 431, Ref. [28].

Regular stripe patterns cover menisci of sufficient thickness in the smC or smC∗ phase, in-
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(a) (b)
Figure 2.11.: (a) Part of a meniscus of a Felix16 film at 60◦C in the smC∗ phase between crossed

polarizers (left) and with additional λ phase plate (right). In the top row, the microscope focus
is approximately on the top, in the bottom row it is on the bottom surface of the meniscus. The
black (magenta) lines which appear thin (focussed) are switched in both images. The film is
thinner at the bottom of the images. The arrow points at the same position in all photos. (b)
Corona decorating the meniscus around a droplet of a water / glycerol mixture in a FSF of Felix16
at room temperature. The glycerol droplet is roughly spherical (cf. Fig. 2.8) of 30 µm diameter,
the outer meniscus diameter is 79 µm. Pictures reprinted from Harth and Stannarius, Eur. Phys.
J. E 28, p. 265 (2009) with the kind permission of the European Physical Journal (EPJ).

dependent of chirality. The minimum required meniscus thickness is ≈ 1 . . . 1.5 µm. If the
pattern occurs, it is visible in the meniscus near the film border at the frame, in inclusion
menisci or at sufficiently broad and high thickness steps separating plateaus in the film.
Stripes may even be observed in a certain temperature range above the bulk smC-smA phase
transition, with different characteristics upon heating and cooling (cf. Appendix A). We have
observed the pattern in many materials, including Felix16, DOBAMBC, OMCPB, all in the
smC∗ phase and in the smC phases of PM1, PM2, 7O-7 and 7O-5. All these substances
possess a higher-temperature smA phase, in which the stripes are present in a specific tem-
perature range above the phase transition. The stripe pattern also exists in a material, where
the smC∗ phase directly converts into a nematic phase upon heating [64]. In the literature, we
found photographs of similar textures in Ref. [65] and even for a twist-grain-boundary phase
in Ref. [40]. Independent of chirality, we have never observed the stripe textures in substances
with only a smA phase, i.e. without lower temperature smC phase: 8CB, M5+, NPOB and
NPOB with small amount of the chiral dopant CHUC. Phase transition temperatures and
full names of the materials are given in the appendix.

Figure 2.11(a), left, shows the typical appearance of a well-pronounced meniscus texture be-
tween crossed polarizers when one polarizer is parallel to the thickness gradient. Broad bright
domains are separated by dark lines of alternatingly small and large widths. With an addi-
tional λ = 550 nm phase plate inserted diagonally between the polarizers, the pattern appears
as broad alternating orange and blue domains, see Figure 2.11(a), right. The previously black
regions now appear in dark pink. This reveals the pattern period as the distance between
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Figure 2.12.: Universal relation between the local meniscus thickness and the stripe period for differ-
ent materials: Data displayed in black are measured in the smC phase, in grey in the smA phase.
Data sets: OMCPB around glass inclusions (pentagons, grey and black), 7O-7 at the frame (grey
squares), Felix16 at the frame (66◦: black triangles, room temperature: black squares) and around
a glycerol droplet at room temperature (crosses). Photographs show the corona around a group
of glass beads in an OMCPB film in the smA phase(inset of (a)) and in the smC∗ phase at 32◦C
(b) attached to a thickness step. The step is identified in monochromatic light of wavelength
λ = 546 nm (c) by the about equally spaced bright and dark lines traversing the image in diago-
nal direction. Adapted from Harth and Stannarius, Eur. Phys. J. E 28, p. 265 (2009) with the
kind permission of the European Physical Journal (EPJ).

two sharp black lines. Where the film is thinner, the contrast is smaller and the pattern
period decreases. By changing the focus height in the microscope, one may distinguish two
systems of sharp lines at the top and bottom surfaces of the meniscus, compare images (i)
and (iii) with (ii) and (iv), respectively. This clearly evidences a three-dimensional structure
of the director orientation. The optical appearance of the pattern is sensitive to the sample
orientation respective to the polarizers. Stripes always align parallel to the thickness gradient.

At first glance, the stripe period in the coronae around the small glass inclusions in Fig. 2.2
is roughly constant along the radial coordinate, the corona pattern seems to differ from the
stripe domains at the film meniscus. However, around large inclusions such as the glycerol
droplet of ≈ 15 µm elevation above the film in Fig. 2.11(b), branching occurs similar to
the menisci at the frame. Surprisingly, the thickness dependence of the pattern period is
quite universal in different materials and geometries: Figure 2.12(a) collects data for menisci
around solid or liquid inclusions and at the frame. Menisci in the smA and smC phase are
included. The corresponding meniscus profiles strongly differ from each other, see Fig. 2.7. In
the investigated thickness range, the dependence of the pattern period p on the local meniscus
thickness δ is conveniently described by one linear relation p = 1.54 µm+0.76δ for all data
sets.
First, such a universal relation would be astonishing if the texture resulted from a sponta-
neous surface splay as proposed by Meyer and Pershan [27]: Elastic constants and the surface
polarization should be substantially material-dependent. Second, the characteristics of our
coronae are identical to those of the meniscus stripes. The features are essentially independent
of the shape of the individual meniscus. The avoidance of stripe branching in narrow coro-
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Figure 2.13.: Film and smC meniscus of PM1 at room temperature between crossed polarizers (left),
polarizers parallel to the image edges, and identical film area with additional λ phase plate at
an angle of 45◦ (right). Two types of striped domains are distinguished, their domain border is
irregular. Image width is 113 µm. Figure reproduced from A Gallery of Meniscus Patterns of
Free-Standing Smectic Films by Harth, Eremin and Stannarius, Ferroelectrics 2012 431.

nae is indeed reflected by a slightly flatter period-thickness dependence with respect to the
general trend. The similarities of all our stripe patterns are corroborated by Figs. 2.12(b,c),
where the corona merges continuously with the stripes at a broad thickness step. From the
equidistant spacing of the interference fringes, one may deduce a roughly constant thickness
gradient in the broad step. We conclude that the physical origin of our inclusion coronae is
identical to that of the meniscus stripes.

Apart from the above characteristics, the meniscus stripes are slightly visible in unpolar-
ized, white light in reflection and transmission likewise, see Fig. 2.14(c) below. In images
taken in monochromatic light in reflection, one observes a small undulation of the interfer-
ence fringes up and down the meniscus slope in the regular striped regions. An undulation
without thickness change, cf. Refs. [31, 32], would not cause such optical effects in transmis-
sion. Consequently, thickness undulations as proposed by Conradi et al. [41] or slight changes
of the effective refractive index due to director deflections at constant film thickness may be
responsible. These scenarios can be distinguished when polarized light is used and the film is
rotated by 90◦ respective to the polarizers: The positions of minima and maxima exchange.
Thus, director deflections are responsible. As our stripe patterns in the smA phase occur
only in a certain temperature range above the smC / smC∗-smA phase transition in the flat
film, we conclude that the material in the meniscus is only partly in the smA phase and still
partly in the smC / smC∗ phase when stripes are visible. Surface-induced stabilization of the
lower-temperature smectic phase in FSF is a well-known phenomenon, see e.g. [20](from p.
427). Melting occurs from the core towards the surfaces. More details on the behavior of the
stripe patterns upon phase transitions to and from the smectic A phase and the smectic B
phase are given in Appendix A.

When one carefully investigates numerous smC / smC∗ menisci, one finds that there are
actually two types of striped domains: Figure 2.13 shows the typical appearance of a meniscus
towards a sub-micrometer film. Almost all stripes in thick meniscus regions (upper part) are
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Figure 2.14.: Striped meniscus of PM1 at room temperature, displaying domains of type I in the
thicker and type II in the tinner parts: (a) between crossed polarizers parallel to the image edges,
(b) with additional λ phase plate, (c) in unpolarized white light and (d) in monochromatic blue
light (λ = 440 nm) with crossed polarizers and a diagonal phase plate. Thickness interferences are
slightly visible. Images taken in transmission, widths are 77 µm. Figures (c) and (d) adapted from
A Gallery of Meniscus Patterns of Free-Standing Smectic Films by Harth, Eremin and Stannarius,
Ferroelectrics 2012 431.

similar, of the structure described above. The pattern is regular and individual sharp lines
are almost equally spaced in regions of given thickness. We refer to this as type I. In the
thin regions, towards the homogeneous film, a second kind of stripes is frequently observed:
The pattern becomes more irregular, and broad smooth lines may separate the stripes. This
second kind of stripes is not always present, depending on film thickness, temperature and
material. We will refer to it as type II. There is a sharp boundary between these regions, it
represents an undulated line in Fig. 2.13(a) and (b). Type I stripes may penetrate the type II
zone or can completely replace the type II stripes. Type II stripes frequently end in loop-like
structures at the thin film side.
Stripe domains of type II can appear in two different configurations. These are distinguished
by contrast, see Fig. 2.13 (a) and (b). When observed between crossed polarizers, they repre-
sent high-contrast bright stripes with very low contrast dark regions in between. The contrast
disappears when the meniscus edge forms an angle of 45◦ respective to the polarizer or ana-
lyzer in this image. In this case, the regions can still be distinguished when a phase plate is
added. Then, the low-contrast regions still show low stripe contrast, the former bright stripes
assume brilliant orange or blue colors. The difference between these regions is also visible
in monochromatic light, but nearly disappears when the film is viewed in white unpolarized
light, see Fig. 2.14. Bright and dark blocks of stripes near the homogeneously thick film
have been observed earlier by Maclennan [29]. He interpreted them on the basis of the splay
domain model (cf. Sec. 2.2.1) as regions of opposite c-director orientations. No details of
the structure were discernible in his photographs. We identified such blocks in our films as
assemblies of stripes of type II in different configurations. They are found in smC / smC∗

films far enough from the phase transition to smA, usually in thinner regions of the meniscus.
The types of stripes can also be distinguished by tilting the film, as discussed in Appendix B.

In films of inhomogeneous thickness, one often encounters a number of different patterns
decorating regions of thickness gradients between plateaus. As we will see below, they are
all related to the meniscus stripes, but their appearance does not add much to the under-
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standing of the structure itself. Representative pictures and a brief discussion are provided
in Appendix C.

2.3.3. Surface Topography and Stiffness from AFM measurements

We have noted above that the stripes of menisci of smC / smC∗ FSF are visible in white
unpolarized light. In addition, an undulation of thickness interference fringes in reflected
monochromatic light was detected, which had been ruled out to originate from thickness
modulations of the film. In the thick region of the smectic C meniscus shown in Fig. 2.9(a),
our AFM measurements revealed surface undulations. Loudet et al. [32] independently dis-
covered such undulations in a different material and proposed their wrinkling model explained
in Sec. 2.3.1. These surface structures have the same wavelengths as the optical textures in
polarized light. AFM measurements were performed with PM1. The text is adapted from
Harth et al. [31] with permission of the Royal Society of Chemistry1.

(a) (b)
Figure 2.15.: (a) Height profile of the stripe pattern decorating a meniscus of PM1 at room temper-

ature: The undulations appear considerably exaggerated due to the different scaling of the axis. A
square fit to the meniscus slope has been subtracted from the AFM data. This processing causes
an apparent distortion of the flat film in the upper right corner as an artefact. This is irrelevant
for the visualization of the undulation profile. (b) Sketch of a meniscus cross-section, combining
surface undulations with the model of Meyer and Pershan [27]: The arrows at the surfaces indicate
the c-director field. Undulation heights are exaggerated for clarity. Defect planes located in the
valleys are assumed to reach into the bulk. Figure (a) reproduced from Harth et al. [31] with
permission of the Royal Society of Chemistry. Figure (b) adapted from A Gallery of Meniscus
Patterns of Free-Standing Smectic Films by Harth, Eremin and Stannarius, Ferroelectrics 2012
431.

The 3D visualization in Fig. 2.15 focuses on the undulations observed on smC menisci: A
square fit to the mean meniscus profile has been subtracted in order to extract the distortion
of the surface perpendicular to the thickness gradient. The amplitude of surface distortions
reaches up to 0.1 µm in this image. This amounts to slightly more than one percent of the

1The AFM measurements have been performed in collaboration with B. Schulz and C. Bahr at the Max
Planck Institute for Pattern Formation and Self-Organization in Göttingen, Germany.
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(a) (b)
Figure 2.16.: AFM height (a) and phase (b) images of the stripe pattern decorating the meniscus of

a free-standing smC film of PM1 at room temperature. The height data are given in nanometers,
the phase in degrees. Cross sections along the white bars are shown in Fig. 2.17(a,b). Reproduced
from Harth et al. [31] with permission of the Royal Society of Chemistry.

undulation wavelength. Unfortunately, the resolution of the optical microscope and camera
delivered with the AFM are not sufficient to obtain satisfactory images of the striped do-
mains. A transport of the film was impossible without changing the details of the meniscus
pattern, due to the fluidity of the material. Thus, the comparison of AFM and optical data is
indirect. The AFM and optical profiles refer to the same material at the same temperatures,
but different films. Only global features can be correlated by this comparison.

Now, we focus on the AFM measurements: A closer look at the stripe surface structure is pre-
sented in Fig. 2.16. Two typical cross-sections along the white lines are given in Fig. 2.17(a,b).
In these graphs, the height modulation reaches magnitudes of approximately 20 nm. The
modulation is not sinusoidal - the slope is mostly linear, the ridges and valleys are somewhat
flattened. The undulation amplitude increases with increasing meniscus thickness, e. g., for
the meniscus shown in Fig. 2.15(a), one obtains 15 nm near the onset of the pattern at a
thickness of 0.9 µm, 30 nm at a meniscus thickness of 1.24 µm and 45 nm at a meniscus
thickness of 1.7 µm. The onset of the pattern corresponds to the cross-over between linear
and concave meniscus regions in Fig. 2.9(b) above.
The phase image Fig. 2.16(b) shows sharp lines where locally the phase differs from its value
in the surrounding meniscus area. It seems reasonable to attribute the lines in the AFM
phase plot to positions of the sharp lines in the optical images, which globally have the same
topology. Even details, like small discontinuities within these lines and the bending of newly
inserted lines in the AFM plots are similar. Since the lines follow the valleys of the surface
undulations, we can conclude that the defect lines of the c-director on the top surface of the
patterned region are located in the valleys of the surface profile. The scanning direction in
the AFM images is irrelevant for these observations.
From symmetry arguments one can conclude that on the bottom surface of the meniscus, the
undulations are in phase with the defects at the bottom side of the film. The bottom surface
bends up where the top surface bends up, too. Thus the film thickness stays approximately
the same. This is one of the reasons why these undulations are not seen in the optical inter-
ference patterns. Summarizing the preceding results, we may propose the sketch of the cross
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Figure 2.17.: Cross-sections of meniscus profiles (a, b) shown in Fig. 2.16 at the positions indicated
by white bars and (c) shown in Fig. 2.18. Reproduced from Harth et al. [31] with permission of
the Royal Society of Chemistry.

(a) (b)
Figure 2.18.: Height (a) and phase (b) AFM images of the stripe pattern in the meniscus of a FSF

of PM1 at 47.5◦C (bulk smA temperature range). The height data are given in nanometers, the
phase in degrees. A cross-section along the white bar is shown in Fig. 2.17(c). Reproduced from
Harth et al. [31] with permission of the Royal Society of Chemistry.
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(a) (b)
Figure 2.19.: Striped meniscus of a film of PM1 at 57◦C (above the bulk smC–smA transition) in

optical measurements with crossed polarizers parallel to the image edges (a) and similar AFM
image (b). A transverse secondary pattern decorates the stripes in the thicker meniscus regions.
The flat film is in the top-right corner, and the dashed line in (a) marks the position where the
stripes end towards the homogeneous film. Image (a) adapted and image (b) reproduced from
Harth et al. [31] with permission of the Royal Society of Chemistry.

section through a smC given in Fig. 2.15(b), based on the director field proposed by Meyer
and Pershan [27]. The c-director field will be analyzed in detail in Sec. 2.3.5.

Within a certain temperature range above the bulk smC-smA transition (for this material up
to ≈ 63◦C measured in the AFM), the stripe texture persists in parts of the meniscus. In
optical images, the branchings of the stripes soften and stripes straighten as soon as the phase
transition temperature is reached, see Appendix A. Figure 2.18 shows AFM measurements
of the patterned meniscus at 47.5◦C, slightly above the bulk phase transition into smA. The
undulation amplitudes are comparable to the smC phase. The characteristic patterns are
similar to the optical observations - stripes tend to avoid bending, e.g., on insertion of new
defect lines. A representative cross-section normal to the stripes is shown in Fig. 2.17(c).
An additional transverse undulation is found in the thicker meniscus regions preferentially at
higher temperatures, see Fig. 2.19. In the AFM images, corresponding height modulations
can be clearly identified. An exemplary analysis of the polarization microscopy image (a)
has been performed to determine characteristics of this secondary pattern, see Fig. 2.20: By
contrast and brightness adjustment, stripes reaching to the meniscus edge become visible in
this image. The stripe period increases approximately quadratically with the distance to the
meniscus edge. This translates into a linear relation between meniscus thickness and stripe
period if a quadratic meniscus cross section is assumed, which is reasonable at this high tem-
perature. Both is in accordance with the findings outlined in the Secs. 2.2.2 and 2.3.2. The
period of the secondary pattern has been determined at various locations and averages have
been calculated to minimize statistical errors, see Fig. 2.20(b). The period of the herringbone
structure increases with increasing stripe period, and its wavelength is significantly smaller
than half the local stripe period. Upon further heating it will eventually evolve into a rect-
angular lattice.

Finally, we focus on the terminal region of the pattern towards the flat film. Two situations
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Figure 2.20.: Relation between the period of the stripe domains and the secondary pattern from
Fig. 2.19(a): (a) The period p of the stripe pattern increases approximately quadratically with
the distance x to the position towards the film where it first appears (red line: quadratic fit
p = 1.4 · 10−3 (µm)−1x2 + 3.2 · 10−2x + 1.304 µm). (b) Period of the secondary pattern seen
as herringbone structure. Different colors represent measurements at different positions. The
large black dots are averages over all points in an x range of 2 µm, positioned in the middle of
the bin. (c) Dependence of the averaged secondary period from (b) on the stripe period at the
corresponding distance x determined from the fit function from (a).
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(a) (b)
Figure 2.21.: Height (a) and phase (b) AFM images of the edge of the stripe pattern and the

undecorated thin meniscus region of a free-standing smC film at room temperature. The height
is given in nanometers, the phase in degrees. Reproduced from Harth et al. [31] with permission
of the Royal Society of Chemistry.

are frequently observed: In the smA patterns, the stripes always end abruptly. Sharp lines are
open-ended. In many smC menisci, the situation is different: Near the critical thickness, the
stripe pattern is not as regular as in the thicker regions. Frequently, the stripes end in fingers,
cf. Fig. 2.21. Some lines seem to bend around the tips of other stripes. In optical imaging
between crossed polarizers, alternating director domains of irregular widths are observed in
stripes type II, without clear defect lines. In the AFM height images, we encounter a similar
situation, as seen in Fig. 2.21(a) and Fig. 2.18. The height images show that some stripes
appear to have open ends while others are enclosed by loops of their neighbors. The latter
phenomenon is even more obvious in the phase image Fig. 2.21(b). Note that the lines in
this image are not as pronounced as in the fully developed stripe pattern, e.g., Fig. 2.18, but
rather broad. This indicates that we actually scanned a region with stripes of type II.

2.3.4. Dynamic Features during the Progression of Large Thickness
Steps

Static features of smectic menisci were discussed above. But how does the film stabilization
due to the meniscus at the film border work during film expansion or compression? Will
freshly formed thickness steps be decorated by stripes? How will stripe features adapt to the
rapid geometrical changes of the wedge they cover? These questions will be addressed in the
following.
The text is adapted from Deep Holes in Free-Standing Smectic C Films by Harth and Stan-
narius, Ferroelectrics 2014 468, Ref. [66].

Upon slow expansion or compression of a smectic film, material will flow out of or into the
meniscus. The meniscus shape will adapt and for slow enough pulling velocity, the stripe
pattern will be dragged along. However, the shape adaption of menisci requires some time
and the in- and outflow rates for a meniscus are limited [67]. Fast changes of the film area
cannot be fully compensated, leading to a large stress in the homogeneously thick film during
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the initial phase of expansion. This has a strongly destabilizing effect as it dramatically
reduces the critical radius (derived from [20] p. 475)

rc =
λS

b(∆pL + ∆pd + ∆pe)
(2.11)

a thinner region (’hole’) must exceed in order to expand over the film. Here, b = (Na−Ni)δ0

is the length of the Burgers vector of the dislocation between the surrounding film of Na

and a hole of Ni layers of equilibrium thickness δ0. The corresponding line tension of the
step is λS. ∆pL is the Laplace pressure difference in the meniscus, ∆pd the difference in
disjoining pressure between the film and the hole and ∆pe ∝ vframe is the imposed pressure
due to the frame deformation. ∆pe > 0 for area expansion. For thick enough films, the
disjoining pressure contribution is negligible, and a linear relation between the critical radius
of a growing hole in the film and the curvature of the meniscus in an undisturbed film is
obtained. This has been experimentally confirmed by Picano et al. [23]. From typical values
of several tens of micrometers in the undisturbed film [22], rc can easily drop to tens of
nanometers [20] (from p. 473). Thus, even the nucleation of very deep holes, hundreds of
layers in thickness difference, should be possible. Rapid compressive stresses on the film may
induce island formation or even film buckling. Effects related to compression will be discussed
in Chapters 3 and 4.

On a longer time scale, the meniscus shape will adapt. The excess tension a film exerts on the
frame after it has been rapidly expanded at time t = 0 decays exponentially to its equilibrium
value [20] p. 410. The initial pressure jump is proportional to the expansion rate. The effect
is reversed when the film is compressed. During the meniscus adaption, the hole already
expands over the film.

A straightforward experiment to create and study dislocation dynamics has been designed by
Geminard et al. [22]. It was later applied to study the mobility of edge dislocations during
hole growth [23, 67]. Exploiting the layer by layer thinning of smectic films at the phase
transition into the nematic phase via localized heating, the authors argued via a critical
nucleation energy that they removed single layers [22]. The film meniscus, whose curvature
induces a negative pressure in the film, together with the difference in disjoining pressure
provide a tension driving the dislocation motion. A linear relation was found between the
dislocation velocity and the meniscus curvature by Picano et al. [23]. The dislocation mobility
was determined to be of the order of 5 · 10−8m2s/kg.

In thick films, above ≈ 350 nm in 8CB, Oswald et al. [67] have demonstrated that the edge
velocity of a growing hole is constant for hole radii R� rc and only depends on the pressure
in the meniscus but not the film thickness. At smaller thicknesses, the limited permeability
of the meniscus to inflowing material causes a decreasing velocity with increasing hole radius,
and the differences in disjoining pressure must be considered.

Here, films in the smC phase of PM1 at room temperature will be addressed: Films are spread
over a frame of 4 mm width and variable length to an initial film area of about 15 mm2. One
of the edges is moveable, it can be used to manipulate the film surface area. The temporal
resolution in the experiments is of the order of 200 ms. In an experiment run, a film of
several micrometers thickness is prepared. After equilibration to a uniform film thickness, the
surface area of the film is expanded by pulling one of the film edges manually, with a velocity
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Figure 2.22.: Part of a growing hole after expansion of the film area by a few percent. The hole
boundary is clearly indicated by the stripe pattern decoration. The white scale bar marks 200 µm.
Images were taken 0.3 s, 1.2 s, 2.0 s, and 2.9 seconds after film expansion. Crossed polarizers are
horizontal and vertical in the images, a λ wave plate in 45◦ orientation was inserted between the
polarizers. Figure reprinted from Deep Holes in Free-Standing Smectic C Films by Harth and
Stannarius, Ferroelectrics 2014 468.

of approximately 0.5 mm/s, to a total displacement of about 200 µm, corresponding to an
area expansion of a few percent.
As a consequence, several layers in the stack rupture at one or more spots in the film, and
the meniscus shape at the frame is distorted. Thickness differences of hundreds of layers are
usually generated. Image sequences recorded during hole growth are analyzed. Initially, the
emerging holes spread with a very high velocity (well above 100 µm/s) to partially compen-
sate the rapid surface area changes while the meniscus stretching could not yet take place.
An increased velocity for small radii was also observed for thermally nucleated holes [67]. In
contrast to the previously mentioned experiments with smectic A films, the material is in the
tilted smectic C phase. Thus, a transient variation of the tilt angle can also contribute to
compensate changes of the supporting frame geometry. Changes in the c-director texture on
the homogeneously thick film are observed in polarization microscopy. This process is faster
than meniscus adaption. Within the temporal resolution of our setup, the initial dynamics of
the growing holes were not accessible. The formation of the holes does not occur simultane-
ously in different film regions. Additional holes can form up to several hundred milliseconds
after the film expansion, their generation can be resolved with our observation technique from
the beginning.

Figure 2.22 shows a typical scenario after the film expansion: A circular hole of sub-micrometer
film thickness is formed, and the homogeneous area eventually spreads over the complete film.
As the difference in thickness between the surrounding film and the hole center is hundreds of
smectic layers, its border is formed by a broad wedge-shaped region containing numerous edge
dislocations in contrast to a single dislocation of few layers height surrounding the holes in
the previous studies mentioned above. Figure 2.23 shows a hole sector and the corresponding
sketch of the film geometry. The wedge is decorated by stripe patterns. The propagation
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Figure 2.23.: (a) Contrast enhanced close-up snapshot of one quarter sector of a growing hole in the
smectic film. (b) Corresponding sketch of a cut through a growing hole in a thick (micrometer
range) smectic film. The three zones of the structure are the inner, uniformly thick film, and a
wedge-shaped ring zone consisting of an inner part without regular director texture, and an outer
part exhibiting nearly regular radial stripes. The wedge angle is of the order of a few degrees.
Figures reprinted from Deep Holes in Free-Standing Smectic C Films by Harth and Stannarius,
Ferroelectrics 2014 468.

velocity of the outer boundary of this hole is approximately 30 µm/s. After 20 s, it will
have decelerated gradually to about 15 µm/s. Individual holes in the same film may expand
with different velocities, which probably reflects the fact that the number of remaining layers
differs from one hole to another. While the wedge zone is observed in all holes, the central
plane region may be missing in an early phase of the hole evolution, and the decoration by
stripe patterns may be absent in thin (sub-micrometer) films.
Both the plane inner region and the outer hole boundary grow synchronously, and the ratio
of the outer and inner radii of the wedge-shaped ring for a given hole are only weakly time
dependent, at least after a short transient initial phase. Figure 2.24 shows an example for a
typical hole which increases its area by a factor of about six within the observation period.
The inner radius of the wedge is slightly larger than half the outer radius, with slightly in-
creasing tendency. The wedge flattens with the growth of the hole.

When the average stripe period in the outer region of the wedged area is measured as a
function of the radius of the expanding hole, one finds an almost constant ratio. This means
that during the expansion process, the stripe formation has practically stopped, the number
of stripes remains roughly constant, see Fig. 2.25. The creation of new stripes to adjust the
pattern wavelength is a comparably slow process on the time scale of the hole dynamics, and
thus it is only rarely observed. The periodicity of the striped pattern measured in a progressed
stage of the expansion is consequently not directly related to any intrinsic wavelength in the
system. Rather, one has to assume that the number of stripes in the circumference of the
hole is a conserved quantity after the pattern formation during the early hole evolution.
This number varies between individual holes. We assume that the stripe pattern develops
immediately after the fast hole nucleation. For example, in the hole evaluated in Fig. 2.24,
the stripe pattern appeared when the hole radius was around 300 nm (extrapolation of the
radius vs. time dependence in the figure), and it had initially an extrapolated stripe period of
about 8 µm. If we assume that the ratio of film thickness and stripe period is similar to that
observed in stationary meniscus textures [42], one comes to the conclusion that the initial



38 2. Menisci of Smectic Free-Standing Films

(a) (b)

Figure 2.24.: (a) Growth of the outer radius of a hole that was formed during area expansion of a
smectic film by approximately 10%. The initial growth phase could not be recorded, because the
hole appeared out of the field of view. (b) Ratio of the width of the wedged area to the outer
hole radius during hole growth, for the same experiment. Figures reprinted from Deep Holes in
Free-Standing Smectic C Films by Harth and Stannarius, Ferroelectrics 2014 468.

film thickness is of the order of 5 . . . 10 µm. This is consistent with the optical appearance of
the films.

Figure 2.26 shows holes in a film of comparable thickness. The shallow hole at the bottom
appeared in the field of view first. It did not develop an extended plane region in the middle.
After a quick initial growth to about 50 µm diameter within the first video frame after film
expansion (< 0.3 s), it expanded with a velocity of roughly 25 µm/s (a to b). The number of
stripes is again almost unchanged during the expansion. However, due to the comparatively
small thickness difference between the interior and the surrounding film, the thickness increase
is realized via dislocation lines separated by plateaus of homogeneous thickness in (b). At least
four holes of different depths have been nucleated in this film and are identified in (c). Hole
(i) finally merges with the larger, deeper and faster growing hole (ii) after slightly more than
9.2 s. This hole possesses an interior homogeneous film region of less than 1 µm thickness.
The layer dislocations around hole (i) connect with those around hole (ii) during the merging
process. Thereby, the patterns on this part of the wedge are deformed, connected with those
of hole (ii) and eventually vanish where the region thicker than the central plane of hole (i)
retracts. The smaller hole becomes spread out on the periphery of hole (ii), its remnants are
identified in Fig. 2.26(c).

The final stage of hole growth is the merging of the wedge-shaped hole boundaries with the
meniscus, which relaxes afterwards to equilibrate with the new film of reduced thickness.
Two snapshots are shown in Fig. 2.27. By counting the visible interference fringes, one may
conclude that the central thin film is more than 10 µm thinner than the original meniscus
it connected to. This merging comprises strong lateral shear on the stripe domains. Never-
theless, finally they will connect smoothly. Again, we observe dark and bright domains with
black loops inside. These are characteristic for the formation of stripes type II. A detailed
analysis of the director field is provided in the following section.
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Figure 2.25.: Ratio of the stripe period and the radius of the growing hole in the film shown in
Fig. 2.22. Initially, there are approximately 230 stripes on the outer circumference of the hole,
and this number of stripes is roughly constant during the hole expansion. Figure reprinted from
Deep Holes in Free-Standing Smectic C Films by Harth and Stannarius, Ferroelectrics 2014 468.

Figure 2.26.: Opening holes (identified by the striped wedge zones) in a very thick film at different
times after film expansion, four holes are enumerated in image (c): The small hole (i) is compar-
atively shallow, already visible at the bottom of images (a) and (b). Approximately 50 stripes
decorate its periphery, independent of its outer perimeter. Thickness plateaus separated by steps
have formed during the expansion in (b) and the pattern period has considerably increased. Al-
together, at least four holes of very different depths nucleated in the film, see image (c). Hole (ii)
is the deepest. The material in the patterned region right of the dotted line originates from hole
(i). The width of the bar is 100 µm in each image, times after film expansion are (a) 3.8 s, (b)
19.2 s and (c) 29.8 s. Images (a,b) adapted from Deep Holes in Free-Standing Smectic C Films
by Harth and Stannarius, Ferroelectrics 2014 468.
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Figure 2.27.: Wedge region of a hole merging with the meniscus at the frame: (a) Image between
crossed polarizers parallel to the image edges in transmission and (b) in reflection with monochro-
matic light (λ = 546 nm). The width of the bar is 50 µm. A small part of the hole region is seen
at the top, the region covered with green fringes corresponds to increasing film thickness by more
than 10 µm. Material PM1 at room temperature.

2.3.5. Director Fields in the Stripe Patterns

In previous experimental studies, the structure of the director field within the stripes has
never been investigated, the c-director field suggested by Meyer and Pershan [27] had not
been questioned. Our experimental results presented in the previous sections suggest that
both the interpretation of the stripe texture as surface-induced splay domains as well as the
one as surface undulations must be questioned. Here, we reveal the c-director field in the
stripe texture with high-resolution polarization microscopy.

In Felix16, the appearance of the meniscus stripe patterns between crossed polarizers is even
clearer than in PM1. However, this material is chiral (smC∗ phase) and the pitch of the helix
is unknown. As this material was developed as a commercial mixture for display applications,
we may speculate on its properties based on an argumentation given in Ref. [68], from p. 125:
Usually, such mixtures are optimized to possess a long pitch in the cholesteric and the smC∗

phase (in this case 30 µm at 85◦C, data provided by the supplier (Clariant)). Typically, the
pitch in the smC∗ phase is even longer. As the Felix-16 mixtures are supplied in specifications
of different spontaneous polarizations, we conjecture that a chiral dopant was used. In that
case, the pitch vanishes completely in the smC∗ phase below a critical dopant concentration,
while the spontaneous polarization persists. Based on these considerations, we may expect
no or little effect of the helix throughout the thickness of our FSF and considered regions of
the menisci. The following detailed measurements on the stripe texture have been performed
in this material, with many parallels to the non-chiral PM1 textures.

Stripe arrays covering the meniscus of a film of intermediate thickness are shown in Fig. 2.28:
The photographs reflect the appearance of the stripe texture between crossed polarizers at
various angles of the polarizer to the thickness gradient of the meniscus. The sample was
rotated in the microscope, with fixed polarizer and camera orientation. Afterwards, around
fifteen details of the texture, e.g. branching points of stripes or irregularities near the transi-
tion to the noose texture, were marked on each image. Then, the images were rotated to the
orientation of the first image and the positions on the texture were carefully matched. Last,
the frames were cropped, only a small portion of the original images is displayed in Fig. 2.28.
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Figure 2.28.: Stripe texture and nooses in a Felix16 film at room temperature between crossed
polarizers. The width of the bar is 10 µm. Polarizer orientations are denoted by double-arrows.
White lines indicate identical positions.

We may distinguish the thinner meniscus region at the bottom covered with irregularly spaced
loops and nooses and the regular stripes in the thicker regions. The two vertical lines mark
identical positions in all rotated images. Four dark and four bright brushes per pattern
period are visible in the type I stripes, where the local contrast depends on the focus in the
microscope. A section along the dashed line has been taken in each image, and stacked on
the right. A steady leftward shift of the dark and bright regions is observed, corresponding
to a clockwise rotation of the c-director by 2π per stripe, moving from left to right.
The situation is different in the nooses and loops, also briefly addressed in Appendix C and
Ref. [28]: In a similar stack of cross-sections, the dark lines in the image at 0◦ on both sides
of the central area shift in opposing directions upon rotation of the polarizers. This implies
that, from the outside to the center from left to right, ~c rotates counterclockwise by some
angle. In the center, the rotation sense switches and ~c will have rotated backward by the
same amount when reaching the space between two nooses or loops. Such structures are mere
c-director walls. The mismatch angle between center and surrounding director field may vary.
Loops and nooses with opposing rotation sense from center to the outside coexist in the same
menisci. Identical structures have been observed in PM1.

In Figure 2.29, we show a different portion of the same meniscus at different focus heights,
decreasing from left to right. As previously described, two systems of lines shifted by half
a period respective to each other can be focused in the microscope. In intermediate focus
positions, all lines appear about equally broad. Assuming that the c-director aligns parallel
to layer steps in the flat film regions (i.e. perpendicular to the thickness gradient of the
meniscus) seen as homogeneous dark area in the left on the images, and using the knowledge
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Figure 2.29.: A different part of the meniscus shown in Fig. 2.28: When the microscope focus is
lowered from left to right, different line systems and point defect structures become focused.
Black and white encircle structures equivalent to topological c-director field defects of opposite
topological charge. The dashed and dotted circles enclose +1 defect structures with c-director
configuration rotated by π respective to each other.

that these stripes correspond to a continuous rotation of ~c, we may conclude that the stripes
end in the equivalent of +1 point defects of the c-director field towards the thinner meniscus
regions. These are marked by white circles in the image. Likewise, one may determine the dis-
continuity at the branching point to be equivalent to a −1 topological defect of the c-director
field. This result will be independently confirmed in Sec. 2.4. In separate experiments, we
have confirmed that the +1 defects assume a tangential configuration, i.e. KB < KS. Both
senses of rotation exist irrespective of the chirality of the material. A spontaneous bend of
the c-director at boundaries, cf. Ref. [15], seems irrelevant here. We have marked +1 defects
of opposing sense of c-director rotation by dashed, resp. dotted, white circles. Likewise, we
may conclude that the c-director in the focusable black lines is aligned parallel or antiparallel
to the thickness gradient.

Let us now investigate another smectic film, one which possesses several thickness steps of
different widths, see Fig. 2.30. We have completely determined the orientation of the c-
director by rotating the sample and by tilting the film in the microscope. The broad wedge
in (a) is covered mostly by type I stripes. The c-director field was not completely resolved.
The pattern shows prominent irregularities visible as bright blue domains, which have also
been observed in PM1. The big 2π-wall decorated plateau to the bottom left is crossed
at oblique angles by several narrower strips with thickness gradients. In general, when the
wall array crosses a wedge or transits to a meniscus, the contrast between crossed polarizers is
increased and also the appearance of the colors when using a phase plate is noticeably altered.
Some walls cross the wedges structurally unchanged, while others become distorted to a local
back-and-forth director rotation (see image). As discussed in Sec. 2.3.2, the stripe period in
gradient regions is set by the local film thickness. In contrast to that, the period of the 2π-
walls in the plateaus is only set by the anchoring conditions of ~c at the borders of the plateau.
If the period of director rotations in the 2π-wall array in the plateau is not commensurate
with the period-thickness relation of the meniscus stripes at the transition from the plateau
to the wedge region, the stripe period in the wedge region is adjusted by inserting additional
stripes. The same applies when the stripes on a wedge or meniscus are stretched laterally as
at the border of the holes discussed in Sec. 2.3.4. Such a spontaneous nucleation of stripes
to adjust the pattern period has been observed in different samples of PM1 and Felix16. It
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Figure 2.30.: Film and c-director field analysis in arrays of 2π-walls and meniscus stripes type I in
a film of Felix 16 at room temperature: (a) Overview of a plateau region near the meniscus at the
frame and (b) high-magnification image of a region further to the top right in the plateau-and-
wedge region. The 2π-wall array is distorted at narrow steps, the color appearance is altered. The
c-director orientation in (b) has been determined by film rotation and by tilting along the 135◦

axis. In (a), bright cyan corresponds to ~c pointing to the top right. Green arrows in (b) indicate
some lines that are sharp in the top focus position. The thinnest plateau is at the top right of
(a). In (b), the meniscus is thinnest at the top. Further explanation see text. Crossed polarizers
parallel to the image edges and λ phase plate at 45◦.

is slow compared to the diameter expansion of an opening hole. This rules out the argument
that the meniscus stripes might be a frustrated pattern due to the random formation of point
defects during film preparation. The 2π wall arrays in the homogeneous film will be addressed
in Sec. 2.4.
A high-resolution photograph of a different portion of the wedge-and-plateau region in Fig.
2.30(a) is shown in Fig. 2.30(b). One may identify the 2π-walls in the plateaus and the regular
stripes in the wedge regions as a continuous rotation of ~c, counterclockwise in this case. The
transition from the 2π-walls to the rearward end of the meniscus stripes is continuous. A
number of rearward stripe ends at the respective branching points with the corresponding
−1 topological defects can be identified. Green arrows point at locations of the pattern
which become focussed in the microscope at the top film surface. This occurs when the color
changes from blue to bright orange, moving from left to right in the regular stripes on the
wedge regions. Here, ~c points down-slope. In the regular stripe arrays, the opposite c-director
orientation will be sharp in bottom focus. Assuming that the meniscus cross-section is mirror-
symmetric to the film plane, this orientation of ~c to the bottom surface represents the identical
state. Obviously, alignment of ~c orthogonal to the thickness gradient is preferred, as already
discussed for Fig. 2.29.
Besides the regular stripes, several irregular domains are found. In principle we face a back-
and-forward reorientation of ~c similar to the nooses analyzed above. There are similarities to
dot and pearl-chain structures at narrow steps in the film, which are described in Ref. [28]
and Appendix C. Tilting the film reveals a more complex structure at least in this thick
film region. We may suppose that the irregular domains spontaneously occur for period ad-
justment in the sample, as they are also observed when 2π walls cross a narrow wedge at
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Figure 2.31.: End of the meniscus with type I stripes (bottom part of (a)) towards a homogeneous
film region with a wall array (top in(a)): (a), (b) texture at different sample orientations respective
to the polarizers. (c) A thin film region (circular in the middle of the image) moved to the
meniscus and the layer step has partly merged with it. The walls end there in defects, discussed
in Sec. 2.4. White lines indicate the c-director orientation (up to 180◦), bright and dark blue /
orange correspond to opposite orientation of ~c. (d) Pattern in a very thick and narrow rectangular
film (thickness > 10 µm). The dashed region encloses the thinnest part of the film. Images
between crossed polarizers parallel to the image edges, λ wave plate at 45◦, material PM1 at
room temperature. The width of the bar in (a)-(c) is 50 µm, in (d) 20 µm.

inappropriate period. Such domains usually consist of two broad and bright stripes next to
each other, which are rather brick-shaped. These may penetrate the complete stripe-covered
region of a meniscus, and it is exactly these domains which appear as shiny blue (meniscus
edge 135◦ to the polarizers as in (a)), shiny orange (ibid. 45◦) or as a neighboring bright
blue and bright orange stripe domain (polarizer parallel or perpendicular to meniscus edge)
in many observations of smC / smC∗ menisci.

In two examples, we display the end of a meniscus with type I stripes towards the flat film,
which is covered by wall arrays, in Fig. 2.31. Similar to the walls in the plateaus, the transition
of the patterns at the end of the meniscus is smooth. In (a) and (b), we display images at
different sample orientations respective to the polarizers and phase plate. A single thickness
step within the otherwise homogeneous film area has moved towards the meniscus in (c),
seen as the approximately circular region without stripes. A number of +1-defects is trapped
there, cf. Sec. 2.4.
The (spatial) rate of c-director rotation is not constant within a period of the meniscus stripes.
At first glance, this is not very astonishing, as any 2π-wall involves splay and bend of the
c-director and the corresponding elastic constants KS and KB differ. However, there would be
no difference for c-director configurations which are obtained by inverting ~c. This condition is
fulfilled for the walls in the homogeneous film region. In the meniscus stripes, this is not the
case: We observe differences of the added widths of the bright orange and bright blue stripes
to the added widths of the darker blue and orange ones, evident e.g. in Fig. 2.31(d). Chang-
ing the focus of the microscope will change the optical appearance of the texture, remind e.g.
the aspect that two systems of lines may be focused in different depths. The c-director field
in the meniscus, especially in thick films as considered here, will not be independent of the
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Figure 2.32.: Stripe textures on the wedges surrounding expanding holes in smC films of PM1. The
initial film in (a) is well below δ = 3 µm thick, in (b) and (c) δ > 5 µm. Arrows in (c) point at
some topological defects, double-arrows are parallel to ~c in the homogeneous film. Dashes roughly
indicate the end of regular stripe patterns. By continuation of the director field from the thinner
towards the thicker wedge regions, one concludes that the encircled branching region is defect-free.
Images taken between crossed polarizers with diagonal phase plate at 45◦ in (a), (b) and along
135◦ in (c), material PM1 at room temperature. The bar length is 100 µm in each image.
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coordinate normal to the film.

Finally, we return to the textures on the borders of the propagating deep holes from Sec. 2.3.4
considering the above results. Here, the thickness increase may be spread over a long dis-
tance, and the stripe textures expand with the expanding wedges. Period adjustments have
been observed, but they are not frequent, probably due to the short duration of the hole
expansion. In addition, flow alignment of the c-director might play a role in these dynamic
processes. Three exemplary wedge regions in films of different thickness and with differing
hole depths are shown in Fig. 2.32. In thin regions of the wedges, some dot and snake struc-
tures occur apparently at random positions. The initial film thickness in (a) is little larger
than the threshold for stripe formation. The thickness gradient towards the thin central film
is comparatively small, and many single thickness steps are observed. Towards the surround-
ing film, back-and-forth rotations of the c-director can bee seen as elongated orange and blue
domains of irregular peripheries. Similar structures are found around the holes in the sub-
stantially thicker films in (b) and (c). By following the director orientation of these loops
near the film towards higher thickness in (b) and (c), one may conclude that many, but not
all domains developed there are of similar character. The mismatch of the director orienta-
tion ’outside’ and inside the elongated loop seems to increase with increasing local thickness.
Few branchings occur, but tracking those in the corresponding videos indicates that there
are often no point defects involved, e.g. in regions as that encircled in (c). Note that the
pattern on the wedges is not completely periodic. Few point defects in this stripe array on the
wedge exist (white arrows in (c)), and several of them are attached to the rearward stripe ends.

2.4. Patterns in Film Regions of Homogeneous Thickness

Occasionally, a regular stripe pattern covers homogeneously thick film regions, a phenomenon
first described by Maclennan [29]. The preconditions are a smC / smC∗ film of sufficient
thickness so that it possess a striped meniscus. Then, thickness steps may be present and
propagate over the film. An especially decorative realization may be observed around solid
or liquid inclusions, see Fig. 2.33. Depending on whether the additional layers spread from
the meniscus at the frame or from the inclusion meniscus, the inclusion is either embraced
by the texture as in (a) or forms a sunray-like structure seen in (b). This occurrence of wall
arrays is rather accidental and may be transient, depending on heating, cooling or inclusion
deposition. After introducing Maclennan’s results and model, we will present our findings on
the texture of the stripe pattern and its connection to the meniscus stripes described in the
previous section. A controlled method of sun-ray texture preparation is introduced.

2.4.1. Literature: π-Wall Arrays on the Homogeneous Film Extending
from Splay Domains [29]

Maclennan first described a stripe pattern on homogeneously thick parts of FSF in the smC∗

phase, cf. Fig. 2.34, which extends from striped menisci. He identified this texture as a
continuous rotation of the c-director, an array of π walls. It ends in a number of point
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Figure 2.33.: Periodic stripe texture around glycerol droplets, both generated by spreading of ad-
ditional layers: (a) Layers spreading from the film meniscus, with several plateaus of different
thickness seen by slightly different colors. Walls embrace the droplet meniscus. (b) Sun-ray tex-
ture generated when layers from the inclusion meniscus spread onto the film. Both inclusion
menisci are covered by the meniscus stripes. Material Felix16 in the smC∗ phase at room tem-
perature, crossed polarizers parallel to image edges, taken in reflection. Reproduced from Harth
and Stannarius, Eur. Phys. J. E 28, p. 265 (2009) with the kind permission of the European
Physical Journal (EPJ), image (b) courtesy of C. Bohley.

Figure 2.34.: Maclennan’s observations and model of the stripe pattern occurring in homogeneously
thick film regions in the smC∗ phase of the mixture ZLI3654 (commercial, from Merck): (a) Due
to cooling the sample, a thicker region (thickness ≈ 4 µm) floats from the striped meniscus onto a
thin film (dark region) of ≈ 3 mm diameter. (b) and (c) show enlargements near the intermediate
gradient region and in the tip region of the pattern, respectively. The approximate locations are
marked in (a). In (b), the width of one division is 7 µm. (d) Polarization micrograph of a striped
meniscus, showing bright and dark groups of stripes. (e) Sketch of Maclennan’s model for the
π-wall arrays, assuming that the polarization tends to align perpendicular to layer steps and that
~p ⊥ ~c (c-director field: bar, p-director: arrows, -1 point defect: black dot). Figures reproduced
from Spontaneous Director Rotation in Freely Suspended Ferroelectric Liquid-Crystal Films by J.
E. Maclennan, Europhys. Lett. 13 p. 435 (1990), website iopscience.iop.org/epl. Numbering
altered.
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defects of the c-director field pinned at the layer step towards the thin homogeneous film,
cf. Fig. 2.34(a)-(c). In the left part of Fig. 2.34(a), a similar pattern occurs in a plateau
separating the meniscus from a region with film thickness gradient seen as the broad bright
band. In the meniscus, two groups of striped domains of different optical appearance are
identified as bright and dark blocks in Fig. 2.34(d), denoted A and B in the sketch Fig. 2.34(e).
Maclennan interpreted these in accordance with Meyer’s and Pershan’s model [27] as domains
with opposing c-director orientation.
Maclennan supposes that the surface structure of domains separated by defect sheets will in
turn impose a c-director structure on the underlying layers within the film bulk. Here, defect
sheets are no longer present, and the c-director field connects continuously from stripe to
stripe instead, leading to a back and forth rotation of ~c in the bulk layers of the meniscus.
Assuming absence of surface splay in the plateau, this c-director deformation is relaxed to a
homogeneous orientation. Whenever stripes of opposing signs of director reorientation (A, B
domains) are neighbored, the corresponding continuous c-director distortion in the plateau
region cannot relax. It requires a transition A−B−A or B−A−B to generate a full rotation
of ~c, i.e. a 2π-wall. At the layer step bordering the thin film, a -1 topological point defect
is required and is trapped by the layer dislocation. The number of stripes and the period of
the π-wall array are set by the anchoring conditions at the meniscus stripes, i.e. the position
and number of domain transitions A−B. They are unrelated to other material parameters.

2.4.2. Experimental Results

We will now re-analyze the structure of the sun-ray pattern in several steps. We note that
the substances where the pattern had been previously reported are chiral. First, we may ask
whether it also exists in achiral materials. And yes, we have observed it in free-standing films
of PM1 and PM2. Identical to the meniscus stripes, its occurrence is not related to chirality
of the phase. The texture may cover the complete film area with an artistic beauty, as seen
in Fig. 2.35(a).
By rotating the sample between crossed polarizers / with additional phase plate, one confirms
that the pattern consists of 2π-walls with identical sense of rotation of ~c. The film thickness
is decreasing in a few steps towards the focal point of the stripe texture in Fig. 2.35. Due
to the preferential alignment of ~c parallel to layer steps, these are recognized by the local
deformation of the almost equidistant wall structure to a state where regions with ~c parallel
to the step are broadened and those with ~c perpendicular to the step are compressed. In the
center of the sun-ray texture, we find a small homogeneous film region, which is the thinnest
part of the FSF (not resolved in this image). One may also observe few stripes ending in
point defects trapped by layer steps. This may be explained by two arguments: First, the
free elastic energy of a defect is proportional to the film thickness, thus it will preferentially
remain in the thinner part of the film. Second, we may expect some local decrease of the
smectic order at the dislocation, which is in turn favorable for the defect. Some stripes in the
pattern appear in a darker and some in a brighter shade of turquoise in the figure, which we
attribute to an artifact in our microscope. The texture in Fig. 2.35(a) appeared spontaneously
on a film which had rested in the microscope over many hours.

We have developed a method to prepare sun-ray patterns in a controlled manner by the



2.4. Patterns in Film Regions of Homogeneous Thickness 49

Figure 2.35.: (a) Sun-ray patterns (2π-wall arrays) on FSF of PM1 at room temperature: Layer
steps crossing the 2π wall array are identified as regions where the walls locally contract, and
where some walls end in topological defects (arrows). Bar width 100 µm. (b) c-director field
around the two bend configurations of +1 topological defects (left) and (right) sketch of two 2π
walls (from the right) ending in +1 point defects in staggered positions, frequently encountered
in the experiment.

following steps: A smectic film is prepared on a rectangular frame with one moveable edge.
Then, the film area is slowly reduced until the striped domains in the menisci on opposing
frame edges get into touch, the frame now forms a rectangle of large length to width ratio.
By careful re-expansion of the film area, one may create sun-textures. A very early stage
during film expansion is shown in Fig. 2.31(d). The 2π-wall array connects continuously to
the meniscus stripes. As Maclennan [29] documented, the texture extends from the meniscus
stripes and ends either in another striped wedge region or in several point defects trapped at
a layer step towards a thinner film region. Similar wall arrays ending in defects trapped at a
layer step can also be prepared by increasing the area of a homogeneous film at an appropriate
rate so that some plateaus and layer steps are dragged from the meniscus onto the film.
Figure 2.36(b) shows the central region in one of our prepared sun-ray patterns in equilibrium,
the central thin region has a diameter of ≈ 2.1 µm. In order to analyze the c-director field
there, one may slowly expand the film area and thus the hole radius. When the hole exceeds
a critical radius, it will slowly spread towards the meniscus. This critical radius depends on
many experimental factors, e.g. the film expansion rate, the thickness difference of internal
and external regions and the total topological charge of the trapped defects, cf. also Sec. 2.3.4.
By not too strong compression of the film area, one may re-stabilize the step.
The total topological charge of the sun-pattern shown in Fig. 2.36 equals s = +12. The
magnitude may be deduced from the number of bright or dark brushes b around the center,
s = b/4. The sign may be determined by rotating the sample between the crossed polarizers.
Note that a similar analysis applied to Fig. 2.35(a) reveals that if a stripe ends at a layer step
towards a thicker film region as at the position marked by the arrow, it ends in a −1 defect.
The expanded view of the hole region presented in 2.36(b) allows a detailed analysis of the
c-director field near the center of this sun-ray pattern: In contrast to Maclennan’s suggested
structure sketched in Fig. 2.34(e) with −1 point defects trapped at the step [29], we find only
defects of topological charge +1. All +1 defects are bend defects, sketched in Fig. 2.35(b), left.
This implies that KB < KS in this material, as expected. Under this condition, splay defects
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Figure 2.36.: The center of the sun-ray pattern: Image (a) shows the structure in equilibrium, in
(b) the frame has been carefully expanded to increase the diameter the central homogeneously
thick region, which now expands. Estimated diameters of the central part of the film are (a)
d ≈ 2.1 µm and (b) d ≈ 25 µm. Circles mark +1 defects, those with identical sense of rotation
of ~c are marked in the same color. Images in transmission with crossed polarizers parallel to the
image edges, bar width 20 µm. Material PM1 at room temperature.

Figure 2.37.: Repulsive interaction of 7 topological defects of strength +1 released from a sun-ray
pattern after rapid compression of the film area. The quick area reduction affects the complete
c-director field due to elastic interactions and shear flow in the film, seen by the slender walls
connecting to the defects between t ≈ 0.2 . . . 1 s. The width of the bars is 50 µm. Images taken
between crossed polarizers parallel to the edges with additional λ phase plate at 45◦.

would require a larger elastic energy of the c-director field than bend defects. They are thus
unstable to a director reorientation to bend configuration as discussed e.g. in Refs. [11,69–71].
In Fig. 2.36(b), the five defects marked by white circles possess the same sense of c-director
rotation, while the remaining seven defects marked in black, ~c rotates in the opposite sense.
A frequently observed configuration in sun-ray textures is sketched in Fig. 2.36(b): one +1
defect is embraced by two π-walls extending from another defect located in a film or at a
layer step at smaller thickness. The embraced defect is usually trapped at a layer step, not
shown in the sketch.

We now show what happens when the film area is rapidly decreased and the central thickness
step is removed: In Figure 2.37, a sun-ray texture of total topological charge s = +7 has
been prepared. Upon disappearance of the central dislocation loop, the seven defects are
released. Similar to electrostatic point charges, they repel each other. As the repulsive forces
between any pair of the six defects on the periphery are equal, they position on the corners
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of a hexagon whose area grows with time.

Last, let us come back to the origin of the 2π wall arrays in the meniscus stripes: Maclen-
nan [29] supposed that the array of π-walls originates from the borders between groups of
stripes with opposing c-director orientation in the meniscus. His images show bright and dark
blocks of stripes, as we would see in our stripes of type II (see Sec. 2.3.2). Such domains are
rare at large film thickness, yet our above preparation method for sun-ray textures operates
in exactly that thickness regime. The connection of a sun-ray pattern to the stripes of type I
on the meniscus has been shown Fig. 2.31 and analyzed in Sec. 2.3.5. We conclude that the
2π wall arrays in the homogeneous film are a direct consequence of the meniscus stripes. Al-
ternating domain types are not necessary for their formation. Similar to the meniscus stripes,
the walls end in +1 defects towards the thinner film regions. When the trapped +1 defects
retract with the layer step towards the meniscus, each defect attaches at the film-ward end
of one meniscus stripe.

2.5. Summary, Discussion and Conclusions

Menisci of free-standing smectic films of various chiral and non-chiral materials have been
investigated with a focus on the smectic C phase. To our present knowledge, stripe patterns
cover all broader regions with thickness gradients in sufficiently thick smC/smC∗ FSF. Since
the first report and modeling of the meniscus stripes more than 40 years ago by Meyer and
Pershan [27], their structure and origin have been first questioned around the year 2010.
Loudet et al. [32] proposed an alternative model based on surface undulations.

Meniscus Profiles
Meniscus profiles at the frame of the film and around inclusions of more than 10 µm diameter
in the film plane have been determined by optical methods for several substances. They
can all be fitted conveniently with a linear or quadratic function (as first approximation of a
circle), depending on the data set. Individual meniscus shapes depend on the film preparation
and temperature. In AFM measurements in the smC phase of PM1, we could distinguish a
region with linear slope near the homogeneous film and a region of circular profile at larger
thickness. When the shape of the menisci in various materials is extrapolated to the film
plane, a nonzero contact angle up to ≈ 5◦ was detected.
Previous studies using 8CB [23–26] and a mixture of 8CB and 10CB [22] reported nonzero
contact angles in smA films, however only for very thin films. In films above 100 nm thick-
ness, as studied here, the transition from the meniscus to the film would be expected to
be smooth. In addition, the meniscus profiles were always circular, without a linear region
towards the flat film. Thus, we have demonstrated a crucial difference between our menisci
in smC FSF to the measurements and model predictions summarized in Ref. [20] (from p.
414) and Sec. 2.2.1. For smC FSF, Dolganov et al. [72] have obtained meniscus profiles with
non-zero contact angles as well. Values of the contact angles have not been given, from their
figure one may estimate θm ≈ 1◦. These increased contact angles as compared to 8CB may
have different reasons. First, these are measured in the smC phase (not in the smA phase),
where we encounter, e.g., a smaller layer elastic modulus B [33]. Second, as the equilibration
of the 8CB films took many hours, not all the menisci measured here might be completely
equilibrated.
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Characteristics of Stripe Patterns
First, let us summarize the experimental findings about the various patterns decorating our
FSF and conclude on their structure and relations:

1. Occurrence: Stripe domains decorate all sufficiently broad regions of thickness gradi-
ents in smC / smC∗ FSF above a threshold thickness around 1 . . . 1.5 µm, regardless
whether the material is chiral or not. An almost universal period-thickness relation is
found for various materials and meniscus shapes. SmA menisci are only striped near
a phase transition to a lower temperature smC / smC∗ phase, i.e. when the meniscus
still possesses surface layers in the smC / smC∗ phase while its core may already be
in the smA phase. Spontaneously formed stripe patterns do not occur in regions of
homogeneous thickness. There, only wall arrays due to the anchoring conditions of the
c-director at the border of the planar domain may be stabilized in general (see last point
of this list).

2. Structure and Classification of Meniscus Stripes: Two types of stripes can be
distinguished via their appearance and c-director fields. The border between type I and
type II domains is not straight, they may penetrate each other even to the end of the
striped regions at the thin film or the focal conic domains in thick menisci.

Type I occurs preferably at larger thickness, it corresponds to the 2D equivalent of
a continuous rotation of the c-director. The rotation rate is not constant within a
period and it also depends on the distance from the surface into the bulk, i.e. the
texture is three-dimensional. In the meniscus, each stripe ends at the branching points
towards the thicker film regions in the equivalent of a -1 topological defect of the c-
director field. Towards the thinner region, these stripes end in +1 point defects. In the
studied materials, KB < KS and tangential configurations of +1-defects of both rotation
senses of the c-director are observed. The defects are trapped at layer steps inside the
meniscus. In plateaus, the 2π-walls may either extend to another wedge region or end
in the corresponding defects.

Type II occurs mainly in thinner meniscus / wedge regions. Its period-thickness rela-
tion seems much less defined, even broad nooses in front of a meniscus possess the same
structure. It corresponds to a spontaneous back- and forward rotation of the c-director
in thin regions. Regions with ~c parallel to the thickness gradient are unfavored, they
appear thinner in polarization microscopy, probably an effect due to the preferential
c-director alignment parallel to layer steps. The amplitude of the c-director deflection
may vary. Two configurations exist, depending on whether the c-director rotates clock-
wise or counterclockwise going from the outside to the center of the domain. Both
coexist in the same meniscus. These appear as dark and bright blocks of stripes in
regions near the homogeneous film / plateau at appropriate sample orientation between
crossed polarizers (first observed by Maclennan [29]), or as orange / blue high- and
low contrast blocks when a phase plate is used. In addition, single or multiple type
II stripes may penetrate or spontaneously nucleate between stripes type I. When the
meniscus is thick, the director distortion seems to have some component along the layer
normal. Penetrating domains appear as irregularities in the optical observations of type
I domains.
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3. Surface Topography: In AFM measurements, non-sinusoidal surface undulations cor-
related with the stripe patterns are detected. Their height is few percent of the meniscus
thickness. In phase images, lines of increased stiffness are visible. Their structure is
identical to that of the focusable lines on the top surface of the wedge regions. At the
end of the meniscus stripes towards the homogeneous films, phase patterns similar to
the optical appearance of type II stripes are detected. The critical thickness for the
appearance of the pattern coincides with the cross-over from linear to circular meniscus
slope.

4. Dynamical Features: Stripe patterns preferentially of type II spontaneously form
when a hole of hundreds to thousand of layers depth is nucleated in a FSF via rapid
increase of the film area. After an initial phase, such holes expand at roughly con-
stant velocity towards the meniscus. New stripes nucleate only rarely, the number of
stripes on a given hole is roughly constant. Consequently, each stripe is expanded to
a width larger than its natural period. We observe an increasing director deflection
with increasing thickness in domains of type II. When the striped wedge of a moving
hole reaches the meniscus at the frame or when two holes merge, the stripe pattern
is substantially stretched perpendicular to the thickness gradient. Individual stripes
are split into shorter segments. Those merge again with other stripe segments. The
final structure is smoothly connected to the previous meniscus. Again, blocks of two
configurations can be observed.

5. Patterns at Thickness Steps: At narrow thickness steps between neighboring pla-
teaus, diverse other structures are observed: dots, snakes, zippers. These usually repre-
sent a back and forth deflection ~c. When an array of 2π-walls crosses a thickness step
at inappropriate ’stripe’ period, additional c-director deflections are inserted sponta-
neously. These look similar to the dot and zipper structures. If the crossing occurs at a
small angle, a long snake-like director distortion may be seen. When the step is broader,
those textures may appear more square-like, reminding of a zipper. Summarizing, their
origin is identical to the meniscus stripes, and the confinement to narrow regions alters
the details of their appearance.

6. 2π-Wall Arrays in Homogenous Film Regions: Wall arrays in film regions of
homogeneous thickness typically originate from stripes type I, i.e. they are arrays of
2π-walls. This pattern exists only due to the anchoring of ~c at the meniscus stripes and
terminating defects trapped at layer steps. For the sun-ray texture expanding from the
meniscus at the frame, this layer step encloses a small thinner region of few micrometers
diameter within the homogeneous film. Its equilibrium radius is set by a competition
between repulsive interactions of the trapped +1 point defects and the line tension of
the step.

Discussion of Models for the Meniscus Stripes
In a second step, we discuss the suggested models and some other potential candidates for
an explanation of the meniscus stripes. All of them conflict with some of the experimental
findings:

A surface-polarization induced deflection of the c-director as suggested by Meyer and Per-
shan [27] would affect all surfaces of smC FSF, including homogeneous film regions above a
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threshold thickness. However, as already noted by the authors, such patterns have not been
observed in regions of homogeneous thickness, not even in our films of δ > 10 µm thickness.
At the thickness threshold, the authors argue that the extension of the defect sheets sepa-
rating splay domains into the depth of the film becomes comparable to the film thickness.
Reminding that the pattern is absent below δ < 1 . . . 1.5 µm thickness, that depth would be of
similar order, i.e. at least 100 smectic layers. This seems inappropriate for a surface-induced
effect. The model does also not imply an alignment of the stripes with the thickness gradient,
nor is it consistent with our findings on the c-director fields.

The visibility of the meniscus stripes and coronae in white unpolarized light and their intrigu-
ing structural resemblance of hierarchical wrinkling patterns in thin rigid sheets on deformable
substrates, exemplarily shown in Fig. 2.3, make an interpretation of the meniscus stripes as
originating from smectic layer undulations very tempting. The literature comprises several ob-
servations and theoretical descriptions of layer undulation instabilities of smA and smC sam-
ples in thin cells with planar layer orientation, e.g. for the smC phase in Refs. [33,61,73–77].
These are usually related to the relaxation of tensile stresses on the layer structure, caused
by e.g. layer thickness adjustment near a phase transition, by electric or magnetic fields or
simply mechanically applied tension on the sample by pulling the top and bottom cell walls
apart. Some of the textures are only transient. Layer moduli in the smectic A phase are
typically of the order of 1 . . . 10 MPa [20], p. 92. In the smC phase, layer moduli are roughly
two orders of magnitude smaller, 104 . . . 106 MPa, some values are given in Refs. [33,78].

Indeed, nanometer-scale surface undulations of menisci have been proven experimentally [31,
32], but their origin remains a matter of debate. The model by Loudet et al. [32] constructs
a stress field out of unrealistic boundary conditions, i.e. a planar anchoring of the n-director
at the frame. From this, they construct a tensile stress on the layers in smC menisci through
the appearance of a tilt at the smA-smC phase transition. Their calculated pattern periods
also do not agree with our experimental findings above. In real FSF, the layers assume focal
conic arrangements in the vicinity of the film holder. In addition, the layer dislocations in
the menisci will rearrange to compensate external stresses, as also argued in Ref. [20] (from
p. 417). Note that the pattern was also observed in a material, which possesses a direct
transition from smC to nematic, without a smA phase [64]. Last, this model does not pro-
vide an explanation for the existence of stripe patterns in wedge regions not in contact with
the meniscus at the frame. Our experimental findings rather suggest that the small surface
undulations are a side-effect of a c-director modulation, and not vice versa. If surface undula-
tions were responsible for the appearance of the c-director modulations, the interface tension
of the smectic to the surrounding medium would play a stabilizing role. Conseqently, the
period should be altered when the interface tension is reduced by, e.g., submerging a film in a
surfactant solution (cf. Chapter 4). We find wall arrays covering sufficiently thick regions of
smC bubbles in an aqueous SDBS solution, see Fig. 2.38(a). This indicates that the meniscus
stripes will be present in submerged smectic films as well. Note that we can also rule out the
(small) curvature of the meniscus surface as a reason for stripe formation, as e.g. the pattern
occurs in with similar film thickness - period characteristics on menisci of very different shapes.

The meniscus stripes end at the focal conic domains in thick meniscus regions. As the smectic
layers are significantly bent there, we will briefly discuss yet another structure based on even
larger layer distortions: Layer arrangements that represent portions of hemi-cylinders with
symmetry axis aligned parallel to the thickness gradient. Such patterns arise in thin films of
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(a) (b)
Figure 2.38.: Stripe patterns in other environments: (a) wall arrays on a smectic bubble of PM2

submerged in a SDBS solution between slightly de-crossed polarizers parallel to the image edges.
Note that for this polarizer orientation, only two director orientations appear dark and two appear
bright, i.e. integer defects show only two brushes and 2π walls only two intensity minima. Colors
are related to the local tilt of the optical axis to the viewing direction and the film thickness. (b)
Stripe patterns in regions with thickness gradients in a small amount of material PM1 spread on
a glass slide. Crossed polarizers parallel to the edges and λ phase plate at 45◦. The length of the
bar is in (a) 2 mm and in (b) 50 µm. Images taken in transmission and at room temperature.

Figure 2.39.: Arrays of parallel linear domains of SmA 8CB on mica. The domain axis, y, is per-
pendicular to the direction x of planar anchoring. d is the distance between neighboring layer
disclinations. Circles mark regions where domains split or merge. (a) Optical micrograph of an
array between crossed polarizers. (b) Detail of a drop edge. (c) Model array of cylindrical do-
mains with disclination centers (blue dots) tangent to the substrate, separated by curvature walls
v. SmA molecules (short green rods) are normal to the free interface and parallel to x on the
substrate. h is the domain thickness. Reproduced from Zappone et al. [79] with permission of the
Royal Society of Chemistry.
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Figure 2.40.: Rippled texture observed under slightly de-crossed polarizers diagonal to the image
edges. The pattern may be explained by a negative bend elastic constant of the c-director. The
dashed lines mark dislocations that separate regions of different film thickness. The film thickness
varies from about 90 nm in the bottom right region to about 100 nm in the top left area. The
circle visualizes the angular dependence of the reflectivity (optical image of a radial c-director
field). Reproduced from Eremin et al. [83] with permission of the Royal Society of Chemistry.

smA materials, where the homeotropic anchoring of the n-director at the smectic-air interface
conflicts with a planar alignment with a preferential in-plane direction at a substrate, see
Fig. 2.39. This layer geometry in the smA phase has been extensively studied by a group
of researchers around E. Lacaze, see e.g. Refs. [56, 79–81]. We observed patterns of similar
appearance as the meniscus stripes in a small amount of material spread on a glass slide,
see Fig. 2.38 (b). However, the structures observed in thin smA films on the substrate often
do not possess a defined period, and they require an planar anchoring of the n-director. An
equivalent for the latter is not easily envisioned in a FSF. In addition, the layer arrangement
has been recently revealed to be more complex than simple truncated cylinders [79]. We can
thus exclude that this mechanism is relevant.
Patterns of similar appearance to the meniscus stripes may also occur due to a destabilization
of the interface between a smectic phase and its isotropic or nematic melt [82]. However, the
model for that instability does not involve layer undulations with layer steps in the bulk,
but layer steps at the interface. This is possible due to the usually very small tensions of
these interfaces [43]. Whether such a process might play a role in the pattern occurrence near
phase transitions in the menisci remains unclear. However, it cannot be responsible for the
pronounced stripes in the smC/smC∗ temperature range of our materials because in FSF, the
layer steps are in the bulk and the stripe pattern appears also without temperature changes
of the sample.

In thin meniscus regions, we observe back-and-forth rotating c-director fields in individual
nooses and loops or in the stripes of type II. In narrow wedges between adjacent plateaus of
larger thickness, snake-like distortions of traversing π-walls and S- or dot patterns sponta-
neously occur. Obviously, the usual ground state of a homogeneous c-director orientation in
the flat film is unstable with respect to a distorted state wherever a sufficient number of layer
steps is located. The sense of c-director rotation does not seem to be relevant. In FSF of a
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bent-core mesogenic material, the spontaneous formation a periodic structure of back-and-
forth rotations of ~c shown in Fig. 2.40 has been observed by Eremin et al. [83]. Unlike other
labyrinth textures (e.g. Ref. [84]), it does not involve a thickness modulation of the smec-
tic layers but represents a pure instability of the c-director field. In this case, the c-director
prefers a bend deformation of arbitrary rotation sense. The structure may be qualitatively de-
scribed by introducing a negative bend elastic constant of the c-director, KB < 0, and adding
a fourth order term in c-director bend to the free energy expansion. The idea of a negative
bend constant in smC FSF had already been put forward by Hinshaw et al. [85, 86] for a
material of large chirality. In bent-core nematics, the occurrence of spontaneously twist-bent
structures had been proposed by Dozov [87], it attracted considerable interest and received
experimental confirmation in recent years. The universality of our meniscus stripes forbids us
to attribute the existence of the pattern to chirality or specific properties of a mesogen type.
However, the layer steps break the symmetry between the adjacent thinner and thicker film
regions. We could speculate that a similar negative effective elastic constant results, and the
strength of the effect may be determined by the dislocation density along the meniscus cross-
section. It would be an interesting, but complex theoretical problem to elucidate whether
such a coupling might be realistic.

Perspectives
Although the structure of the stripe patterns has been revealed to a large extent, their origin
still remains mysterious. The existing models were proven to be inappropriate to describe the
stripe texture in our study. A theoretical study of, e.g., effects of layer steps on the effective
elastic constants for the c-director seems complex due to the many terms of the smectic C
elastic energy and the layer dislocations involved in the problem. However, this might be
the key to a full explanation for the occurrence of the pattern. Likewise, a sophisticated
experimental and theoretical analysis of the meniscus shapes in the smC phase would be
valuable. The study of smC menisci and their adaption dynamics e.g. after an inclusion was
deposited in the film may provide new insights to the film dynamics in general.
Last, we mention that the controlled preparation of sun-ray patterns in FSF allows studies
of defect repulsion in smectic FSF (cf. Fig. 2.37), and thus a study of the interplay between
c-director reorientation, in-plane material flow and the ambient gas. This may provide addi-
tional insights into material parameters, e.g. viscosities, of the smectic material, which are
very hard to access in bulk samples.





3. Relaxation of Freely Floating Soap
and Smectic Bubbles

Drops and bubbles, one fluid enclosed by another, have fascinated scientists, artist and en-
gineers for already a long time. Since photographic techniques allowed to capture individual
moments in a drop’s or bubble’s lifetime in still images in the 19th century, numerous inves-
tigations of problems related to drop an bubble dynamics have been conducted. Oscillating
fluid volumes are frequently encountered in nature and technology, on various size scales, e.g.
in raindrops bouncing on the surface of a lake, in Leidenfrost droplets elevated above a hot
surface by their own vapor, in the motion of drops on structured or vibrating surfaces, in gas
bubbles rising in a surrounding fluid. The broad range of phenomena related to compress-
ible bubbles in a surrounding fluid is encountered, e.g., in cavitation phenomena, ultrasonic
cleaning, medical applications or underwater noise.
When one or both fluids contain a surfactant, the dynamics on short time scales may become
considerably more complicated due to adsorption and desorption kinetics at the interface. But
even without that, the redistribution of surfactant molecules within the adsorbed monolayer
may contribute significantly to the stress balance at the interface, and thus to the dynamics.

One step further, one may consider an inner fluid that is separated from an outer fluid by an
impermeable membrane. From childhood days, we have been playing with beautifully colored
soap bubbles. We have prepared them from soap films, we have watched them in the air,
and we have encountered their coalescence and rupture. What remains hidden to the eye is
their dynamics when two smaller spheres form a larger one, or how the film retracts during
rupture. Soap films attached to a frame can be easily prepared, they may span frames of
immense areas or even frames of adjustable form. Their shape will adapt to minimize the
surface energy, and thus provide nature’s solution to mathematical minimization problems.
With the advent of modern high-speed cameras and sophisticated photographic techniques,
also the rapid shape dynamics of soap bubble coalescence and rupture became relatively
easy to access. While thin film rupture has been addressed by numerous authors (cf. next
Chapter), the relaxation dynamics of soap films from a strongly distorted initial state to the
sphere has not been thoroughly investigated until our study in 2010 [88]. Similar to coalescing
droplets, relaxing soap bubbles perform damped oscillations of large initial amplitudes.
Results and predictions on drop and bubble dynamics from the literature are presented in
the first Section, 3.1. Then, we introduce the relaxation dynamics of merged centimeter-sized
soap bubbles and compare it to theoretical results and numerical simulations in Section 3.2.
The beauty of the soap bubble oscillations lies in their small damping through viscous effects
in the air and their large size, as compared to coalescing drops or bubbles. Soap bubbles
represent the simplest system including a quasi-Newtonian liquid membrane separating two
volumes of gas. For large enough bubbles, all properties of the liquid film except its tension
are irrelevant. For smaller soap bubbles, the inertia and viscosity of the liquid significantly
influence the oscillation frequency and damping, as outlined for few examples in Sec. 3.4.
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Figure 3.1.: Examples of wrinkling patterns induced by surface area shrinkage: (a) Wrinkling apple
skin on an elderly apple. (b) Wrinkling of a thin elastic capsule enclosing a pending drop. The
images show the relaxed membrane and a state where some fluid was retracted. Width of the
nozzle ≈ 1.6 mm. (c) Wrinkling during deflation of a bursting viscous bubble. Image (a) reprinted
Figure with permission from Cerda and Mahadevan, PRL 90, 074302 (2003). Copyright (2003) by
the American Physical Society. Image (b) adapted with permission from Knoche et al., Langmuir
29, p. 12463 (2013). Copyright (2013) American Chemical Society. Image (c) from da Silveira et
al., Science 287, p. 1468 (2000). Reprinted with permission from AAAS.

Another extreme case is encountered when rigid or elastic membranes separate the fluid
volumes, e.g., when a deformed rubber balloon relaxes or rigid adsorbed layers cover the
interface. Then, the dynamics will be determined by elastic properties. In deformed elastic
sheets on substrates, wrinkling patterns are frequently observed, as already shown in the pre-
vious Chapter. An everyday life example is an aged apple, which shrunk in volume due to
loss of water, see Fig. 3.1(a). The morphology of the wrinkles is a rather disordered structure
without preferential alignment. Wrinkling of elastic membranes under tension often occurs
with the alignment of the wrinkles parallel to the applied stress [62]. Even the restriction
of the conservation of the surface area of a capsule or droplet may suffice to induce surface
wrinkling upon volume reduction, as exemplarily shown in Fig. 3.1(b) for a water droplet
enclosed by a thin layer of polymerized octadecyltrichlorosilane.

A variety of systems is found in a range between the extremes of purely elastic and purely
surface-tension represented films. On a microscopic scale, one finds diverse cell membranes
and lipid bilayers, e.g. of vesicles. Due to the complex structure of cell membranes and their
connection to other parts of the interior of the cell, the description of these systems may
seem rather complicated. Nevertheless, there are numerous studies, e.g., of the dynamics of
red blood cells. Lipid bilayers represent a much simpler model system. Such membranes
may adapt to changes of the surface area by removing / adsorbing lipid molecules from the
surrounding solution, a process which takes a certain time to be accomplished. As a result,
the shape dynamics of such systems is usually governed by bending moments of the bilayer.
Interface tensions are practically irrelevant. On short time scales or under small stresses, the
interface tension to the surrounding liquid may be considered effectively zero [89,90]. This be-
havior leads to a dynamics which is very unfamiliar for usual fluid-fluid interfaces. One mode
of vesicle dynamics is ’trembling’, shapes occurring during this motion are exemplarily shown
in Fig. 3.2(a). The dynamics shown here occur on the time scale of minutes, significantly
slower than typical surface tension driven droplet oscillations. In a beautiful experiment by
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(a)

(b)

Figure 3.2.: Dynamics of vesicles and flat lipid bilayers: (a) A vesicle performs unsteady slow motion
dubbed ’trembling’ in general flow of the surrounding medium, which is similar to tumbling except
with a smaller reorientation angle, the equilibrium radius of the vesicle is 6.19 µm. (b) Membrane
transformations upon lateral stretching and compression. (A) Lipid membrane in the initial state,
with firmly adhered vesicles (diameters, 200 nm—4 µm). The membrane is supported on a thin
circular PDMS sheet (thickness 100 µm), which seals one end of an air- or water-filled micro-fluidic
channel. Controlled positive or negative pressure (P) applied by a pump attached to the other end,
respectively, inflates or deflates the PDMS sheet, which results in the biaxial lateral expansion or
compression of the coupled lipid bilayer (indicated below each image). Confocal micrographs of
(B) the expanded membrane, where the originally adhered vesicles have been absorbed and (C),
the compressed membrane, where expulsion of lipid tubes has occurred. Scale bar: 50 µm. Image
sequence (a) from Deschamps et al., PNAS 106, p. 11444 (2009), with permission. Part (b) from
Staykova et al., PNAS 108, p. 9084 (2011), with permission.
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Staykova et al. [91] shown in Fig. 3.2(b), lipid membranes adhered to a substrate have been
stretched or compressed laterally. Upon stretching, adhered versicles are integrated to form
a flat membrane. Upon compression, excess lipid molecules are expelled from the membrane
in tubules.

Even in membranes of common fluids, the properties of the film may influence the dynamics
significantly. On the one hand, one may have to consider the inertia of the fluid film. This
will be relevant especially in small bubbles or shells. On the other hand, viscous flow in a
fluid film couples to the motion of the surrounding fluid via the dynamic boundary condition,
which requires stress balance at the interface. In case of highly viscous fluids, the rupture of
the film has been demonstrated to be dominated by viscous dissipation [92], which will be
discussed in Chapter 4. Similarly, one may infer a considerable effect on the shape relaxation
dynamics of bubbles if the films are thick or viscous enough. During film rupture, even the
formation of wrinkling patterns has been reported [92,93], see Fig. 3.1(c).

In this broad range of material properties, membranes of smectic liquid crystals may adopt an
intermediate role: Smectic FSF are always composed of an integer number of smectic layers,
and significant changes of the film thickness are inevitably linked to nucleation of dislocations
and the growth of regions with increased, resp., decreased thickness. Island dynamics after
rapid compression of a smectic film has been observed, e.g., by Oswald [94] and by Caillier et
al. [95]. Typical in-plane viscosities of smectics are on the order of 0.1 Pa s and not expected
to be relevant here. However, a surface area reduction of a closed smectic bubble requires
an increase in film thickness, which will be counteracted by a much larger resistance. Thus,
we may expect interesting dynamics somewhere between the characteristics of soap films and
vesicles or elastic capsules.

Prior to this work, exclusively smectic bubbles connected to a capillary (sessile bubbles) have
been studied, e.g., in connection with surface tension measurements of the smectic mem-
brane [96–100], for gas permeation measurements [101,102], for studies of dislocation dynam-
ics [94,95] or to study film rupture (see Chapter 4). A technique for the reliable and controlled
preparation of freely floating bubbles using the collapse of a catenoid-shaped smectic film is
introduced in Sec. 3.3. The relaxation dynamics of such free-floating smectic bubbles in com-
parison to similar soap bubbles will be analyzed in Sections 3.4 to 3.6. The experiments
comprise a broad range of dynamic phenomena, from rupture of the thinnest films to surface
wrinkling in the thick and homogeneous ones. We close with a summary and perspectives for
future research.

3.1. Drop and Bubble Oscillations: Literature Review

In order to understand the general context of the dynamics of our soap and smectic bubbles,
and in order to discriminate effects of the membrane from those of flow in the interior /
exterior fluids, we first provide an introduction to the oscillation dynamics of free-floating
drops and gas bubbles of or in Newtonian fluids, without a membrane at the interface. This
section summarizes the main experimental and theoretical results. In the following, we refer
to a drop if the properties of the environmental fluid are negligible, and to a gas bubble in the
opposite case. First, we explain the simplest and frequently applied potential flow approach
for infinitesimal amplitudes by Lamb [103] and related results. Then, we address selected
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extensions of the model to more realistic flow properties and to finite amplitudes.
The oscillating (soap and smectic) bubbles discussed in this thesis can be considered incom-
pressible and as initially embedded in a quiescent fluid. Thus, we will not address the broad
fields of compressible bubbles (see e.g. the reviews by Plesset and Prosperetti [104], Feng
and Leal [105] and Lauterborn and Kurz [106]) or that of translating bubbles in an outer
fluid, encountered for, e.g., decomposition of fast fluid jets, for rising gas bubbles in aqueous
environment or for falling droplets in air.

3.1.1. Original Model: Infinitesimal Amplitudes

Oscillating fluid drops or gas bubbles have been first analytically described by Kelvin [107]
and Rayleigh [108]. The first derivation considering both an inner and an outer fluid trace
back to Lamb, see e.g. his lecture book from 1932 [103]. He simplified the flow problem by
assuming infinitesimal deviations from a sphere of equilibrium radius R0, and by neglect of
the compressibility and viscosity of the fluids. The dynamic equations are then given by the
Laplace equations for the velocity potentials Φi and Φo of the inner and outer fluids, resp.,

∆Φi = 0, ~vi = −∇Φi, (3.1)

∆Φo = 0, ~vo = −∇Φo, (3.2)

where ~v denotes the flow velocity, and the corresponding Bernoulli equations

pi + ρi
∂Φi

∂t
= Ci, po + ρo

∂Φo

∂t
= Co, (3.3)

for the inner and the outer fluids, respectively. Here, pi,o denote the pressures, ρi,o the densi-
ties of the inner and outer fluids, respectively, and Ci,o are respective constants. Let us define
the coordinates in a spherical coordinate system (r, θ, φ) as the distance to the origin, the
angle to the z-axis and the azimuth respective to the x-axis of a cartesian coordinate system.

For the solution, we require that Φo(r →∞) and Φi(r → 0) do not diverge and that the radial
velocity component is continuous across the interface. We assume an infinitesimal disturbance
ζ of the equilibrium radius R0 of our drop or gas bubble, R = R0 +ζ. Then, periodic solutions
of frequency ωn are given as

Φi =
∑
n

n∑
m=−n

Anm(t)

(
r

R0

)n
Ynm cos(ωnt), (3.4)

Φo = −
∑
n

n∑
m=−n

n

n+ 1
Anm(t)

(
r

R0

)−(n+1)

Ynm cos(ωnt). (3.5)

The eigenmodes of the angular part of the Laplace operator are the spherical harmonics,

Ynm(θ, φ) =

√
2n+ 1

4π

(n−m)!

(n+m)!
Pnm(cos θ)eimφ, (3.6)

where

Pnm(x) =
(−1)m

2nn!
(1− x2)m/2

dn+m

dxn+m
(x2 − 1)n (3.7)
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is the associated Legendre polynomial with natural numbers n and m, −n ≤ m ≤ n. In
particular, these functions are orthonormal, implying that any such shape oscillation can be
decomposed into a set of independent oscillations in the eigenmodes with respective time-
dependent amplitudes Anm(t). For axisymmetric geometries, m = 0. In this case, we omit
the index m and write An(t) instead of An0(t).

Equating the Laplace pressure with the Bernoulli equations (3.3) yields

γ

(
1

R1

+
1

R2

)
=

2γ

R0

+ ρo
∂Φo

∂t
− ρi

∂Φi

∂t
, (3.8)

where γ is the interface tension and R1, R2 are the local principal radii of curvature of the
interface. We have used Ci − Co = 2γ/R0, derived from the equation with vanishing flow.
The mean curvature is to first order given by [109]

1

R1

+
1

R2

=
2

R
− 2ζ

R2
− 1

R2

[
1

sin2 θ

∂2ζ

∂φ2
+

1

sin θ

∂

∂θ

(
sin θ

∂ζ

∂θ

)]
, (3.9)

where ζ is a the small disturbance of the spherical shape due to the mode oscillations.

Inserting the velocity potentials Eqns.(3.4) and (3.5) and assuming infinitesimal amplitudes
yields eigenfrequencies independent of the index m,

ωLn =

√
γ

R3
0

(n− 1)n(n+ 1)(n+ 2)

ρi(n+ 1) + ρon
. (3.10)

Neglect of one of the fluids reproduces the frequently used results previously obtained by
Rayleigh. For the case of soap bubbles or smectic bubbles, where a membrane separates the
inner from the outer fluid volume, we have to replace γ by 2γ as the film has two interfaces.
Note that there are no oscillations for n = 0 and n = 1 in this linear model. These would corre-
spond to a change of volume and a shifting centroid, respectively. In case of non-infinitesimal
or even large amplitudes, oscillation of the mode with n = 0 is necessary to satisfy volume
conservation, see below. Excitation of the first mode may occur due to mode coupling [110].
However, as there is no restriction on the position of the origin of the coordinate system, an
expansion to A1 = 0 is always possible, as already pointed out by Becker et al. [111].

Allowing a small viscosity and neglecting one of the fluids, Lamb presented a result for the
characteristic time of damping in drops and bubbles, assuming the above velocity field in the
drop or outside the gas bubble, respectively. This has been extended to include both fluids
by Valentine et al. [112],

τVn =
R2(ρi(n+ 1) + ρon)

(2n+ 1)[ηi(n2 − 1) + ηon(n+ 2)]
. (3.11)

However, the approach is insufficient and strongly underestimates the damping: vorticity in
the boundary layers near the interface usually is the main source of dissipation [113].
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3.1.2. More Realistic Descriptions of the Flow and Finite Amplitude
Oscillations

During the last 50 years, numerous studies have increased our knowledge about drop and gas
bubble oscillations immensely. The influence of features such as viscosity, rotational flow and
finite amplitudes on the oscillation dynamics have been investigated. Here, we collect several
important results from the literature. The text, except the first paragraph, is adapted from
Kornek et al. [88], © Institute of Physics and IOP Publishing 2010.

One of the most important and general extensions to the potential flow models was given by
Miller and Scriven in 1968 using the linearized Navier-Stokes equations [113]. They assumed
two incompressible fluids separated by a two-dimensional interface, in a general case allowing
for various interfacial rheological properties. The amplitudes are considered small. They
derived a system of 5 equations, which usually has to be solved numerically. As a special
case, they treated an interface represented solely by its interface tension. They provided
oscillation frequencies and damping rates. A relevant term was omitted in the damping, we
give the form corrected by Prosperetti [114] and Marston [115]:

ωPMn ≈ ωLn −
α

2

√
ωLn (3.12)

1

τPMn
≈ α

2

√
ωLn +

β

2
− α2

2
(3.13)

α =
(2n+ 1)2√ηiηoρiρo√

2R0(ρi(n+ 1) + ρon)(
√
ηiρi +

√
ηoρo)

β =
(2n+ 1) [2(n2 − 1)η2

i ρi + 2n(n+ 2)η2
oρo + ηiηo(ρi(n+ 2)− ρo(n− 1))]

R2
0(ρi(n+ 1) + ρon)(

√
ηiρi +

√
ηoρo)2

,

where ηi,o and ρi,o denote the dynamic viscosities and densities of the fluids, respectively. The
integer n is the mode number, ωLn the corresponding Lamb frequency, Eqn.(3.10), and R0

the equilibrium radius. This approximation is correct to order η3/2 [116] for sufficiently large
interface tensions and droplet radii, and for small viscosities of both fluids (τnω

L
n � 1) [117].

Prosperetti [118] derived equations governing the influence of viscosity on axisymmetric de-
formations of small amplitudes allowing vortex flow.

Tsamopoulos and Brown [119] were the first to investigate axisymmetric deformations of
moderate amplitudes. They considered the special cases of drops (ρi � ρo) and gas bubbles
(ρi � ρo) of incompressible and inviscid fluids. Expanding the surface, velocity potential and
frequency in a Poincaré–Lindstedt manner in a small quantity ε, for example, the dimension-
less surface

r(θ, t; ε)

R0

= F (θ, t; ε) =
∞∑
k=0

ε

k!
F (k)(θ, t)

= 1 +
∞∑
n=2

εnPn0(cos θ) cos(ωnt) +O(ε2), (3.14)

they derived a quadratic dependence of the frequency ωn on the amplitude, which is correct
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mode number 2 3 4
drop 1.170 1.998 2.797
gas bubble 1.454 2.220 2.898

Table 3.1.: Frequency correction coefficients ω
(2)
n for oscillations at moderate amplitudes, for differ-

ent mode numbers in special cases of drops (ρi � ρo) computed by by Tsamopoulos [120] and for
gas bubbles (ρi � ρo) by Tsamopoulos and Brown [119].

up to the fourth order in εn:

ωTn = ωLn (1− ω(2)
n

ε2n
2

). (3.15)

Here, Pn0 denotes the axisymmetric Legendre polynomial from Eqn.(3.7), differing from the
respective spherical harmonic Yn0 by a constant factor, and εn is the amplitude of the re-
spective oscillation of the single mode of index n. In Eqn.(3.15), ωLn is the eigenfrequency

predicted by Lamb, Eqn.(3.10). The coefficients ω
(2)
n have been computed by Tsamopoulos

and Brown [119] and later corrected in Ref. [120], values are given in Table 3.1.

In addition, the authors found that an oscillation of the second mode in ε excites an oscillation
of the zeroth mode and of the fourth mode with an amplitude of the order of O(ε2) and
twice the frequency of the second mode [119]. The same happens when the fourth mode is
oscillating in O(ε). The odd numbered modes can excite even and odd modes. Furthermore,
Tsamopoulos and Brown showed that drops remain for a longer time in prolate than in
oblate shapes. For gas bubbles, both times are almost equally distributed. Lundgren and
Mansour [121] applied the boundary integral method to the problem of a drop undergoing
axially symmetric oscillations accounting for weak viscous effects and found that an initial
excitation of one single mode triggers oscillations of different modes with the frequency and
twice the frequency of the exciting mode. In order to be able eventually to include viscous
effects of arbitrary magnitude, Patzek et al. [122] solved the Navier-Stokes equations of an
incompressible and inviscid drop using a domain differential method. Basaran [123] found
numerically that damping is stronger for large amplitudes in the beginning of an oscillation.
Further studies of the nonlinear coupling of the modes of lower n have been undertaken, e.g.,
in Refs. [110,121–125]. Note that a translation of the center of mass, i.e. nonzero mode with
n = 1, is induced by excitation of any mode with odd n [110]. In addition, a strong coupling
with back-and-forth energy transfer has been predicted between the fifth and eights mode
due to ωL8 = 2ωL5 by Natarajan and Brown [125].

3.1.3. Previous Experimental Results on Drops and Bubbles

The instability of a liquid jet decomposing into droplets together with subsequent droplet
oscillations has been first described by Savart in already 1833. Today, there are various
experimental techniques to study droplet oscillations in a (relatively) quiescent medium. Two
frequently applied methods are excitation of neutrally buoyant droplets in ultrasonic baths,
cf. early studies by Marston et al. [117,126], or the investigation of droplets in micro-gravity
conditions, e.g. in Refs. [127–130]. We omit an explicit description of the experimental
findings on drop or gas bubbles here, as it will not add to the understanding of the soap or
smectic bubbles investigated below. Short summaries can be found in Refs. [88,131].
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3.1.4. Other Properties of the Interface

A broad range of interfacial rheological properties, e.g. interface shear and dilation viscosities,
is already included in the original problem formulation by Miller and Scriven [113]. Lu and
Apfel [132] refined this model for the presence of a surfactant. A Gibbs surface elasticity
introduces a coupling of the local interface tension to a redistribution of surfactant molecules.
While there is little influence on the oscillation frequency, the damping significantly increases
with increasing interfacial viscosity. Corresponding experimental investigations have been
performed in the group around Apfel [133–139]. However, we may expect larger influence of
other properties of the membrane in our experiments.
Concerning the oscillations of soap bubbles, an analytical model has been recently developed
by Grinfeld [140]. Similar to Lamb, he treats the inner and outer fluids as incompressible and
inviscid, but includes additional properties of the soap film. He derives a dispersion relation
coupling the local film thickness to flow in the surrounding air. This leads to a reduction of
the oscillation frequency compared to Lamb’s prediction, Eqn.(3.10). Starting from a film of
homogeneous thickness, some material is predicted to accumulate near the bubble equator as
a consequence of the oscillations. For the simplest case of a homogeneous soap film thickness,
one arrives at an additional term in the denominator respective to Lamb’s equation,

ωGn =

√
n(n− 1)(n+ 1)(n+ 2)

n(n+ 1)τ0/R0 + (n+ 1)ρi + nρo

2γ

R3
0

, (3.16)

where τ0 = δρf is the product of film thickness δ and the density of the soap solution ρf . Both
interfaces of the soap film are considered in this equation.

3.2. Oscillations of Merged Soap Bubbles

This section is concerned with the comparison of experimental and numerical results for
large-amplitude oscillations to some of the above theoretical results. Soap bubbles of few
centimeters equilibrium radius represent excellent model systems for these studies: Due to
their comparatively large size, oscillation frequencies of the principal modes will be easily
resolved using high-speed imaging. The low viscosity of the air leads to only weak damping,
so that experimental features may develop over a large number of oscillation periods. Due to
their small mass, soap bubbles can be kept in floating conditions in the lab.
We begin by introducing the experimental and numerical methods together with general
characteristics of the system in Sec. 3.2.1. Thereafter, we present results concerning various
aspects of the dynamics1.

3.2.1. Methods, Definitions and General Characteristics

Experimental Procedure
Soap bubbles of equilibrium radii in the centimeter range were created from the commercial
soap solution Pustefix (Dr Rolf Hein GmbH & Co KG) in a cuboid acrylic glass container.

1Experiments were performed by the trainees D. F. Rose, D. Berschadskyy, C. Bauer and by undergraduate
student U. Kornek. Experiment evaluation was in large parts done by U. Kornek. Our main contribution,
the simulation based on the program library MooNMD was performed in collaboration with A. Hahn and
L. Tobiska. The experimental results and few numerical data are published in Kornek et al. [88], more
details on the numerical method and additional simulation results are found in Refs. [131,141,142].
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Figure 3.3.: (a) Experimental setup for the observation of the oscillations of merged soap bubbles,
(b) initial shape of the exemplarily investigated soap bubble (bubble 08 in Ref. [88]), and (c)
definition of the coordinates. The width of the bar is 1 cm. From Kornek et al. [88], © Institute
of Physics and IOP Publishing 2010.

The setup is sketched in Fig. 3.3(a). At the bottom, the container was partially filled with
butane gas. Its higher density lets the soap bubbles float on the butane gas layer for a time
period sufficient for our observations. Illumination is achieved by four cold light sources
(Schott KL2500 LCD) positioned at oblique incidence in the direction of the four front cor-
ners of container. The side walls are clad with crumbled aluminum or white paper to scatter
light back into the viewing area. The bottom and back sides of the container are clad with
black fabric to provide a homogeneous black background. A mirror is placed at an angle of
45◦ to the viewing direction above the top of the container. High-speed videos displaying
simultaneously the front and mirrored top views of the interior of the box are recorded at
frame rates of 1000 and 2000 frames per second in the respective data sets using a Photron
Fastcam-ultima APX.

First, we create soap bubbles above the container, and we wait until two of them approach
and touch each other. A contact line and a film separating the two air volumes is formed.
The coalescence process itself cannot be resolved within our experimental resolution. Our
measurement starts when both air volumes merge via the rupture of the intermediate soap
film, and it ends when either the storage buffer of the camera is full or the bubble has relaxed
to a sphere. As we observe two-dimensional projections of the three-dimensional soap bubble,
we analyze axisymmetric oscillations only. From the second perspective in the mirror, we
can determine which of the bubble pairs possess a rotational symmetry axis perpendicular
to the viewing direction with an accuracy of approximately ±10◦. Only such experiments
will be considered in the evaluations below. A small out of plane tilt of the symmetry axis
is detectable in the further analysis via an apparent volume oscillation of the bubbles. This
effect could be identified by performing a numerical simulation starting with an experimental
contour and comparing the results. When the simulation results were projected such that a
small tilt of the symmetry axis is assumed, the mode oscillations are hardly influenced, and
the volume oscillations could be well reproduced.
The surface tension of our soap solution at room temperature is γ = 34 mN/m. From
interference colors in white light, we conclude that our soap bubbles have thicknesses below
1 µm, varying over different positions on the surface. For the density and dynamic viscosity
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of air, we assume ρa = 1.2041 kg/m3 and ηa = 1.7 · 10−5 Pas.
More than 50 videos have been recorded, the experimental results for four soap bubbles include
all dynamic phenomena, they are analyzed in Ref. [88]. The mass of the inner air amounts
to 4.1 . . . 96 µg and the mass of the film of estimated thickness δ ≈ 1 µm is 1.0 . . . 8.6 µg,
respectively, for the smallest and largest bubbles. The inertia of the film is expected to con-
tribute little to the experimental results. In the following, we restrict to the bubble shown in
Fig. 3.3(b).

Video data were evaluated using a MATLAB routine with the following main steps: First, the
border of the soap bubble is detected in each frame. The image is then rotated such that the
symmetry axis coincides with the z-direction of the coordinate system, defined in Fig. 3.3(c).
The standard choice for the origin of the coordinate system in the further evaluation is the
centroid of the soap bubble, but also a fixed point or an evaluation such that A1 = 0 is
possible in principle. The detected border of the bubble is represented by its distance r(θ) of
the surface from the origin of the coordinate system in dependence of the angle θ to the z-axis.
An eigenmode decomposition for the first axisymmetric spherical harmonics Yn0, n = 0 . . . 15,
is applied. The instantaneous values of the mode amplitudes are retrieved,

r(θ) =
15∑
n=0

AnYn0(θ), An = 2π

∫ π

0

r(θ)Yn0(θ) sin θ dθ. (3.17)

To evaluate our numerical data, the calculated contour at time t is imported and scaled to
match the expected input image size in the evaluation program. Then, the same processing
as for the experimental data is applied. The dimensionless quantities are converted to actual
quantities using the appropriate scaling factors, cf. also Eqn.(3.18) below.

In addition to the mode amplitudes, the surface area, volume and centroid position are evalu-
ated in each frame. To obtain eigenfrequencies, damping coefficients, etc., from the resulting
time series, a windowed fast Fourier transformation (FFT) with a Hamming window of 160
ms (experiment), resp., 150 ms width (simulation) is applied and scaled with the number of
data points per window. The amplitudes a(t) of individual peaks in the Fourier spectrum can
be scaled to the experimental values by obtaining A(fmax, t) = a(fmax, t)B for a single peak,
where A denotes the respective oscillation amplitude at fmax, fmax is the peak position and
B is the area under the peak obtained by numerical integration. This is best done for the
second mode n = 2, where the oscillation in the eigenfrequency is dominant. The obtained
scaling factor B applies to all modes of the same data set provided the Hamming window
width is identical.

Estimation of General Hydrodynamic Characteristics
General hydrodynamic characteristics of typical oscillating soap bubbles of few centimeters
equilibrium radius will be exemplarily estimated. We neglect all properties of the soap film
except its interface tension γ = 34 mN/m.

Effects of gravity on the equilibrium shape of a soap bubble can be estimated by the Bond
number. It characterizes the ratio of gravitational to interfacial forces and will be most
relevant for the largest bubble. There, we find Bo = ρairgR

2
0/(4γ) ≈ 0.05. The equilibrium

shape will be very well approximated by a sphere.
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Whether the compressibility of the air must be considered can be estimated from typical
Laplace overpressures ∆pL = 2γκ under the curved soap film, where κ denotes the local
mean curvature: We find a minimum curvature radius around rk = 2/κ = 1 cm in expressed
bulges during the relaxation of our bubbles, resulting in a maximum Laplace overpressure on
the order of 10 Pa. The compressibility of the air is irrelevant in the present experiment, as
also evident from the comparison of experimental and numerical results below.
Further characteristics may be estimated using typical length and velocity scales: We use the
equilibrium radius as typical length scale, Lc = R0 ≈ 25 mm. A characteristic velocity vc

is estimated from the film velocity during an oscillation of the corresponding second mode
with frequency ωL2 = 143 s−1, cf. Eqn.(3.10), at a large amplitude of A = 25 mm, so that
vc = ωL2A ≈ 3 m/s.
We estimate a Reynolds number of Re ≈ ρavcLc/ηa = 4500. The assumption of vortex-free
flow is not justified. Our system is dominated by inertial forces, as seen from an estimation of
the Froude number Fr ≈ vc/

√
gLc = 6, where g ≈ 9.81 m/s2 is the gravitation acceleration.

The mass ratio of the soap film to the enclosed air mass is ≈ 1 : 10. Oscillation frequencies will
be almost unaltered, according to Grinfeld’s simplest model [140], Eqn.(3.16), we expect an
oscillation frequency of the 2nd mode of ωG2 = 140 s−1 instead of the ωL2 = 143 s−1 estimated
by Lamb’s model.

Numerical Model Using MooNMD
We selected bubble 08 from Ref. [88] for a comparison between experimental data and a
numerical simulation, as it was formed by two bubbles of similar size. The soap film is
considered as an impermeable membrane of interface tension 2γ = 68 mN/m.
Simulations were performed using the program library MooNMD (’Mathematics and object
oriented Numerics in Magdeburg’) available from the group of Prof. L. Tobiska at the uni-
versity of Magdeburg. A program developed in the PhD dissertation of S. Ganesan [141] was
adapted to our problem. The code solves the Navier-Stokes equations for incompressible flu-
ids using a mapped finite element method on an interface-resolving moving mesh [143]. The
axial symmetry of our oscillating soap bubbles simplifies the problem significantly and reduces
the computational efforts as compared to a full three-dimensional approach. The interface is
represented by a set of nodes in the mesh, which are moved according to the local velocity
field, i.e. the boundary in our calculation is a sharp interface. The nodes in the bulk of both
fluids are moved according to an Arbitrary Lagrangian Eulerian (ALE) scheme. Deteriora-
tion of mesh quality is avoided by choosing the grid from the previous step as a reference,
thus avoiding numerical errors due to frequent re-meshing. With an elegant method using
the Laplace-Beltrami operator, artifacts in the computation of the curvature of the interface
are significantly reduced at even a reduction of computational time as compared to applying
spline interpolations of the interface shape [141]. The simulation proceeds in pre-defined fixed
time steps implemented by an implicit Euler discretization scheme. For the discretization of
the velocity field, we use elements of type P bubble

2 , in principle quadratic ansatz functions are
enriched with an additional degree of freedom of third order attached to the centroid of each
element. This discretized functional representation is continuous over the element boundaries
in a domain. For the pressure, we use linear ansatz functions which are discontinuous from
element to element, type P disc

1 . The mathematical problem and the code are very similar to
a simple 2D representation of a relaxing liquid domain. For the latter, the accuracy of the
code has been proven in numerical benchmark calculations [144].
All calculations proceed in non-dimensionalized equations, involving the characteristic Rey-
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(a) (b)

Figure 3.4.: (a) Comparison of three exemplary shapes during the relaxation of soap bubble 08 in
the experiment and simulation. (b) Initial mode amplitudes (absolute values) according to the
mode decomposition Eqn.(3.17). Figure (b) from Kornek et al. [88], © Institute of Physics and
IOP Publishing 2010.

nolds, Bond and Froude numbers describing the problem. Note that within the code, the
alternative definition of the Froude number as Fr = v2

c/(gLc) is used. The proper dimensional
distances, times, velocities and pressures are obtained by

xk = x̄k Lc, t = t̄
Lc
vc
, vk = v̄k vc, p = p̄ ρiv

2
c , (3.18)

respectively. The bar denotes the dimensionless quantities. The index k symbolizes the two
components (z, r) in axial and radial direction of the spatial and velocity vectors in cylinder
coordinates, the azimuthal components vanish for symmetry reasons.

To obtain a direct comparison between the results from an experiment and the numerical
model, the experimental parameters and the initial shape seen in Fig. 3.3(b), were entered
into the program. For the density and viscosity of the inner and outer fluid volumes we used
the values of air ρa = 1.2041 kg/m3 and ηa = 1.7 · 10−5 Pa s.
Initially, all computed fields (pressure, velocities, respective gradients) are set to zero. In our
modified version of the code, the initial boundary between the inner and outer volumes of
the air bubbles is introduced as a dependence r(θ), where poles of the bubble intersect the
symmetry axis at ±1. This implies that we have set the characteristics length Lc to the initial
axial extension of our bubble instead of choosing the equilibrium radius R0. For the simulated
bubble, we set Lc = 4 cm and vc = 4 m/s. The equilibrium radius of the simulated bubble
is 26.4 mm, similar to the experimental value of 26.2 mm. The dimensionless time step was
set to t̄ = 10−4, and an output file was generated each 20th step. The time resolution is
1/50000 s. Consequently, even oscillations of higher modes can be resolved.

3.2.2. Bubble Shapes, Velocity Fields and Pressure Fields

We begin with a direct comparison of our numerical results to the experimental shape evolu-
tion. In Fig. 3.4(a), we display still images from the experiment and numerically calculated
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time t[s] A0 [mm] A2 [mm] A3 [mm] A4 [mm] A5 [mm] A6 [mm]
0 85.8094 20.89827 12.57611 6.13025 1.31328 -1.55285
0.1705 92.35896 9.94543 -4.04532 2.11061 -0.03816 0.44575

Table 3.2.: Amplitudes of the first six modes for the initial configuration of the simulated bubble
08 and at t = 0.1705 s, corresponding to Figs. 3.6 and 3.7.

bubble shapes at three instances during the relaxation. The agreement of experimental and
simulated shapes is excellent.

By an eigenmode decomposition according to Eqn.(3.17), one obtains the time dependence
of individual mode amplitudes in the experiment and the simulation. The initial absolute
values of the mode amplitudes are given in Fig. 3.4(b) and Table 3.2. Let us now exemplarily
compare the time-dependent amplitudes of the second and fifth modes from experiment and
simulation, see Fig. 3.5. Whereas the oscillations of the mode n = 2 are a damped sinu-
soidal function, all other modes show deviations from such simple behavior. The fifth mode
represents one intriguing example, which proves that even small details in the experimental
amplitude dependencies are reproduced in the numerical calculations - they are not artifacts
of insufficient resolution in the experimental data. Such effects must be attributed to a non-
linear coupling between the modes due to the large excitation amplitudes and the viscous
flow in the air, which will be discussed below.

Our simulation provides access to the velocity and pressure fields in- and outside the bubble.
We display these for an exemplary instant in Fig. 3.6. The corresponding amplitudes of
the first six modes are given in Table 3.2. At this moment, the bubble is approaching a
more prolate shape. In some locations, we have indicated the direction of motion of the
interface during the next few calculation steps by arrows in Fig. 3.6(e). This transformation
to a more prolate shape can also be identified by the magnitude and direction of air flow
in the velocity fields. The maximum flow velocities are ≈ 1 m/s, in good agreement with
an estimation of the membrane velocity by the amplitude and frequency of the second mode,
v = A2(ωL2 )2 ≈ 1.2 m/s, ωL2 = 121 s−1. Negative velocities vz correspond to downward motion
along the symmetry axis, negative vr to flow in radial direction towards the symmetry axis.
The pressure is increased where the curvature of the interface is larger, as required by the
Laplace pressure formula.

The flow fields significantly deviate from the expectations of potential flow models, where
e.g. the flow velocity should decrease towards the centroid of the bubble. Another important
aspect is that our velocity fields are continuous at the interface, while this condition cannot
be fulfilled in potential flow models such as that by Lamb. In these, the tangential velocity
component vt jumps at the interface. Even for infinitesimal excitation of the n-th mode, this
discontinuity is significant and of the order vt,i/vt,a = −(n+ 1)/n [113]. In the instantaneous
velocity fields, one may always identify vortex flows, especially near the interface. The vor-
ticity of the flow field is plotted in Fig. 3.7. The thickness of such viscous boundary layers
is time dependent and may be estimated by

√
2ηa/(ρaωL2 ) ≈ 0.5 mm on both sides of the

film [113], in good agreement with Fig. 3.7. They cause the major part of viscous dissipa-
tion during drop and bubble oscillations [113]. In soap bubbles, the soap film is expected
contribute additionally.
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Figure 3.5.: Oscillations of the 2nd (top) and 5th mode (bottom) in the experiment (left) and the
simulation (right): The experimental time series ends at t = 350 ms, the numerical time series
has been adapted. A shorter sequence was chosen for the 5th mode to visualize details of the
oscillation behavior. The 2nd mode oscillates at a single frequency, whereas the behavior of the
5th mode displays effects of nonlinear mode coupling. From Kornek et al. [88], © Institute of
Physics and IOP Publishing 2010.
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Figure 3.6.: Instantaneous velocity and pressure fields at t = 0.1705 s: (a) velocity component in
radial direction, (b) velocity component along the symmetry axis, c) absolute value of velocity, all
in m/s, (d) normalized pressure p/p0, (e) normalized pressure difference to hydrostatic pressure
gradient p/pL, arrows indicate the direction of local motion of the interface within next next
computation steps, (f) sketch of the velocity field inside and around the bubble. Only one section
through the axially symmetric fields is shown, the central axis coincides with r = 0. The size of
the computation area is 3 units in each direction, larger than the displayed region. We set the
characteristic length Lc = 4 cm. The hydrostatic pressure difference over 4Lc provides reference
pressure p0 = 1.89 Pa in (d). For (e), the pressure has been normalized to the Laplace pressure
inside the bubble in equilibrium, pL = 5.15 Pa.
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Figure 3.7.: Vorticity of the velocity field plotted in Fig. 3.6 at t = 0.175 s, in s−1. The frequency
of the 2nd mode is ω2(t = 75 ms) ≈ 107.8 s−1. Graph (b) shows a magnified region extracted
from image (a). The dashed line indicates the interface. Only one section through the axially
symmetric field is shown, the central axis coincides with r = 0.

3.2.3. Eigenfrequencies, Frequency Shifts and Damping

Having validated our simulations against the experimental data, and with the obvious devia-
tions of the flow fields in simulations from those of inviscid flow models, we may now ask to
which extent Lamb’s calculated eigenfrequencies from Eqn.(3.10) agree with the experimental
and numerical results.
In Figure 3.8, we display the windowed Fourier transforms of the 2nd and 4th modes ob-
tained from experimental data. One may identify a characteristic single peak of (modulated)
decreasing amplitude for the 2nd mode, corresponding to the damped sinusoidal oscillations.
We note that the amplitude is positive for a longer part of the time, namely 58.7%. The
bubble remains for longer time in a prolate shape than in an oblate one. Such an effect has
been predicted by Tsamopoulos and Brown [119] and found by various other authors.
The oscillation of the third mode (not shown) possesses a main peak at the eigenfrequency
and two side-peaks of small Fourier amplitude. The spectrum of the 4th mode shown in
Fig. 3.8(b) becomes even more complex. One striking feature is the initial growth of the am-
plitudes of the peaks at f ≈ 35.5 Hz and slightly also at f ≈ 50.6 Hz (eigenfrequency). The
Fourier transforms of the numerical data display similar, more pronounced characteristics.
While in the modes up to n = 5, the eigenfrequency is easily determined at all times, this
becomes almost impossible in higher modes due to overlap and merging of peaks. Such effects
must be attributed to nonlinear mode coupling, some examples will be discussed later.
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(a) (b)

Figure 3.8.: Windowed Fourier transformation of the oscillations (a) of the second mode shown
in Fig. 3.5 (top left) and (b) of the fourth mode from experimental data. Effects of nonlinear
mode coupling are evident in mode 4. From Kornek et al. [88], © Institute of Physics and IOP
Publishing 2010.

Frequency Shift with Oscillation Amplitude
A closer look at the Fourier spectra reveals that the peak frequencies slowly shift as time
evolves. According to Tsamopoulos and Brown [119], we expect a quadratic shift to higher
frequencies with diminishing oscillation amplitudes. However, they assumed that each mode
oscillates with a single sinusoidal modulation only, a requirement which is fulfilled for any but
the 2nd mode in our study. For the third mode, this approximation may still hold to good
extent, as the amplitude of the side peaks in the FFT is approximately an order of magnitude
smaller than that of the third mode. In Figure 3.9, we plot the frequency of the 2nd mode
extracted from the FFT against time and against its instantaneous normalized amplitude
ε′ = A2(t)/R0. Note that Tsamopoulos and Brown [119] use an equivalent definition of ε,
which differs from ours as ε = 2

√
(2n+ 1)/(4π)ε′.

As in Tsamopoulos’ prediction, the frequency of the 2nd mode decreases quadratically with
the reduced amplitude. The line is a quadratic fit of the form ωn(ε) = ωEn (1 − 0.5ω̃n

Cε′2),
cf. Eqn.(3.15) in Sec. 3.1. Here, ωEn is the oscillation frequency at infinitesimal amplitude,
which should agree with Lamb’s frequency ωLn in a drop or gas bubble. From the fit, we
find fE2 = ωE2 /(2π) = (18.87 ± 1.5) Hz in the experiment and fE2 = (19.17 ± 1.5) Hz in the
simulation (at slightly larger equilibrium radius), in good agreement with Lamb’s prediction of
19.57 Hz. The number ωCn is a correction coefficient due to the moderate / large amplitude of
the oscillations, values are given in Table 3.1. We find ωC2 = 2.3 in the experiment. This result
considerably differs from the values for the extreme cases of oscillating drops, ωC2 = 1.170
and oscillating bubbles, ωC2 = 1.454 [120]. In a similar analysis performed with the numerical
data, one finds ωC2 ≈ 1.41, close to the value for an oscillating bubble from Refs. [119,120].
An extraction of the frequency shift with amplitude for the eigenfrequencies of the 3rd and
4th modes from the numerical data is shown in Fig. 3.10. For the third mode, we can fit the
curve at low amplitudes quadratically. We find ωC3 = 12.7 and in the experiment ωC3 = 6.0
(data not shown). For the higher modes, there is no clear functional dependency of the
eigenfrequency on the oscillation amplitude, as shown exemplarily in Fig. 3.10(b). Altogether,
we find immense deviations from the predictions [119,120]. That theory relies on the fact that
the modes are decoupled and each mode only oscillates at its instantaneous eigenfrequency.
This is violated in our experiments. Furthermore, deviations of the correction coefficients



3.2. Oscillations of Merged Soap Bubbles 77

Figure 3.9.: Change of the frequency of the second mode (a) with time and (b) with the reduced
amplitude ε′ = a(t)/R0. The arrow in (b) indicates the direction of time. Adapted from Kornek
et al. [88], © Institute of Physics and IOP Publishing 2010.

Figure 3.10.: Shift of the instantaneous eigenfrequencies of modes (a) n = 3 and (b) n = 4 deter-
mined from peak positions and normalized amplitudes extracted from the respective windowed
Fourier transforms of simulation data. A quadratic fit of the data marked by solid symbols in (a)

with f3 = fE3 + B3(ε′3)2 yields parameters fE3 = 35.97 Hz, ω̃
(2)
3 = −8πB3/(7f3)E ≈ 12.7 for the

third mode.
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n 2 3 4 5 6 7 8
fLn Eqn.(3.10) 19.32 36.51 55.77 77.05 100.24 125.20 151.83
Experiment
fEn quad. fit 18.87 34.20 51.00 70.7 - - -
fn FFT 17.6 33.20 50.9 69.5 - - -
Simulation
fEn quad. fit 19.17 35.97 - - - - -
fn(75 ms) 17.17 32.25 50.58 67.4 99.12 (?) 112.8 132.5
an(75 ms) 15.8 5.93 1.40 2.18 0.77 0.79 0.4
fn(530 ms) 18.85 35.56 54.69 75.0 98.4 (?) 120.3 149.3
an(530 ms) 7.0 1.48 0.26 0.13 0.03 0,01 0.01

Table 3.3.: Eigenfrequencies of modes n = 1 . . . 8: Lamb’s predictions fLn by Eqn.(3.10), results ob-
tained by a extrapolation of the quadratic dependence of the mode frequency on the corresponding
amplitude fEn after [119] and from a global Fourier transformation fn FFT in the experiment.
For the simulation, we determine similarly the eigenfrequency from the quadratic fit to the ampli-
tude dependence of the frequency fEn , where possible. The bottom section of the table gives the
frequency fn and amplitude an measured in the first and the last Hamming windows, centered
around t = 75 ms and t = 530 ms, respectively. Measurement errors differ depending on the
method and the individual frequency, and general estimate of ±1 Hz may be assumed. The values
for the 6th mode could not be uniquely identified, i.e. due to mode coupling there is a second
peak in the spectrum which might similarly qualify.

may occur because neither the outer nor the inner fluid are negligible for the soap bubble
dynamics, i.e. the second assumption of Tsamopoulos and Brown [119] that one of the fluids’
properties can be neglected is violated. Third, we can attribute the deviations between the
simulation and the experiments to the presence of the soap film.

Eigenfrequencies
In principle, one would like to extract the values of the eigenfrequencies of the oscillations at
infinitesimal amplitudes to compare them to Lamb’s predictions. As we have shown above,
the frequencies of all but the modes 2 and 3 show a complex amplitude dependence so that
the quadratic fit of the dependence on the amplitude ε is not possible. Thus, one may extract
the values either by a Fourier transform of the whole data set, as done in Ref. [88], or from the
windowed Fourier transform at small amplitudes. The latter was possible in the simulations,
where a much longer time series was available. In Table 3.3, we summarize the corresponding
results. For the simulation data, we added the frequencies in the very first Hamming window
with midpoint t = 75 ms. These will be used in a subsequent analysis of the mode coupling.
For all modes except n = 6 and n = 7, we find an increased frequency at small amplitude as
compared to the initial value. The smallest frequency values at small amplitude are found in
the experimental data. The ones from the simulation are a bit larger, but they also correspond
to a slightly larger equilibrium radius. The predictions of Lamb’s model display the highest
frequencies. Despite the given error of the analysis, one may infer that viscous or inertial
effects of the air as well as the presence of the soap film in the experiments yield a small
systematic frequency reduction.
Finally, we remember the butane layer at the bottom of the container. If the outer medium
were pure butane and the inner medium were pure air, the experimental results would be
essentially different from our observations. However, the bubble floats on a mixture of air
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τ2 τ3 τ4 τ5 τ8

Exp. 0.36 0.19 - - -
Sim. 0.56 0.34 0.20 0.24 0.06
Eqn.(3.14) 0.67 0.35 0.22 0.15 0.07

Table 3.4.: Characteristic damping times τn in seconds of the eigenfrequencies of several modes for
experiment, simulations and as predicted by Eqn.(3.14) from Refs. [113–115] for R0 = 26.4 mm as
in the simulation. Model amplitudes of the eigenfrequencies were extracted from the corresponding
windowed Fourier transforms. The small amplitude region was fitted by an exponential function
∝ exp(−t/τn).

with a low butane content. A back–of–the–envelope calculation shows that the liquid film
has a mass that is a few percent of the bubble mass (e.g. less than 10% for the bubble 08
considered here). The buoyancy in the outer gas approximately compensates the weight of
the liquid film; thus the outer medium will have a density that is approximately 10% higher
than the inner gas. One can see immediately, e.g. from Lamb’s prediction Eqn.(3.10), that
the effect on the eigenfrequencies is at the limits of our experimental resolution. The relative
influence on these frequencies reduces to 2.5%. It may account for the fact that we measure
systematically too low frequencies in the experiment.2

Damping
We extract the damping of individual modes from the time-resolved spectra. In all except
the second mode, we find deviations from a simple exponential decrease of the amplitude.
At late times (for small amplitudes), an exponential fit could be satisfactorily applied. The
predictions of the damping in Eqn.(3.14) by Miller and Scriven [113], Prosperetti [114] and
Marston [115] are applicable only for small amplitudes. We have summarized time constants
obtained from the experiments, simulations and from Eqn.(3.14) in Table 3.4. As can be
already seen from a comparison of the time-dependent amplitudes in Fig. 3.5, the oscillations
relax faster in the experiment than in the simulations. The theory Eqn.(3.14) in general
predicts a slightly smaller damping than we find from the simulations. For the second mode,
the damping is considerably underestimated by the theory. Apart from this, the agreement
is very good. An exception is the fifth mode, which is damped significantly slower in our
simulation than predicted by the theory. This may be attributed to nonlinear mode coupling,
such that energy is transferred to the oscillation of the fifth mode from a different mode. Mode
coupling is briefly discussed below. In addition, Basaran [123] found an increased damping
at large oscillation amplitudes in his simulations of an oscillating drop.
The reason for the increased damping should be dissipation in the soap film. In general,
Miller and Scriven [113] have considered the influences of in-plane properties of a membrane of
vanishing thickness on the damping rates. Lu and Apfel [132] predicted an increased damping
due to presence of surfactants at an interface, which strongly depends on the properties of
the individual surfactant used. Probably, one might introduce an effective viscosity of the
inner or outer fluid to account for the effects of the viscous flow in the soap film in a crude
approximation.

2Paragraph adapted from Kornek et al. [88], New J. Phys. 12, 073031 (2010), © Institute of Physics and
IOP Publishing 2010.
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n = 2
17.17 (15.8) 32.75 (1.33) ≈40 (0.81) 47.4 (0.16) 53.25 (0.18)

59.4 (0.18) 67.0 (0.34) 79.7 (0.17) 86.95 (0.14)

n = 3
14.9 (1.25) 32.25 (5.93) ≈47.5 (0.66) ≈52 (0.56) 62.3 (0.2)
≈66.5 (0.08) 73.0 (0.1) 83.3 (0.52) 102.2 (0.33) 117.3 (0.1)

133.9 (0.1) 142.5 (0.05) 152.9 (0.05)

n = 4

17.85 (0.77) 35.45 (0.22) 50.58 (1.4) 66.4 (0.45) ≈82 (0.04)
88.6 (0.1) 96.9 (0.15) 115.9 (0.22) 129.9 (0.09) 141.3 (0.11)

n = 5
14.78 (0.78) 32.79 (0.38) 49.18 (0.48) 67.40 (2.18) 84.54 (1.13)
≈105 (0.12) 116.4 (0.10) 129.7 (0.19) 145.4 (0.15)

n = 8
≈6,7 (0.04) 15.1 (0.05) 34.08 (0.18) ≈46 (0.09) 65.29 (0.17)
81.63 (0.05) 99.21 (0.19) 117.2 (0.33) 132.5 (0.40) 149.4 (0.3)
≈171 (0.07) ≈181 (0.02) ≈188 (0.04) ≈196 (0.03) 213 (0.03)
≈223 (0.02) 235 (0.02) 247.7 (0.02) 264.9 (0.02) ≈289 (0.003)

297 (0.01)

Table 3.5.: Peak-frequencies in the Fourier spectra of modes n = 2 . . . 8 in the first Hamming window
centered around t = 75 ms, extracted from the simulation. Bold values indicate the frequencies
of maximal amplitude in the spectra, corresponding to the current eigenfrequency of the mode.
Values in brackets give the Fourier amplitude of the peak. Measurement accuracy differs depending
on the overlap and width of the peaks, a general estimation of ±1 Hz seems adequate.

3.2.4. Nonlinear Mode Coupling

As one can see from Figs. 3.5 and 3.8, the oscillation behavior of the second mode significantly
differs from that of all other modes. The modes except n = 2 oscillate at their eigenfrequency
overlayed with several contributions at other frequencies. In the spectrum of mode 4, besides
oscillation at the eigenfrequency f = 51 Hz, we may see additional contributions at least at
f ≈ 18 Hz and f ≈ 34 Hz. These may be identified with the frequency of the second and
third modes (or twice the frequency of the 2nd mode), respectively. Initially, the highest peak
is found for oscillations at the eigenfrequency of the fourth mode. With time, the oscillations
at 34 Hz become dominant. In addition, the contribution at the eigenfrequency of the fourth
mode does not simply decay exponentially, but initially even increases in amplitude. At the
same time, the peak corresponding to third mode also possesses maximal amplitude, while the
one corresponding to the second mode has almost vanished. This evidences complex behavior
due to nonlinear coupling of the modes, which is of course not contained in the linear models.

In general, the spectra become more complex with increasing mode number. Due to the
higher temporal resolution in the simulations, we may resolve oscillations at higher frequencies
than in the experiments there. We have seen that the inertia and viscosity of the soap film
lead to a higher damping in the experiment than in the simulations. We may also expect
that especially higher modes are more strongly damped in the experiment as compared to
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the simulations. Despite the similarities, the spectra are richer in simulations. We observe
multiple peaks of different amplitudes. Energy transfer occurs preferably for harmonic or
subharmonic resonances of the oscillation frequencies. In our studies, the identification of
such resonances is complicated by the shifting eigenfrequencies of the modes with decreasing
amplitude. In general, one may expect resonant coupling when an approximately integer ratio
of two eigenfrequencies is observed. In our analysis of the spectra of the first 15 modes in
Ref. [131], we find more such frequency pairs during the initial large-amplitude oscillations
than at later times when the frequencies agree with Lamb’s predictions.

As mode coupling is most prominent at high amplitudes, we have exemplarily determined
the peak frequencies and their amplitudes for the first Hamming window centered around
t = 75 ms in Table 3.5. The momentary eigenfrequencies are printed in bold, and values
in brackets give the respective Fourier amplitude of the peak. Note that for modes n ≥ 10,
numerous peaks of comparable amplitudes appear and it is not always possible to determine
the eigenfrequencies during the initial oscillations. Their initial amplitudes are less than 1% of
the second mode amplitude. In spectra of odd modes, driven oscillations at the eigenfrequency
of the 2nd mode are very pronounced. During the final small-amplitude oscillations of the
bubble, they usually dominate. For the modes of lower index n, this behavior is not so evident.
A detailed analysis of the spectra is given in Ref. [131].

We will now provide some characteristics we extracted from the simulation results for modes
with n ≤ 8: A closer look at the Fourier transform of the second mode at t = 75 ms reveals very
weak peaks at the momentary eigenfrequencies of the 3rd, 4th and 5th modes and probably
at harmonic frequencies 2f init

2 and 3f init
2 . During the final small amplitude oscillations, only

those corresponding to 2f end
2 and f end

4 will remain. In contrast to that, the spectra of the
other modes display prominent peaks corresponding to integer multiples of frequencies of other
modes or to differences of frequencies with other modes. Exemplarily for mode n = 4, one
may identify a characteristic quadratic coupling to the second mode by the frequency 2f2 ≈
34.3 Hz, and additionally a peak roughly corresponding to the eigenfrequency f2. The latter
has been observed by Lundgren and Mansour [121], who performed numerical calculations
starting from an initially pure excitation of the 4th mode. In addition, we find indications of
coupling to other neighboring modes, e.g. weak peaks near the eigenfrequency of the 5th mode
at 66.4 Hz and peaks corresponding to the sum and difference of the frequency of the third
and the fourth modes, f init

4 + f init
3 = 82.83 Hz≈ 82 Hz and f end

4 + f end
3 = 90.25 Hz≈ 89.5 Hz.

In addition, we find a peak at f init
4 +f init

5 = 117.98 Hz≈ 115.9 Hz. Such sums or differences of
eigenfrequencies correspond to a coupling involving mixed terms, e.g., of neighboring modes
AnAn+1 leading to the possibility of oscillations at fn ± fn+1 [110]. A similar analysis has
been performed in Ref. [131] for the other modes, with similar types of coupling. Note that
for n ≥ 6, the spectra become significantly harder to analyze.

Last, we analyze the spectrum of the 8th mode, where we may expect a back-and-forth
transfer of energy due to a resonance with the fifth mode [124], fL8 = 2fL5 . The spectrum of
the 5th mode contains only a very weak contribution near the eigenfrequency of the 8th mode
(initially f init

8 = 132.5 Hz), see Tab. 3.5. On the other hand, the frequency of the 5th mode
(initially f init

5 = 67.4 Hz) is present in the spectrum of the 8th mode. Its amplitude decays
with a different time constant τ ′ = 0.15 s in the spectrum of the 8th mode than that of the
eigenfrequency of the 5th mode in the spectrum of the 5th mode, where τ5 = 0.24 s.

We display the time-resolved Fourier spectrum of the 8th mode in Fig. 3.11. A very complex
oscillation behavior, involving contributions at numerous frequencies, is evident. In this
spectrum, we identify an interesting phenomenon which is similarly observed for the 6th
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(a)

(b) (c)

Figure 3.11.: Fourier spectrum of the 8th mode extracted from the simulation: (a) windowed Fourier
transform of the amplitude a8(t), colors represent the Fourier amplitudes in mm s. (b) Peak-
frequencies and (c) corresponding amplitudes of the 8th mode starting from f init = 132.5 Hz and
f init,2 = 149.4 Hz in dependence of time. The line in (c) is a fit proportional to exp(−t/τ8), with
τ8 = 0.063 s.
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(a) (b)

Figure 3.12.: Oscillations of the 0th mode from the simulation results (a) dependence A0(t) and
(b) windowed Fourier transform of the difference of the time series with the equilibrium limit
A0(t)−A0(t→∞).

mode and for most higher modes: The two peaks starting from 132.5 Hz and 149.4 Hz in
the first Hamming window will merge into a single peak after ≈ 0.1 s. We have extracted
the corresponding frequencies in dependence of time in Fig. 3.11(b). After merging to a
single peak, the peak frequency displays non-monotonous behavior with respect to time.
In Fig. 3.11(c), we display the Fourier amplitude of the corresponding peaks. Initially, the
amplitude of both peaks decreases rapidly. After merging, it even slightly increases, indicating
some transfer of energy into this oscillation from a different mode. After t ≈ 0.2 s, the
amplitude decreases roughly exponentially, with a slight transient increase near the end of
the simulated time series. The damping is very close to that predicted by theory, Eqn.(3.14).
The non-monotonous shift of the eigenfrequency shown in (b) for t > 0.1 s seems to be caused
by coupling effects, no relation to the oscillation amplitude shown in (c) is found.

3.2.5. Oscillations of the Mode n = 0

Oscillations of the mode n = 0 are not possible within the approach of Lamb based on
infinitesimal amplitudes. At finite amplitude excitation of modes n ≥ 2, such oscillations of
the mode with n = 0 are necessary to satisfy the condition of volume conservation of the
interior fluid. Exemplarily, we may compute the coupling to the second mode by

V =
4π

3
R(t)3 +R(t)A2(t)2 +

√
5

21
√
π
A2(t)3, (3.19)

and similar for all other modes. The function R(t) varies with time, it only approaches the
equilibrium radius R0 for infinitesimal amplitudes of the exciting modes. The function R(t) is
related to the time evolution of the 0th mode. The asymptotic limit is A0(t→∞) =

√
4πR0.

The oscillation of the 0th mode extracted from the simulation plotted in Fig. 3.12 is qualita-
tively different from those of the modes with n ≥ 2. Their amplitude initially increases, when
the bubble is rapidly evolving towards its equilibrium shape during the first 5 ms and while
the oscillations of the modes with n ≥ 2 decay rapidly. A substantially increased damping
during the first half-period of droplet / bubble oscillations was predicted by Prosperetti [145].
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(a) (b)

Figure 3.13.: Oscillations of the 1st mode extracted from the simulation respective to the selection
of the centroid as the origin of the coordinate system: (a) amplitude A1(t) and (b) windowed
Fourier transform of A1(t).

After that, oscillations at multiple frequency components are visible.

In the windowed Fourier transform shown in Fig. 3.12(b), we identify a prominent peak at
the frequency of the 2nd mode (≈ 17.2 Hz, Fourier amplitude ≈ 0.79 mm s) during the
initial large-amplitude oscillations as well as the last time window with small amplitudes.
Initially, the largest peak is found for 34 Hz ≈ 2f2 with a Fourier amplitude of 1.26 mm s.
An additional identified contribution occurs at twice the frequency of the third mode (64.5
Hz, amplitude 0.21 mm s). At small amplitudes, we find oscillations at approximately the
natural frequencies of the 2nd (peak at 18.6 Hz) and 4th modes (56.6 Hz) as well as at twice
the frequencies of the 2nd mode (37.6 Hz) and the 3rd mode (69.9 Hz). Here, the oscillation
at 37.6 Hz is dominant, reflecting the still comparatively large amplitude of the 2nd mode as
compared to the others. In the experimental data, only a Fourier transform of the complete
time series has been performed [88]. Within the error, the clear discrimination between the
natural frequency of the 3rd mode (≈ 33 Hz) and twice the natural frequency of the 2nd
mode ≈ 36 Hz was not possible. With respect to the above analysis, we must re-attribute the
dominant contributions in the oscillations of the experiment at 18 Hz, 36 Hz and 50 Hz to
the frequencies of the 2nd mode, twice the 2nd mode and the 4th mode. The presence of the
eigenfreqency of the second mode in the spectrum of the 0th mode is not very astonishing,
as its contributions are identified in almost all other modes.
Thus, we can only partially confirm the predictions that the eigenfrequency of the individual
modes n ≥ 2 will be present in the spectrum of the 0th mode, made by Tsamopoulos and
Brown [119]. Qualitatively similar results of oscillating 0th modes have been obtained theo-
retically by Basaran [123], Mashayek and Ashgriz [124] and Shaw [110]. We find qualitative
agreement, but a quantitative analysis is difficult.

3.2.6. Translation of the Centroid: Oscillations of the Mode n = 1

As the densities of the inner and outer fluids in soap bubbles are comparatively low and equal,
such systems represent an unusual case for drop / bubble oscillations. As pointed out before,
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oscillations of the first mode correspond to a shift of the center of mass along the z-axis, and
one may always perform a mode decomposition to A1 = 0 by proper choice of the origin of the
coordinate system [111]. Instead, we selected the centroid of the bubble for our evaluation.
As our mode amplitudes are large, we find corresponding oscillations of the 1st mode. They
are displayed along with the respective windowed Fourier transform in Fig. 3.13. Note that
the selection of a different origin of the coordinate system leads to modified values of the
amplitudes of all modes, but the oscillation frequencies remain unchanged.

For a bubble with pure excitation of even modes, no oscillation of the centroid position
is expected for symmetry reasons. However, as soon as odd modes are excited, we must
also expect oscillations of the 1st mode [110]. One prominent reason is the coupling of
neighboring odd and even modes. Thus, we may expect couplings due to mixed terms AnAn+1,
corresponding to frequencies fn+1±fn or similar in the spectra of the 1st mode [110]. Initially,
for the first evaluated window centered around 75 ms, we find exactly such frequency peaks
e.g. at 14.7 Hz≈ f init

3 − f init
2 and at 49.3 Hz≈ f init

3 + f init
2 . In addition, we identify a peak

at 32.8 Hz≈ f init
3 and a broad contribution between 64 and 67 Hz, which may include 2f init

3

and f init
5 . During the final, small-amplitude oscillations we still find the dominant peaks

corresponding to f end
3 ± f end

2 . Weak contributions at other frequencies are present. Overall,
the frequencies we observed in the oscillations of the 1st mode are very similar to those of
the 3rd mode. This is probably not astonishing, as the mode with n = 3 represents the odd
mode of largest amplitude. Eigenfrequencies of other odd modes, e.g. the fifth mode are
present. A similar analysis has been performed with the experimental data, however based
on a Fourier transform of the complete data set. There, we found significant peaks at 16 Hz,
at 33 Hz and at 51 Hz. This allows the same identification as the eigenfrequency of the 3rd
mode (33 Hz) and respective values of f3 ± f2, with f2 = 18 Hz. Last, we mention that a
spectral analysis of the position of the centroid along the symmetry axis reveals very similar
frequency contributions. However, large-amplitude contributions on much longer time scales
are evident.

3.2.7. Oscillations of the Surface Area

After we have considered the oscillations of the eigenmodes of the soap bubble, we now
address the corresponding evolution of the surface area. As the soap film is thick enough
and not very viscous, it may rapidly adjust its local thickness to the corresponding in- and
outflow of material for a surface element. Starting from the strongly deformed initial shape of
≈ 10250 mm2 surface area, the bubble transforms to its spherical equilibrium of S ≈ 8800 mm2

(value for the simulation, R0 = 26.4 mm). In the intermediate time, we encounter oscillations
of the surface area while the average decreases, see Fig. 3.14(a). One main difference to the
mode oscillations for n ≥ 2 is that the area cannot fall below the equilibrium value. Due
to inertial forces of the air, the bubble is driven away from local minima to shapes of larger
surface area. Note that the irregularities during the initial phase of the simulated relaxation
are similarly observed in the experiment [88].
The windowed Fourier transform of the time series for the excess surface area is shown in
Fig. 3.14(b). The offset at f = 0 Hz corresponds to some mean excess area, not related to
the mode oscillations. The surface area oscillations are dominated by a quadratic coupling to
the second mode, evident from large peaks corresponding to twice the instantaneous eigenfre-
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(a) (b)

Figure 3.14.: Decrease and oscillation of the surface area of the simulated bubble: (a) time series
and (b) windowed Fourier transform of the instantaneous surface area difference to the sphere.

quency of the 2nd mode found in the initial and in the final spectrum at f = 34.55 Hz≈ 2f init
2

and f = 37.66 Hz≈ 2f end
2 , respectively. Besides that, we may identify twice the frequency

of the 3rd mode, 64.27 Hz≈ 2f init
3 = 64.5 Hz in the large-amplitude spectrum. Several other

peaks are present, but not so easily attributed.
One must keep in mind the very different character of odd and even modes: For an odd mode,
the bubble shapes corresponding to amplitudes of identical absolute values but opposite sign
may be transformed into each other by an inversion of the z-axis, i.e. they correspond to
identical surface areas. In even modes, opposing signs of the amplitude refer to shapes of
unequal surface areas and unequal axial extension of the bubble. In the 2nd mode, A2 > 0
represents a prolate and A2 < 0 an oblate shape. Consequently, one may expect oscillations
of the surface area at twice the frequencies of odd modes, but a more complex behavior for
the even modes.
Overall, the peaks found in the spectrum of the surface area oscillations are very similar to
the spectrum of the 0th mode.

3.2.8. Summary of the Main Features

Finally, we summarize the main aspects from this Section which will be relevant for the studies
in the remaining part of the Chapter, where soap bubbles will be used as a reference system
for a comparison to smectic bubbles.

First, the results from our experiments can be very well described by a numerical simulation
using the Navier-Stokes equations for the inner and outer air volumes, which includes only the
impermeability and the surface tension of the interface. The oscillations of the eigenmodes
are very similar in experiment and simulation, and so are the couplings between the modes.
The main difference is an increased damping in the experiments due to the dissipation in
the soap film. Modes of higher index n are in general damped more rapidly than those with
low n. For the modes with n ≥ 3, the predictions of the damping [113–115] are close to the
results of our simulations. Effects of mode coupling may even lead to an overestimation of
the damping in the theory considering only small amplitudes [146].
Second, the oscillation eigenfrequencies of our centimeter-sized soap bubbles are very close to
the prediction of Lamb [103], despite the large oscillation amplitudes in the experiment and
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Figure 3.15.: Snapshots during the collapse of a smectic catenoid-shaped film of thickness δ =
210 nm. The time differences are taken with respect to the first image in each row where the ratio
of the radius in the midplane of the catenoid rm to the ring radius Rh equals rm/Rh = 0.55. The
holder radius is Rh =4 mm. Figure adapted from Collapse of catenoid-shaped smectic films by F.
Müller and R. Stannarius, Europhys. Lett. 76 p. 1102 (2006), website iopscience.iop.org/epl.

simulation. A shift towards lower frequencies as predicted by Tsamopoulos and Brown [119]
with increased amplitudes could be proven for the 2nd and 3rd modes, but the correction
coefficients differ from their predictions.
Third, as expected, the relaxation of the soap bubbles is accompanied by pronounced oscil-
lations of the surface area, where the dominant contribution is at twice the frequency of the
second mode. We find oscillations of the modes n = 0 and n = 1 due to the large amplitude
of the other modes’ oscillations.
Last, numerous effects of a nonlinear coupling of the modes are evident. None but the second
mode perform approximately damped sinusoidal oscillations. Various frequencies are present
in Fourier spectra of all higher modes. An energy transfer between modes is evident, e.g.,
from the existence of increasing amplitudes at certain frequencies.

3.3. Catenoid Collapse and the Creation of Freely Floating
Bubbles

Flat free-standing smectic films have become a very familiar system, cf. previous Chapter.
Similar to soap films, curved smectic films connected to a frame or capillary can be created
by applying a pressure difference underneath one of the surfaces of a flat FSF. When an
overpressure is applied so that the film surface bulges outward from a capillary, we speak of
sessile smectic bubbles in the following. It has long been believed that smectic films ”can-
not exist on their own but must always be suspended on a frame by the intermediate of a
meniscus” [147, 148]. However, experiments by Müller et al. [149] in 2006 demonstrated the
formation of a free-floating smectic satellite bubble during the collapse of smectic catenoids
spanned between two rings. A corresponding image sequence is shown in Fig. 3.15. Satellite
bubble formation occurs in thin enough catenoid-shaped films. This phenomenon is by far not
restricted to smectic films, similar satellite formation is a general hydrodynamic phenomenon
in liquid bridges and catenoids, see e.g. Refs. [150–159]. In this section, we review the back-
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Figure 3.16.: (a) Sketch of the setup and definition of parameters. A catenoid is stable between
two rings for D < Dc. (b) Characteristic film shapes and stages of inviscid catenoid collapse as
distinguished by Chen and Steen [160] for soap films. First, the minimum radius rmin is at the
mirror plane of the catenoid (1). Second, it splits into two equivalent minima (2) that move away
from the midplane. Third, the film turns over and two necks form (3). After pinch-off, a satellite
bubble and two films in the holders are formed and relax due to surface tension(4).

ground of catenoid collapse and we describe the characteristics of satellite bubble formation
in smectic and soap films. Our analysis of the dynamics of these bubbles will be presented in
the subsequent sections of this Chapter.

3.3.1. Literature Review

Catenoids, Pinch-Off Processes and the Formation of Satellite Drops
Let us first address the equilibrium shape of a fluid’s surface, in our case a smectic film,
which is spanned between two open concentric rings of radius Rh: The equilibrium surface
can be found by minimizing the surface area. It is a surface of constant mean curvature. The
geometry is schematically sketched in Fig. 3.16(a). The minimal surface for not too large
separation D between the rings is given by

r(z) = rm cosh(z/rm), (3.20)

where rm is the waist radius and z is the axial coordinate. The origin of the coordinate system
is in the mirror plane of the catenoid whose normal coincides with the z-direction, so that the
catenoid holders will be at positions z = ±D/2, respectively. In experiments, we will seek
solutions for given holder radius Rh = r(±D/2) and separation D. Compliance with these
boundary conditions requires

rm =
Rh

cosh(D/(2rm))
. (3.21)

Below a critical separation Dc ≈ 1.3255Rh, this equation possesses two solutions which may
be determined numerically [160]. For D > Dc, no stationary solution connecting the film
holer exists, the equilibrium shape is given by two flat films spanning the catenoid holders.
Near the critical separation, small shape perturbations will be sufficient to initiate catenoid
collapse.
In our experiments, we dynamically increase the separation of the film holders above Dc, and
we exploit the collapse dynamics to create smectic bubbles, see Fig. 3.16(a). Under ambient
conditions, the generalized shape evolution proceeds as sketched in Fig. 3.16(b) [160]. It leads
to the entrapment of a small air volume (satellite bubble) within the central film region, as
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already observed in a smectic catenoid by Müller and Stannarius [149].

Collapse of Soap Catenoids
The pinch-off scenario during the collapse of soap catenoids has been investigated by Steen
and collaborators [160–163]. In their experiments, soap catenoids of ≈ 1 µm thickness were
stretched to the critical separation, and then the collapse was triggered by some ambient
perturbation. They estimated the characteristic time and length scales on which the ambient
air and the soap film become relevant [163].
During the collapse, the shape of the catenoid evolves similar to the sketch in Fig. 3.16(b),
very similar to droplet pinch-off [160]: First, the minimal radius rmin of the deformed tube-
like film is in the horizontal mirror plane of the catenoid. Then, the minimum splits into two
equivalent minima due to pressure build-up at a mid-axis stagnation point of the flow of the
air inside the tube. The minima symmetrically move further towards the catenoid holders.
At some time, a nearly cylindrical region forms in the catenoids’ central part. Then, the films
overturn near the minima (r(z) becomes multi-valued) and necks are formed. Finally, the
catenoid pinches off and a satellite bubble is formed.
The radius R0 of the satellite bubble is predicted as R0 ≈ 0.067Rh [160] (R0 ≈ 0.072Rh from
Ref. [163]), only slightly larger than the experimental value Rsoap

0 ≈ (0.06 ± 0.005)Rh [163].
Real soap films pinch off earlier than predicted by numerical simulations considering only
surface tension [163].

Collapse of Smectic Catenoids
Ben Amar et al. [164] prepared smectic catenoids and studied their stability and vibration
modes. In 2006, Müller et al. [149] investigated the collapse of smectic catenoids of 200 nm
to 6 µm thickness between holders of 4 mm radius. The material was 8CB, which possesses
a smA phase at room temperature. The thickness was determined using the optical inter-
ference patterns in parallel transmitted monochromatic light under the assumption of axial
symmetry. For films below 1 µm thickness, Müller and Stannarius observed a small bubble
remaining between the supports after the collapse. A typical frame sequence is shown in
Fig. 3.15 above. At larger film thickness, a thread of smectic material connects smectic films
remaining in the holders. It subsequently decomposes into droplets. The authors also inves-
tigated the evolution of the film thickness during catenoid collapse: In all films, the thickness
remains constant until very short time before pinch-off. This implies that the volume reduc-
tion in the film is compensated by inflow into the meniscus at the rings. Local film darkening
near the mirror plane perpendicular to the axis is observed in monochromatic light in films
of δ ≈ 1 µm thickness. It was interpreted as local thickening of the films.

3.3.2. Free-Floating Bubbles of Smectics and Soap Solutions Prepared
by Catenoid Collapse

In the present study, we are interested in the effect of the smectic layer structure on the shape
relaxation of smectic bubbles from a non-equilibrium shape. The bubbles created by catenoid
collapse in Ref. [149] appear as a convenient object of study, they can be prepared under quite
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Figure 3.17.: Still images from the collapse of a soap film catenoid of a mixture of commercial
detergent with water (surface tension γ = 27 mN/m [57]), equilibrium radius of the satellite bubble
R0 = 0.24 mm, recorded with a Photron APX 120K camera at 50 000 frames per second. The
arrows indicate a local assembly of excess film material formed when the two waves propagating
from the top an bottom of the bubble meet in the midplane at (t− tp) ≈ 0.12 ms. Numbers are
times to / after pinch-off in milliseconds. Original video courtesy of K. May.

reproducible conditions. To provide a direct comparison to the dynamics of the corresponding
Newtonian membranes, we also prepared few soap bubbles of different surfactant solutions.
Several sets of catenoid holders of circular cross-section and radii between Rh = 3 . . . 55 mm
have been used. In laboratory experiments, the symmetry axis of the catenoid is always
aligned with the direction of the gravitational field. Part of the experiments with centimeter-
sized smectic bubbles have been performed in micro-gravity during parabolic flights.

To prepare soap bubbles, the corresponding soap solution is spread on the holders. Some-
times we also submerged the bottom catenoid holder almost up to its top edge in a bath of
soap solution. Then, the catenoid holders are separated across the critical separation and a
high-speed video of the bubble is recorded in transmitted light. Still images from an exem-
plary video using a commercial dishwashing agent are shown in Fig. 3.17. Our soap films
are inhomogeneous in thickness, clearly seen by Schlieren patterns in transmitted light. In
sub-millimeter sized bubbles, the average film thickness is large compared to centimeter-sized
bubbles: Right after bubble formation a (sometimes even air-filled) filament connects the
bubble to the oscillating films in the holders. This filament decomposes into droplets and
bubbles. The details depend strongly on the selected surfactant solution. Pinch-off without
considerable threads was most probable in solutions of commercial detergent in water. Bub-
bles of equilibrium radii R0 ≈ 0.2 . . . 2 mm have been prepared. Their dynamics are analyzed
in Sec. 3.4. Soap bubbles will be used as a reference in a comparison with the dynamics of
smectic micro-bubbles in Sec. 3.5.

For the preparation of smectic bubbles, we have used materials M5+ and PM2 (see Ap-
pendix D). At room temperature, M5+ is in the smA phase and PM2 is in the smC phase.
A small amount of smectic material is spread at the top surface of the catenoid holders, then
they are brought into touch. After that, we separate them very slowly up to a distance of
approximately 2 mm. The films are vulnerable to rupture during this initial phase and may
be destroyed by small external perturbations e.g. vibrations imposed on the setup. This
may be especially critical during parabolic flights. For larger separations, the films are more



3.3. Catenoid Collapse and the Creation of Freely Floating Bubbles 91

Figure 3.18.: Collapse of a smC catenoid of PM2 recorded at 2 000 frames per second: The dynamic
stages of catenoid collapse are identified - reduction of minimum radius in the mirror plane,
splitting into two minima, neck formation with overturning of the films, pinch-off (marked by
dashed line) and shape relaxation. The brighter images are intensity and contrast-enhanced to
allow visibility of the necks. The dashed line indicates that pinch-off occurs between those frames.

stable. Then, the distance between the catenoid holders may be increased at higher rates.
It was favorable for the preparation to control the separation of the catenoid holders with a
computer program, during the parabolic flights this was mandatory. Therefore, the holders
were mounted on an electronically moveable linear stage.
Consecutive measurements with the same separation protocol in the lab yield similar charac-
teristics of the catenoid and satellite bubble. Similar to planar FSF, the film thickness can
be controlled by the separation velocity to some extent. Faster expansion typically yields
thinner films.
Near the critical separation, the catenoid collapses. All our experiments are performed under
ambient conditions and the films are thinner than 1 µm, so that usually a satellite bubble is
created. Figure 3.18 shows an image sequence during the pinch-off and relaxation of a smC
bubble of ≈ 1 cm equilibrium diameter. The different stages of the pinch-off process involving
a minimum neck radius in the vertical mirror plane of the catenoid, the splitting into two
minima and their motion as well as the overturning of the film near the necks are identified.
The relaxation of the bubble after pinch-off is discussed in Sec. 3.5 below.
Depending of the preparation protocol and film properties, the pinch-off of smectic micro-
bubbles proceeds in different ways: Figure 3.19 shows four examples of films with increasing
average thickness from (a) to (d). The detachment from both catenoid holders (a) represents
the standard scenario. In scenarios (b) to (d), the detachment is incomplete and a thin
thread connects the bubble to the films in the holders. This delays the axial contraction
of the satellite bubble, and for sufficiently thick filaments, the Rayleigh-Plateau instability
may lead to another breakup of the elongated bubble into smaller ones possibly connected
by a thin thread, see sequences (c) and (d). The breakup of the catenoid in sequence (d) is
strongly influenced by the initial inhomogeneity of the film, seen as the dark vertical lines.
During bubble relaxation, this structure is preserved and the borders darken and broaden,
corresponding to an assembly of material. A comparatively thick (tens of micrometers) thread
is formed, which later decomposes into droplets via the Rayleigh Plateau instability3. During
the collapse of centimeter-sized bubbles, the formation of threads has not been observed.
If a thickness gradient exists along the symmetry axis, it usually introduces an asymmetry in
the pinch-off at the top and bottom neck. It occurs slightly earlier in the thinner part. In films

3Paragraph reproduced from May et al. [165]. Copyright © by John Wiley Sons, Inc. Reprinted with
permission of John Wiley & Sons, Inc.
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(a) (b)

(c) (d)
Figure 3.19.: Formation of smC micro-bubbles from the collapse of a catenoid. The radii of the

satellite bubbles are R0 ≈ 0.5 mm. The film thickness increases from (a) to (d). The time interval
between consecutive images is (a) 0.9 ms, (b) 2.8 ms, (c) 17.8 ms, and (d) 0.5 ms. Reproduced
from May et al. [165]. Copyright © by John Wiley Sons, Inc. Reprinted with permission of John
Wiley & Sons, Inc.
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Figure 3.20.: Relation of holder radius Rh and equilibrium radius of the satellite bubble R0 for
bubbles of the PM2. Bubbles are larger than expected from theory [160, 163], shown as a solid
line. A crude approximation of R0 ≈ 1/10Rh is shown as dashed line. Adapted from May et
al. [165]. Copyright © by John Wiley Sons, Inc. Reprinted with permission of John Wiley &
Sons, Inc.

of large average thickness, the detachment may occur at the thinner side only. Asymmetric
pinch-off may also be obtained by (partially) sealing one of the holders, so that the outflow
of air is hindered.

In our further considerations, we focus on completely detached bubbles. The dependence of
the equilibrium radius R0 of the satellite bubble on the diameter of the catenoid holders is
shown in Fig 3.20. The smectic bubbles formed by PM2 are larger than expected by theories
considering only surface tension of the film [160, 163]. In excellent agreement with their
accompanying experiments on soap films of ≈ 1 µm thickness, Robinson et al. [163] and Chen
et al. [160] find R0 ≈ 0.07Rh. For our smectic bubbles, ring and bubble diameters are not
strictly linearly related. For the experiments presented here, we may roughly estimate the
equilibrium radius of the satellite bubble R0 as ≈1/10 of the holder radius Rh. We find minor
influences of the homogeneity and thickness of the smectic films on the collapse dynamics and
thus on the volume of entrapped air. The general trend is that bubbles formed from thick
catenoid films are larger than those formed from thin catenoids. As reference, we prepared
soap bubbles with the same catenoid holders. They are thicker than the smectic films, and
even larger.

3.4. Relaxation of Soap Bubbles Created During Catenoid
Collapse

The relaxation of soap bubbles from a non-equilibrium shape formed after merging of two
bubbles has been described in Sec. 3.2 above. Here, we show two exemplary catenoid bubbles
to provide a direct comparison for the relaxation of smectic bubbles discussed in the remain-
ing part of this Chapter. A solution of commercial detergent in water was used, it possesses
an interface tension of 27 mN/m [146].
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Figure 3.21.: Results from the eigenmode decomposition Eqn.(3.17) of the shape relaxation dynam-
ics for the soap bubble shown in Fig. 3.17: The amplitude of the mode with n = 2 and the surface
area are shown. The inset sketches bubble shapes for positive and negative amplitudes of mode 2.
Adapted from Dynamics of freely floating smectic bubbles by May et al., EPL 100 16003 (2012),
website iopscience.iop.org/epl.

An image sequence of the pinch-off and subsequent relaxation of a soap micro-bubble of 0.24
mm equilibrium radius is shown in Fig. 3.17 above. Thin fluid filaments are formed directly
after pinch-off, which decompose into droplets within 0.05 ms. First, the bubble flattens in
axial direction. Capillary waves propagate from the poles towards the equator. When the
waves from both ends meet at (t − tp) ≈ 0.12 ms (white arrow), a region of increased film
thickness is formed there. This appears as a Schlieren band in the images. It almost retains
its position during the entire following relaxation. We have marked it again by the arrow in
the last frame. A gradual increase of film thickness near the equator due to the oscillations
was predicted by Grinfeld [140], starting from a homogeneously thick film. However, the
increase observed here seems to be rather related to material transport away form the pinch-
off points, i.e. an inhomogeneity created during the initial few milliseconds of the relaxation,
not a gradual increase over many oscillation periods.
The whole relaxation of the bubble takes only approximately 3 milliseconds. Oblate-prolate
shape transformations are dominant, corresponding to n = 2 in the mode expansion intro-
duced in Sec. 3.1.1. Figure 3.21 displays the time-dependence of the amplitude of the 2nd
mode and the surface area of the bubble. Lamb’s model Eqn.(3.10) predicts an oscillation
frequency of ωL2 = 125 · 103 s−1. In the experiment, we find the significantly lower value of
ω2 ≈ 59 · 103 s−1(±2.5%). Oscillations of the surface area occur mainly at frequency 2ω2.
Grinfeld [140] has predicted a decrease in oscillations frequency due to the inertia of the soap
film, which will apply to our micro-bubbles. Unfortunately, we have no measurement of the
film thickness. From Grinfelds model Eqn.(3.16) and the measured frequency ω2, one finds
that a similar frequency shift would be caused by a homogeneous soap film of ≈ 0.84 µm
thickness, a reasonable value.
A similarly strong decrease of ω2 was not observed in the centimeter-sized bubbles discussed
in Sec. 3.2. There, the ratio of the film mass to the mass of the enclosed air is much smaller
than here, and thus this effect may be neglected.
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The relaxation of a centimeter-sized soap bubble created during catenoid collapse is shown
in Fig. 3.22. Pinch-off occurs slightly asymmetrically, so that the top-bottom symmetry
is broken during the relaxation. The features of the relaxation of the soap micro-bubble are
recognized: Capillary wave propagation towards the equator, with deposition of material when
both waves meet after ≈ 2.7 ms. Again, the corresponding Schlieren texture broadens and
bends as time proceeds, but the thickness difference does not equilibrate with the surrounding
film. Filaments are created during collapse outside the viewing area, but chains of droplets
are seen on the third and following frames for t ≥ 1.67 ms. Those are moving towards the
equatorial plane of the satellite bubble. After (t−tp) ≈ 3 ms, first the top and then the bottom
film turns over into the interior of the bubbles, each forming a jet of film fluid, probably an
energy focusing phenomenon [166]. Two liquid filaments of diameter on the order of 50 µm
are formed and stretched with the expanding motion of the bubble along the symmetry axis.
Filaments decompose into droplets, some material also assembles at the poles. The upper
filament seems to undulate slightly out of the symmetry axis, but this would have to be
identified at higher resolution. The droplet motion within the bubble is indicated by the
arrows in Fig. 3.22. Individual drops may tunnel through, bounce on or adhere to the soap
film, similar to Ref. [167].

3.5. Between Soap and Vesicles: Smectic C Bubbles

In the previous sections, we have discussed the relaxation dynamics of soap films and described
the preparation of freely floating soap and smectic bubbles from catenoid collapse. The
main effect of the membrane on the oscillation dynamics of centimeter-sized bubbles was an
increased damping. For bubbles of sub-millimeter diameter, the mass and viscosity of the
film must be taken into account in an effective density and viscosity of the interior fluid. This
reduces the oscillation frequencies and affects the damping. We have also observed material
transport during the relaxation.

Smectic materials possess a layered structure. Any film consists of an integer number of
layers, which may vary over the surface. Thus, thickness changes require the nucleation and
motion of edge dislocations. Compression or expansion of the area of smectic FSF connected
to a meniscus leads to a transient effective increase or decrease of interface tension, respec-
tively [20]. In absence of a meniscus, stress relaxation is expected to be even slower. In the
limit of no relaxation, one would arrive at effectively zero interface tension. Lipid bilayers
e.g. in vesicles, are structures where the shape dynamics is governed by bending stiffness, and
where the effective interface tension to the host liquid is almost zero [89, 90]. In contrast to
the soap bubbles, one may thus expect pronounced effects of the smectic membrane on the
overall relaxation dynamics.

Smectic C bubbles were prepared from material PM2 (see Appendix D), which is in the
tilted smC phase at room temperature. The corresponding interface tension to air is γ =
22.45 mN/m [57]. We have prepared bubbles from 0.5 mm (micro-bubbles) to approximately
1 cm equilibrium diameter. First, we will address the relaxation of micro-bubbles. We will
provide a model assumption explaining the experimental results. Due to the limited resolu-
tion of the camera at high frame rate, details of the process cannot be resolved. The physical
processes are better visualized in centimeter-sized bubbles, which are studied subsequently.
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Figure 3.22.: Relaxation of a soap bubble of R0 = 2.2 mm equilibrium radius, created by a slightly
asymmetric catenoid pinch-off: Again, the bubble first retracts to a flattened shape, and material
is deposited near the equator after ≈ 2.67 ms. Small droplets generated by decomposition of
filaments outside the bubble are moving towards the equatorial plane. Jetting, subsequent drop
formation, bouncing droplets and their coalescence with soap film are observed. Original video
courtesy of K. May.
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(a) (b)

Figure 3.23.: Slowed relaxation of smC micro-bubbles: (a) Shapes of a smectic bubbles at different
times after pinch-off, numbers give the time after pinch-off in ms. In the last image, the bubble has
reached almost spherical shape. (b) Images of a different smectic bubble taken in 1 ms steps during
the slow shrinkage of the bubble surface area. Lamb’s theory Eqn.(3.10) predicts 37 oscillations
of the second mode in the time interval between the first and last image. Equilibrium radii are
R0 = 0.29 mm. Figure (a) adapted from and figure (b) reprinted from Dynamics of freely floating
smectic bubbles by May et al., EPL 100 16003 (2012), website iopscience.iop.org/epl.

The relaxation dynamics of smectic bubbles is compared to soap bubbles of similar size and
geometry discussed in the previous Section. The results on smectic micro-bubbles and part
of the results on intermediate thickness centimeter-sized bubbles have been obtained in col-
laboration with K. May, most results are published in Refs. [57,165].

The experiments were performed in transmitted, mostly in monochromatic light. This allows
a measurement of the film thickness from the interference pattern on the catenoids or bubbles
as applied by Stannarius, Cramer and Schüring [99]. High-speed videos of smectic micro-
bubbles were recorded at 49 000 frames per second (fps) using a Vision Research Phantom
v710 , and of soap bubbles at 50 000 fps with a Photron APX 120K. For large centimeter-
sized bubbles, a Phantom v611 with 3 000 fps was used. Most of the latter experiments were
performed in micro-gravity during parabolic flights (DLR parabolic flight campaigns with
Novespace, Airbus A-300 zero-g in Bordeaux, France) in order to stabilize the center-of-mass
position of the bubbles during the up to 1 second duration of the relaxation process. During
the flight, the experiment must be operated in a closed box, the temperature is between
20 . . . 30◦C.

3.5.1. Micro-Bubbles in the Smectic C phase

Micro-bubbles in the smectic C phase perform most peculiar shape transformations: Fig-
ure 3.23 shows still images during the relaxation of two smC micro-bubbles of almost equal
equilibrium radii. A comparison with the relaxation of the soap bubble of similar equilibrium
radius shown in Fig. 3.17 above reveals huge differences in the relaxation dynamics: Whereas
the soap bubble relaxes with oscillations between prolate and oblate shapes within 3 ms, the
smectic bubble performs significantly slowed shape transformations through various distinct
shapes. The total relaxation may take significantly more than 10 milliseconds. The results
are published in Refs. [57] and [165].

Right after the pinch-off of the catenoid, all bubbles have approximately the shape of an elon-
gated ellipsoid ending in conical caps near the poles. First, capillary waves initiated during
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Figure 3.24.: Time dependence of the 2nd and 4th modes and the outer surface area of two smC
micro-bubbles of equilibrium radii (a) R0 = 0.28 mm, inset: late time oscillations of the 2nd mode
enlarged, and (b) R0 = 0.52 mm. Figure (a) adapted from Dynamics of freely floating smectic
bubbles by May et al., EPL 100 16003 (2012), website iopscience.iop.org/epl. Figure (b) adapted
from May et al. [165]. Copyright © by John Wiley Sons, Inc. Reprinted with permission of John
Wiley & Sons, Inc. (b).

the rupture travel towards the bubble equator, causing a rounded shape of the bubbles near
the poles. Already during the first oscillation cycle of the second mode, the relaxation dynam-
ics in smectic and soap bubbles strikingly differ from each other: While soap bubbles simply
contract to an oblate object, smectic bubbles develop a dumbbell-like shape, see image (ii) of
Fig. 3.23(a). Slow contraction continues until an aspect ratio of approximately one is reached.
This shape usually resembles a slightly rounded cylinder with bulges 3.23(a), image (iii). In
this stage, the shape appears as almost stationary. The details may vary between individual
experiments, an image sequence from a different bubble during this relaxation stage is shown
in Fig 3.23(b). It evidences only very slow, monotonous shape changes. The exact duration
of this phase varies between 2 to 12 ms (corresponding to 15 to 100 periods of oscillations
with ωL2 ) in different experiments, influenced by the detailed structure and thickness of the
films. Once this deformation has relaxed to an almost spherical shape, the bubbles will finally
perform small amplitude oscillations mainly in the second mode.

The complete time-evolution becomes even more striking in the mode decomposition for such
bubbles, which is shown in Fig. 3.24. The bubbles remain axially symmetric in very good
approximation, odd numbered modes are not noticeably excited for symmetry reasons of the
initial conditions. The dominant contributions in the shape dynamics are of the 2nd and 4th
modes, higher modes display similar dynamics but decay much faster: Initially, the amplitude
of the 2nd mode is largest. Then, the amplitude of the 2nd mode becomes negative and the
amplitude of the 4th mode reaches a maximum, corresponding to the short bulged cylinder
shapes shown in Fig. 3.23(b). Both amplitudes only slowly decay towards zero. Finally,
small amplitude oscillations in the 2nd mode are resolved. These are displayed in the inset
of Fig. 3.24(a). The experiment has been repeated several times, with similar characteristics
but differing total relaxation times. Exemplarily, we display the mode analysis for a second
smectic micro-bubble in (b), with similar characteristics. For the shape relaxation of both the
soap and the smectic bubble one must keep in mind that all modes in the spherical harmonics
expansion are nonlinearly coupled at high deformation amplitudes. The higher modes have a
fast dynamics, they are enslaved by the slowest, second mode, and are usually damped much
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Figure 3.25.: Sketch of the structural response of soap (top) and smectic (bottom) films to local
lateral dilation (middle column) or compression (right column), indicated by the black arrows.
Grey arrows indicate the required thickness decrease, resp. increase. The interior of our soap
films is filled with aqueous soap solution. Smectic films consist of an integer number of layers, so
that nucleation and growth of holes, resp., islands is required.

faster. For the smectic micro-bubble shown in Fig. 3.23, we measure ω2 = 58 · 103s−1(±10%)
for the small-amplitude oscillations during the last stages of the relaxation. Similar to the
soap micro-bubble described previously, this value is significantly smaller than predicted by
Lamb’s model Eqn.(3.10), ωL2 = 86 · 103 s−1. The reason will be the same, the influence of
the film mass and viscosity. The film thickness in smectic bubbles is typically smaller than a
micrometer, and the motion of smectic layer dislocations might provide an additional contri-
bution to the dissipation.

The surface area evolution of the bubbles calculated from the projected peripheries under the
assumption of axial symmetry is shown as blue lines in Figs. 3.21 and 3.24. In contrast to the
oscillating surface area of the soap bubble, the initial excess surface area of the smectic bub-
bles monotonously decreases towards the equilibrium value. Small-amplitude oscillations are
only observed during the final stages, when the corresponding relative surface area changes
are small.

The complex relaxation dynamics of the smectic bubbles evidence contributions from com-
peting processes with very different time constants: Surface energy minimization drives the
surface area reduction, in relation with the surface tension. A surface area reduction of ≈ 30%
from the initial bubble shape to the spherical equilibrium likewise requires a similar relative
increase in film thickness. For not too thin films of soap solutions, this can be easily realized
by increasing the thickness of the water / surfactant layer, see Fig. 3.25(top). In contrast,
smectic films possess an integer number of molecular layers, and changes of the equilibrium
layer spacing are countered by elastic moduli on the order of 104 . . . 108 Pa, depending on
the phase and the material, see Refs. [33] and [20] p. 92. Thus, in case of compression of an
area element, layer dislocations have to be nucleated and moved to realize the required film
thickness increase, see Fig. 3.25(bottom). Each layer contributes a unit dislocation. This is a
slow process compared to the time scale of bubble oscillations considered here, it limits the
rate of surface area reduction. The formation and long-term dynamics of such islands was
studied by Caillier [95] after the rapid collapse of a bent film on a tube to a flat film. Flow
within the layer plane is similar to an isotropic fluid with an (average) viscosity on the order
of 0.1 Pa s [7,8]. The in-plane viscosity may contribute to a reduction of the eigenfrequencies
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of our bubble oscillations, but it cannot explain the observed anomalous slowing-down of the
relaxation.
We conclude that as long as a significant decrease in surface area is required to reach the
spherical equilibrium, the relaxation process will be governed by the time constant related to
the dislocation dynamics, the relaxation is over-damped. Compared to the situation where
a film at a frame is compressed, and a limited inflow into the meniscus may occur, the time
scale for relaxation will be longer in the smectic bubbles. For flat films with meniscus, it has
been shown that the effective film tension drops immediately after applying a compression of
the film, and only recovers its original value exponentially with time, see Ref. [20], p. 410.
Surface-tension driven oscillations can only be accommodated by the system when the re-
lated surface area changes are very small, i.e. the mode amplitudes are very small, too. In
the smectic C phase, this compensation of the surface area changes may occur, e.g., through
variations of the tilt angle or through small back-and-forth motion of dislocations during
dilation and compression. Surface area changes couple to the oscillation modes, in first ap-
proximation quadratically in the amplitudes An, so that small-amplitude oscillations leave
the surface area almost unchanged.

The observation of dislocation dynamics on smectic micro-bubbles is difficult as we expect
only few dislocations and the spatial resolution of the camera images is insufficient for a
quantitative characterization. Larger bubbles are much better suited to validate this idea.

3.5.2. Dislocation Dynamics in Centimeter-Sized smC Bubbles

Centimeter-sized smectic bubbles are well suited to test our phenomenological idea that the
slowing-down of the relaxation of smectic bubbles is caused by dislocation nucleation and
growth. Oscillation frequencies as well as the dislocation dynamics depend on the bubble
size: Lamb’s predicted mode frequencies scale as with the equilibrium radius as ωLn ∝ R−1.5

0 .
The expected dominant natural oscillation frequency of a bubble with 1 cm diameter is
ωL2 ≈ 103 s−1. Larger bubbles also possess a lower Laplace overpressure and thus smaller
membrane stresses driving the dislocation dynamics. Summarizing, we may expect slower
dynamics in general.
The total reduction of the surface area may now be expected on the order of hundreds of
square millimeters, while the film thicknesses will be similar to or even lower than in the
corresponding micro-bubbles. In addition, one may expect the islands to be nucleated at im-
purities or inhomogeneities of the smectic layer structure. Thus, we also expect the nucleation
and growth of numerous islands of different thicknesses on in the smectic film. Due to these
geometrical considerations, the relative influence of dislocation dynamics on the relaxation
dynamics is expected to be somewhat weaker in larger bubbles. In Figure 3.26(a), we sketch
the processes of thickness increase in smectic bubbles: For micro-bubbles (left), only few is-
lands are expected. In larger bubbles, a similar percentage of thickness increase may lead to
numerous islands of diameters much smaller than the bubble equilibrium radius.

Centimeter-sized smectic bubbles in the lab usually leave the field of view before the relax-
ation is completed. Thus, we performed most experiments shown below in micro-gravity
during parabolic flights. In our experiments during the DLR parabolic flight campaign in
2012, we have observed such behavior on numerous smectic bubbles. In general, the axial
symmetry of the bubbles imposed by the initial conditions is lost during the relaxation, most
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(a) (b)
Figure 3.26.: Area-shrinkage induced growth of islands on smC bubbles: (a) Images of islands on a

smectic C bubble with R0 = 5.5 mm (top). The time delay between the images is 40 ms. Note
that some of the islands are on the front film of the bubble, others are on the rear side. The
two film regions move relative to each other. bottom: Sketch of a small bubble with a single
dislocation (left) and a larger bubble with growing islands and multiple dislocations (right). (b)
Typical velocities of island growth in a bubble with R0 = 0.5 cm. Individual island thicknesses
have been obtained from the transmitted light intensities, relative to the background film. Sketch
in (a) and image (b) reprinted from Dynamics of freely floating smectic bubbles by May et al.,
EPL 100 16003 (2012), website iopscience.iop.org/epl. Video images in (a) reproduced from May
et al [165]. Copyright © by John Wiley Sons, Inc. Reprinted with permission of John Wiley &
Sons, Inc.
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probably due to heterogeneities in the film structure and island formation. Thus, the deter-
mination the mode decomposition and the calculation of the surface area from the optical
images are not possible in general. Due to the longer time scales of relaxation, the in-plane
viscosity of the smectic membrane will be even less relevant than in the micro-bubbles. Soap
bubbles of similar initial deformation have been discussed in Sec. 3.4. They display the usual
oscillatory dynamics similar to the relaxation after soap bubble coalescence in Sec. 3.2.

Figure 3.27 displays still images during the relaxation of a smectic C bubble of equilib-
rium radius R0 = 0.57 cm extracted from a movie recorded at 3 000 frames per second in
monochromatic transmitted light of λ = 450 nm wavelength. The image is rotated such the
the symmetry axis of the catenoid lies in the horizontal direction. Catenoid pinch-off occurs
at positions left and right outside the field of view. The pinch-off time can be concluded from
cessation of the lateral contraction of the tube-shaped catenoid during collapse.
Shortly after pinch-off, a capillary wave travels on the film from the pinch-off points towards
the equator of the elongated bubble, and the bubble starts axial contraction. Slow shape
transformations are observed until an almost spherical shape is reached. There is no such
explicit cessation of motion as in the short bulged cylinder of the micro-bubbles shown in
Fig. 3.23. Finally, small oscillations with the expected frequency are observed. Altogether,
the characteristics of the relaxation process are similar to the sub-millimeter sized micro-
bubbles discussed in the previous subsection. The subsequent text is adapted from May et
al. [57]4.

During the film area reduction, one observes the growth of a number spots on the bubble
surface, see Fig. 3.27. These may be identified with smectic islands, i.e. regions of locally
increased number of layers. Their brightness is directly related to the local film thickness [98].
The darkest islands have thicknesses near the first transmission minimum (around 80 nm), the
rarely occurring bright islands are thicker, close to the first interference maximum (around 160
nm) [165]. A closer inspection shows that the bright islands are surrounded by a narrow dark
halo, where the film thickness passes the first interference minimum [165]. Brighter islands
are on average smaller than dark ones, in accordance with their lower growth rates discussed
below. On average, the islands are two to five times thicker than the surrounding film. An
exact determination of the island thickness would in principle be possible from transmission
images of different monochromatic illumination wavelengths, but is complicated. All islands
are nucleated in a time interval of few milliseconds before and after pinch-off. Thereafter,
they only grow in size and may coalesce with each other.
For an exemplary bubble of 1 cm equilibrium diameter, the growth rate of four islands is
plotted in Fig. 3.26(a). We have selected islands that stayed in the center of the images
during the whole observation time, so that their extension remained normal to the viewing
direction and corrections for the projection were not necessary. The individual island thickness
does not change during growth, and the area increases approximately quadratically with time
(constant velocity of dislocations). There is a clear trend that thicker islands grow more
slowly. However, the stresses on the membrane are local and time-dependent. We have
checked that different islands of comparable thicknesses grow with similar rates. Tracking of
many more islands is possible, it yields similar results. Note that islands do not necessarily
have to be circular, they may be deformed by local stresses due to the shape transformation

4Dynamics of freely floating smectic bubbles by May et al., EPL 100 16003 (2012), website iop-
science.iop.org/epl.
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Figure 3.27.: Relaxation of a smectic bubble with equilibrium radius R0 = 0.57 cm, created with
holders of 11 cm diameter. Darker spots on the surface are growing islands of different heights and
diameters. The catenoid axis is horizontal in the image. Scale bar 5 mm, times are respective to
the pinch-off, monochromatic illumination with λ = 450 nm. Reprinted from Dynamics of freely
floating smectic bubbles by May et al., EPL 100 16003 (2012), website iopscience.iop.org/epl.

of the bubbles.
The exact determination of the total surface area is problematic due to significant deviations
from axial symmetry. We have selected a bubble of as small as possible deviations for the
evaluations shown in Fig. 3.26(a). The surface area of this bubble decreases by ≈ 20% within
≈ 60 ms. This estimate is consistent with the mean increase in island thickness, size and area
fraction of islands. The area reduction takes much longer than in the micro-bubbles discussed
above. When the approximate sphere shape is reached after t ≈ 130 ms, small oscillations
corresponding to the final oscillations of the 2nd mode are observed and the islands stop
growing. Further islands dynamics (coalescence, Ostwald ripening of the two-dimensional
emulsion, etc.) is expected only on the time scale of minutes or hours. This is not accessible
within this experiment, but is a current activity within the OASIS-project on the interna-
tional space station.

3.5.3. Wrinkling, Oscillations, Rupture

The above described patchy island structures have been observed on almost all bubbles during
the first parabolic flight campaign with this experiment in 2012. Depending on the flight con-
ditions of the aircraft, pronounced vibrations may occur during the normal- and hyper-gravity
phase. This hinders film preparation in the initial stages significantly. During our second ex-
periment campaign in February 2014, the preparation of a short catenoid usually had to occur
during the micro-gravity phase of a parabola. The distance between the catenoid holders was
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Figure 3.28.: Still images from the relaxation of a smectic C bubble of PM2 of 32 nm film thickness
at room temperature. Numbers give the time difference to the first image in milliseconds. The
bubble surface repeatedly develops a grey scattering texture related to compression or expansion
of the film area. Magnifications of the marked regions are shown in Fig. 3.29.

increased to a value below the critical separation. Collapse was triggered by a small increment
during the micro-gravity phase of the next parabola. In this second flight campaign, we used
a small LED array providing switchable blue / red / green light of wavelengths 460 nm, 530
nm and 625 nm, respectively. This allows a determination of the film thickness from the
interference intensity in (approximately) parallel, transmitted light via the method used by
Stannarius et al. [99] up to an accuracy of approx ±2 nm. We observed films in a thickness
range from 5. . . 20 nm. While we mainly observed island formation on the bubbles in 2012,
this time a broad range of responses of the films to the stress imposed by air drag and film
area reduction were encountered: rupture, fast oscillations, retarded oscillations accompanied
by island formation or even by surface wrinkling. We will present these scenarios in course of
this subsection. Their occurrence is related to the initial film thickness of the catenoid and
its homogeneity.

The most prominent phenomenon we observed in our thicker bubbles between ≈ 13 . . . 20 nm
thickness was a lack of island formation, but the (repeated) appearance of scattering, grey
structures in parts of the bubble. It is depicted for a bubble prepared in normal gravity in
Fig. 3.28 below. In principle, the scattering regions form when the film is area is compressed,
e.g. during the retraction from a strongly prolate shape of the bubble as in the three initial
images in the Figure. They disappear, when the bubble is stretched from an oblate shape,
and may reappear later on various positions on the bubble surface. Finally, the spherical
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Figure 3.29.: Magnified cut-outs of video images during the relaxation of the smectic C bubble
shown in Fig. 3.28 and marked by (a)-(c) accordingly. (a) During the first compression of the
bubble from an elongated shape, textures align roughly perpendicular to the symmetry axis of the
catenoid. (b) Shortly before stagnation of axial compression, their period seems to grow, and the
pattern disappears near the equator. (c) It reoccurs with a different morphology and (d) persists
at least in some regions until the bubble exits the field of view ≈ 270 ms after pinch-off. Image
(d) is taken at t = 260 ms. The width of each image is 1.83 mm.

bubbles possess a smooth surface again. We conclude that wrinkles represent a reaction of
the film to in-plane stresses. The wavelength of the texture could not be determined in the
parabolic flight experiment due to a limited spatial resolution.
However, we have performed comparable experiments under normal gravity with the same
setup. In general, these films show similar scenarios of relaxation, however the bubbles are
considerably thicker, usually δ > 20 nm, and often more inhomogeneous than those prepared
during the parabolic flight. The second problem with experiments in normal gravity is that
the bubbles frequently exit the field of view before relaxation is finished, which is also the
case for the bubble in Fig. 3.28. In ground experiments, we observed island nucleation and
growth in bubbles of δ ≈ 25 nm. For larger thicknesses, we observe scattering structures on
the bubble surface. These may, but do not have to, coexist with islands. Note that above
δ ≈ 35 nm, the bubbles typically only pinch off at one side of the catenoid, which does not
change the phenomenology of the scattering textures. We assume that they are of the same
origin as those observed in thinner bubbles during the parabolic flight.
A closer inspection of the borders of thick bubbles reveals a slight in-and-outward deformation
of the film, at the limit of our experimental resolution. It immediately disappears when the
scattering pattern in the adjacent region vanishes. Thus, we may interpret the scattering
structure as a wrinkling pattern, whose period decreases with decreasing film thickness but is
also related to the area compression of the bubble surface. For the bubble shown in Fig. 3.28,
the axial contraction almost stagnates between ≈ 40 and 55 ms, shape transformations of
the bubble are significantly slower than during the initial axial retraction. Scattering first
disappears near the bubble equator, and will have disappeared completely at t = 95 ms.
Upon further evolution of the bubble, a new scattering texture is generated, whose period
increases with time.
From the video data, we may even roughly determine the corresponding wrinkle morphologies
and estimate the period: We show three magnified views of the wrinkling structure during
different stages of the bubble relaxation marked in Figure 3.29. During the initial axial
retraction shown in (a), the wrinkles align perpendicular to the direction of stress. In that
image, the period can only be roughly estimated to be smaller than 30 µm. It increases, when
the bubble expands laterally and the axial compression rate is reduced. In (b), it reached
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Figure 3.30.: Oscillations of a smectic bubble of thickness δ ≈ 13 nm. The shape sequence displays
similarities with the smectic micro-bubbles from Fig. 3.23. Numbers indicate time in milliseconds
respective to the first image, the pinch-off was not recorded in this movie.
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a period of ≈ 47 ± 5 µm, before it disappears completely. New wrinkles are formed after
≈ 110 ms with a small period beyond the experimental resolution. In image (c) taken after
170 ms, they have reached an approximate period of 50 µm. The morphology is more similar
to labyrinthine textures than to an array of well-oriented stripes. Where the membrane is
locally deformed, presumably by a pending drop, the wrinkles align along the gradient of
the indention. The wrinkles persist at least in part of the bubble until it leaves the field of
view after another 120 ms. The wrinkle period even reaches ≈ 60 µm at t = 260 ms after
pinch-off. As evident exemplarily in (d), the wrinkles do not need to reduce their period
upon disappearance. A detailed analysis of the wrinkle patterns, periods and the conditions
of their appearance would we an interesting topic for future research.

In case of the appearance of surface wrinkles, the slowing-down of the relaxation is immense
as compared to the case of island formation discussed above: The total recorded video, from
which the still images in Fig. 3.28 have been extracted, is approximately 300 ms, and neither
the pinch-off nor the fully relaxed bubble have been recorded. If we estimate the bubble
equilibrium radius by R0 ≈ 0.25 cm, similar to other bubbles created with the same catenoid
holders, this duration corresponds to 114 oscillations cycles of the second mode with Lamb’s
prediction of ωL2 = 2390 s−1. For island-forming bubbles, the total duration of the relaxation
until the cessation of oscillations is below 100 ms.

After discussing the extreme case of retardation of the relaxation process, we now address
cases with less influence of the smectic membrane: Figure 3.30 displays an oscillating smectic
bubble. Only few islands and no wrinkles are observed. Here, the film thickness is δ ≈ 13 nm,
but a similar dynamics was observed for a bubble of only δ ≈ 7 nm. The relaxation proceeds
very similar to the smectic micro-bubbles shown in Fig. 3.23, even a slowly evolving short
rounded cylinder shape is observed. The duration of the relaxation between pinch-off and the
cessation of oscillations is roughly 90 ms.

The spontaneous rupture smC bubbles occurs only very rarely, but we have observed it for
three bubbles of ≈ 5 nm thickness, see Fig. 3.31. If we note that typical layer thicknesses of
thermotropic smectics are between 2 and 3 nanometers, we may infer that these bubbles repre-
sent the thinnest possible films of only two smectic layers. After pinch-off, they first display a
similar dynamics to the oscillating bubble shown in Fig. 3.30. Rupture is always initiated near
one of the poles when the bubble reached a shape with two distinct bulges, see still image at
t = 1.1 ms after pinch-off. This is similar to the smectic A bubbles discussed in the next Sec-
tion, which rupture at even larger thicknesses. In addition, the rupture velocity even in these
thin smC bubbles decreases significantly over time, a phenomenon discussed in the Chapter 4.

We conclude with an interesting phenomenon observed when the membrane is exposed to
strong compressive stress: Then, smectic material can be expelled from the film plane in the
form of bulges and buds, see Fig. 3.32(a). These can pinch-off and form micro-bubbles that
may separate from the parent bubble. In thicker bubbles, bulging was often not that pro-
nounced. A general observation is that many bulges are formed by islands on the film, which
bend outward. In an even more extreme case, tubuli may be formed, see Fig. 3.32(b). This
bubble ruptures during or short after pinch-off. The film retracts from the left to the right.
Such a rapid film area decrease requires the respective increase in film thickness, which cannot
be achieved given the layered smectic structure. Thus, the membrane expels material in out
of plane direction. Extrusion of tubular structures was also observed in a lipid membrane
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Figure 3.31.: Rupture of a smC bubble of PM2. The film thickness is δ ≈ 5 nm, numbers indicate
the time after pinch-off. The black line in each image marks identical horizontal positions. The
remaining part of the film translates to the left. The squid-shaped film on the last 3 images will
eventually evolve into daughter bubbles.
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(a) (b)
Figure 3.32.: Bulges, which may close to small attached bubbles (a), and tubuli (b) formed at the

surface of smectic C bubbles as a result of fast shape transformations. Apparently, these tubuli
do not reduce the film surface area, they only relieve local in-plane stress of thick smectic films.
Image (a) reproduced from May et al. [165]. Copyright © by John Wiley Sons, Inc. Reprinted
with permission of John Wiley & Sons, Inc. Image (b) adapted from Dynamics of freely floating
smectic bubbles by May et al., EPL 100 16003 (2012), website iopscience.iop.org/epl.

under compressive stress [91], see Fig. 3.2(b) in the introduction to this Chapter.

The above examples indicate a strong relation between the observed phenomena and the
film thickness. Only extremely thin bubbles rupture, slightly thicker ones may survive and
perform oscillations that look at first glance similar to those of soap bubbles. The latter
has been observed for a bubble of δ ≈ 7 nm thickness. The total duration of the shape
relaxation is only 25 ms, then. With increasing bubble thickness, the time scale of bubble
relaxation increases significantly. The bubble of 13 nm thickness in Fig. 3.30 oscillates, the
total relaxation takes less than 100 ms. While this one only possesses few islands, island
nucleation and growth and even surface wrinkling have been observed on other bubbles of the
same thickness. Both phenomena coexist in many cases. From that and from the appearance
of similar textures on bubbles prepared in normal gravity at larger thickness, one may infer
that the initial homogeneity as well as the existence of island nucleation sites (e.g. dust
inclusions) in individual films significantly influence the selection of the relaxation scenario.

In terms of the relaxation times, we observe an immense increase in cases where surface
wrinkling is observed: Typical durations of the slow area reduction before the final oscilla-
tions in island-forming bubbles are around 60 ms. If wrinkling is dominant, one reaches e.g.
t = 260 ms at δ = 13 nm and t ≈ 360 ms at δ = 20 nm in micro-gravity. For the thick bubble
of δ = 32 nm, we may estimate a relaxation time around 0.5 s, considering the amplitude and
shape-evolution recorded on the video compared to similar other experiments. Note again
that the slowing-down is exclusively caused by the smectic layer structure, the mass of the
film is completely negligible to that of the enclosed air. The smectic films are at least 30
times thinner than the comparable soap bubbles from the previous sections.
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3.6. Free-Floating Bubbles in the Smectic A Phase

For previously prepared smectic bubbles, we used the smC phase of PM2. One may ask
whether and how the slowing-down in the relaxation dynamics is expressed in other com-
pounds. In general, FSF in a smectic A phase, where no tilt between the average molecular
orientation and the layer normal is present, are more vulnerable to rupture. As these materials
can be well approximated by isotropic fluids for flow within the layer plane, their description
may be expected to be somewhat simpler though.
In this section, we investigate centimeter-sized bubbles prepared from material M5+ (see
Appendix D), which is in the smectic A phase at room temperature. The studies focus on
centimeter-sized bubbles due to easier observation. Preparation of bubbles from the frequently
used standard material 8CB only succeeded very rarely for micro-bubbles. Stable centimeter-
sized bubbles could not be prepared. We observed the same tendency of a larger vulnerability
to rupture in 8CB compared to M5+ in planar free-standing films.
Oscillating centimeter-sized bubbles of M5+ could only be prepared from catenoids of com-
paratively large film thickness. Typical preparation times were at least 5 minutes, making
studies in parabolic flights unfeasible. Thin bubbles ruptured within the first oscillation cycle.
We analyze both free-floating, oscillating M5+ bubbles as well as their rupture here, but first
we discuss the reasons for the increased vulnerability of smA bubbles as compared to smC
bubbles5.

3.6.1. Vulnerability of Smectic A Films during Dynamical Processes

While oscillating bubbles are the predominant outcome of catenoid collapse for smC films,
stable bubbles in the smA phase are much harder to prepare. Such bubbles are reproducibly
formed during pinch-off of catenoids of material M5+, but thin bubbles do not survive the
first oscillation cycle, even if their thickness is larger than that of the smC bubbles discussed
above. In that case, rupture occurred very rarely, mainly for bubbles of only 2 . . . 3 molecular
layers thickness. During the oscillation, inertia and drag of the air outside and inside the
bubble exert local stresses on the smectic membrane. As we have demonstrated in the smC
films, and as is similarly known from the literature for smA films, nucleation and motion of
layer dislocations required for film thickness changes occurs on a much longer time scale than
typical oscillation periods.
On a macroscopic scale, smA and smC films are very similar. In-plane anisotropy of flow and
elasticity in smC films is irrelevant for the dynamics encountered during bubble oscillations.
Thus, rapid local changes of the surface area must be compensated by either adjustments
of the layer spacing or pore / island nucleation. In smA materials, any layer compression
is counteracted by the layer elasticity, with typical elastic moduli of 1 . . . 10 MPa. As a
consequence, the critical radius for nucleation of a growing pore in the film is immensely
reduced (cf. the discussion in Sec. 2.3.4 and Ref. [20], from p. 473). Rupture of the film
becomes highly probable. The nucleation of holes extending through the complete film is
more probable for thinner films. In addition, thicker films perform slower oscillations due
to their larger inertia, compare Eqn.(3.16) and Ref. [140]. Both effects contribute to the
increased stability of thicker bubbles.
The crucial difference between the smA and the smC phase is the existence of the mean
molecular tilt respective to the layer normal in smC. There, the change in layer spacing

5The results presented in this section have been published in May et al. [165].
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Figure 3.33.: Sketch of a local layer thickness adjustment in the smC phase by tilt angle adjustment
under lateral stretching (left) or compression (right) of an area element of the surface. This
adjustment is impossible in smA films.

Figure 3.34.: Shapes of a small and thin oscillating smectic A bubble of M5+. Pictures (a-e) were
taken at 20 ms time steps. Micro-bubbles preserve axial symmetry after pinch-off. Reproduced
from May et al. [165]. Copyright © by John Wiley Sons, Inc. Reprinted with permission of John
Wiley & Sons, Inc.

required by a small compression or dilation of an surface element may be compensated by
an adjustment of the tilt angle as sketched in Fig. 3.33. When the equilibrium tilt angle θ0

changes by ∆θ, the relative thickness of the film changes by ∆δ/δ ≈ ∆θ tan θ0 [165]. Flow
within the film plane will allow subsequent equilibration of the tilt.

3.6.2. Thick Smectic A Bubbles on the Way to the Sphere

Due to the increased rupture tendency of smA films, the preparation of oscillating smA bub-
bles requires much more patience than in the smC phase. Only bubbles of sufficiently thick
films (> 100 nm) survive the first oscillation cycle. Usually, one side of the catenoid detaches
slightly earlier than the other, thus breaking the vertical symmetry of the bubbles. The text
is adapted from May et al. [165]. Copyright © by John Wiley Sons, Inc. Reprinted with
permission of John Wiley & Sons, Inc.

Two strategies led to a successful preparation of oscillating smectic A bubbles that survive the
initial oscillation cycle: Reduction of the initial bubble sizes (i.e. use smaller catenoid holders)
or increase of film thicknesses. Smectic A micro-bubbles (with sub-millimeter diameters) were
prepared with catenoid holders of radius Rh = 9 mm. After the pinch-off, the stretched
bubbles relax to a spherical shape under the action of surface tension. In very thin bubbles
(with film thicknesses of a few nanometers) this process is similar to the dynamics of an
oscillating soap bubble. Figure 3.34 shows different shapes during the oscillation of a thin
micro-bubble with R0 = 0.22 mm. Again, the shape transformations can be expanded into
spherical harmonics. One finds a dominant second mode, in the long-term limit. Higher
modes decay rapidly during the initial relaxation phase. The frequency ω2 = 122.5 · 103 s−1

of the damped oscillation towards the spherical shape agrees satisfactorily with the value
ωL2 = 128 · 103 s−1 predicted by Lamb, Eqn.(3.10). Axial symmetry is preserved throughout
the relaxation process.
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Figure 3.35.: Relaxation of an oscillating thick smA bubble of M5+ of equilibrium radius 0.44 cm.
Schlieren textures are seen, a manifestation of an inhomogeneous film thickness. Adapted from
May et al. [165]. Copyright © by John Wiley Sons, Inc. Reprinted with permission of John Wiley
& Sons, Inc.

Larger bubbles of radii in the centimeter range are suited for a detailed microscopic analysis
of the processes in the films during shape transformations. Figure 3.35 shows oscillations of
a bubble with an equilibrium radius R0 = 0.44 cm. The larger film thickness of the bubble in
Figure 3.35 slows down the oscillations as compared to the rupturing ones discussed below.
Thus the material can adapt to shape changes and rupture is avoided.
An exact quantitative evaluation of the time evolution of the film area is impossible here
because axial symmetry is lost during the oscillations. We show in Figure 3.36 the x-t diagram
of the axial cross-section of the bubble along the initial symmetry axis, shown as dashed
line in Fig. 3.35(a). The instants corresponding to the snapshots in Fig. 3.35 are indicated
by letters. The bubble volume can be considered constant, pressure variations inside the
bubble are several orders below ambient air pressure. The variation of the axial extension
of the bubble is essentially determined by the coefficient A2(t) of the second mode. When
the bubble has reached almost spherical shape, the oscillation frequency ω2 is reflected in the
modulation of the cross-section. The period of these oscillations is approximately 4.2 ms, that
is, ω2 ≈ 1500 s−1. This is in satisfactory agreement with Lamb’s prediction of ωL2 = 1460 s−1.
All higher modes, if present, should have higher frequencies ωn. However, the initial bubble
dynamics are much slower than any of the natural oscillation frequencies predicted by Lamb’s
model and are not sinusoidal. The reason for the zig-zag like character of the bubble’s axial
extension lies in the nonlinear coupling of A2(t) to higher modes.
The explanation for the slowing-down of the relaxation dynamics is the same as for smC films
above: Nucleation and growth of layer dislocations. The images shown in Fig. 3.37 allow
us to compare the waist of the bubble immediately after pinch-off, which has practically
uniform film thickness, to the bubble close to the final spherical shape. Fig. 3.37(b) reveals
approximately circular inclusions scattered over the film surface. They finally reach average
sizes of the order of 100 µm. In monochromatic light, the inner part is a dark spot, surrounded
by a brighter zone. This is the appearance of droplets rather than of islands. It seems that smA
inclusions might appear and disappear again during the shape transformations, sometimes
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Figure 3.36.: Axial transmission profile of the oscillating smectic A bubble of Figure 3.35 as a
function of time in an x− t plot. Letters denote the times of the snapshots. The final equilibrium
radius is 0.44 cm. Reproduced from May et al. [165]. Copyright © by John Wiley Sons, Inc.
Reprinted with permission of John Wiley & Sons, Inc.

Figure 3.37.: Enlarged and contrast enhanced images of the central part of a smectic A bubble of
M5+ shortly after pinch-off (a) and after nearly reaching the equilibrium spherical shape, 90 ms
later (b). Initially, the film is almost uniformly thick. After the spherical shape is reached, the
excess material is collected in randomly dispersed inclusions. 1 × 1 cm. Reproduced from May
et al. [165]. Copyright © by John Wiley Sons, Inc. Reprinted with permission of John Wiley &
Sons, Inc.
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Figure 3.38.: Standard scenario of the rupture of a smA bubble of M5+: Holes are nucleated at two
distinct bulges at the poles. Note the darkening in an equatorial band in pictures (c) and (d) due
to scattering in transmitted light. Images are taken in steps of 190 µs. Reproduced from May
et al. [165]. Copyright © by John Wiley Sons, Inc. Reprinted with permission of John Wiley &
Sons, Inc.

leaving a blinking optical impression. Only when the final spherical shape is nearly reached,
they stabilize. Area reduction is achieved by an increasing number of inclusions rather than
by growing size. In contrast, the smC islands described in Sec. 3.5.2 are homogeneous in
thickness and have a uniform growth rate.

3.6.3. The Many Deaths of Thin Smectic A Bubbles: Rupture Scenarios

If catenoids in the smA phase of M5+ are drawn with the same protocol used for the prepa-
ration of the smC bubbles above, they can burst in manifold (yet beautiful) ways. The text,
except the last paragraph, is adapted from May et al. [165]. Copyright © by John Wiley
Sons, Inc. Reprinted with permission of John Wiley & Sons, Inc.

The first phase of shape relaxation is essentially independent of a potential later rupture.
The bubbles develop a shape with two distinct bulges, one at each pole, see first picture
of Figure 3.38(a). In this phase, the film almost inevitably breaks due to in-plane stresses.
Then, the remaining film contracts towards the bubble equator, see Fig. 3.38(b)–(d). The two
opposite edges retract with a velocity v that depends approximately upon the film thickness
δ as v ≈

√
τ/(ρfδ), where the mass density of the smectic material is ρf ≈ 1 g/cm3, and the

film tension τ to reasonable approximation equals twice the smetic-air interface tension γ for
the small thickness range considered here, see Ref. [20] p. 411. The thickness of the bubble
shown in Fig. 3.38 is of the order of 100 nm, and the initial rim velocity is approximately
14 m/s. The relationship between rim velocity and film thickness in bursting smectic bubbles
of 8CB supported on a capillary has been investigated in detail by Trittel et al. [168] in a
similar thickness range. Bubble rupture will be addressed in Chapter 4.
The tendency for smectic A bubbles to burst increases in thinner bubbles, not only because
thick bubbles are more robust but also because oscillations of thin bubbles with lower mem-
brane masses are faster. The dynamics of thick bubbles are in general slower, due to film
viscosity and layer reorganizations in the film (cf. Eqn.(3.16), Ref. [140] and Sections 3.1.4
and 3.5.3).
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(a) (b)
Figure 3.39.: Typical rupture scenario for smectic A bubbles of material M5+ at room temperature:

a) Typical axial transmission profiles of a bursting bubble as a function of time. The images in the
captured sequence were cut along the catenoid axis and the profiles were stacked to a space-time
plot. The vertical (spatial) axis range is 18.8 mm. The inset shows a bubble image corresponding
to the marked time instant, shortly after the onset of scattering. b) Sketch of the air flow inside
and outside the film interface. The smaller the viscosity of the gas, the stronger the vortex
localizes near the film. Reproduced from May et al. [165]. Copyright © by John Wiley Sons, Inc.
Reprinted with permission of John Wiley & Sons, Inc.

Standard Scenario: Rupture Initiated at the Poles
Details of the initiation of the rupture process can be seen in Figure 3.39(a). We constructed
a spatio-temporal plot from the cross sections of the bubble images taken along the central
symmetry axis. These plots evidence that the bubbles burst when the film at the poles
accelerates outward. In order to understand this scenario, one has to recall two aspects, see
sketch 3.39(b): When the bubble deforms, the smectic material must redistribute in the film
plane. The bulging of the film near the poles causes film expansion and in-plane stress, and
the smectic A layer structure cannot reorganize fast enough. Eventually, the film ruptures.
The initial puncture of the bubble is localized preferentially in the regions with particularly
large stress, near the poles. In addition, there is a second, probably less important effect,
created by the air flow near the film: No-slip boundary conditions require that the tangential
film and air velocities coincide. This is disregarded in simple theoretical models. Often, these
consider only the normal velocity components inside and outside the bubble, which are set
equal. In reality, the air velocity is characterized by strongly localized vortices centered near
the interface, as sketched in Fig. 3.39(b). Note again that in Lamb’s and other models using
inviscid fluids, the inner and outer tangential velocities at the membrane are discontinuous.
In our oscillating bubbles, the additional shear stress in the film near the poles may also
support rupture.

While the holes expand over the bursting bubble, the excess material accumulates in the
remaining film area. In soap films, most of this material is stored along the retracting edges
of these holes. In smectic films, this may be relevant as well. Concurrently, a slight global
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Figure 3.40.: Breakup of an inhomogeneously thick smA bubble: Multiple holes are generated al-
most simultaneously at various points on the bubble surface. The resulting filament skeleton
represents a Voronoi tesselation of the curved bubble surface. The time step between the images
is 0.19 ms. Reproduced from May et al. [165]. Copyright © by John Wiley Sons, Inc. Reprinted
with permission of John Wiley & Sons, Inc.

film thickening cannot be excluded. Hydrodynamically, one may rather expect a global thick-
ening of the film that rim formation due to the larger film viscosity as compared to soap
bubbles [169], which is discussed in Chapter 4.
A few hundred microseconds after rupture, the remaining film develops a dark zone near the
bubble equator, see Fig. 3.38(c), (d) and Fig. 3.39(a). Darkening is caused by scattering of
the transmitted light. At first glance, this behavior seems to be identical to that of sessile
bubbles [170]: In that case, the darkening was attributed to second sound waves in the smectic
material, which travel at a velocity slightly faster than the rim. They produce peristaltic
deformations of the film that scatter light. However, the sessile smectic bubbles investigated
by Müller et al. [170] first start scattering directly at the rim. In their experiments, the
scattering region spreads from the rim into the remaining film area. In our freely floating
bubbles, the darkening sets in rather uniformly within the complete non-moving film near the
equator. In Fig. 3.39(a) one can see that the dark zone extends on both sides of the equator,
but not to the film edge. Small zones of 200 . . . 400 µm width near the retracting edges remain
transparent.

A Voronoi Tesselation of a 3D Surface: Rupture at Multiple Sites
Smectic A bubbles may also rupture in other scenarios than described above: We encounter
numerous experiments where up to dozens of holes appear on the same bubble. The evolution
of such a rupture event is shown in Fig. 3.40. A closer inspection of the bubble reveals strong
local variations of the grey values in the monochromatic transmission image, as shown in
the inset of the first frame. Thickness inhomogeneities are seen as wavy stripes, where the
elongated shape of regions of different thickness originates from the elongational flow in the
film prior to pinch-off (see Sec. 3.3). It becomes evident from several video recordings at frame
rates up to 200 000 frames per second, that rupture always occurs first at the poles. Less
than 10 µs later, additional holes nucleate along thinner regions in different locations. After
that, the remaining film retracts away from their centers at approximately equal velocities
everywhere on the bubble surface. The resulting structure consists of threads (filaments) of
smectic material in the positions of (roughly) equal distance to two neighboring initiation
points. The bursting smectic bubble visualizes a Voronoi tesselation on a curved surface.
A possible mechanism leading to a hole formation cascade is an acoustic wave traveling in the
smectic films, initiated by the rupture at the poles. The layer structure is exposed to some



3.6. Free-Floating Bubbles in the Smectic A Phase 117

Figure 3.41.: Formation of a curling filament during the breakup of a thick smA bubble of equilib-
rium radius R0 ≈ 0.5 cm, produced with catenoid holder of Rh = 5.5 cm. The time step between
the images is 2.85 ms. Adapted from May et al. [165]. Copyright © by John Wiley Sons, Inc.
Reprinted with permission of John Wiley & Sons, Inc.

stress, which induces the subsequent rupture at its weakest points. In soap films, shock waves
transmitted by stresses in the surfactant monolayers at the surface [171,172] precede the rim
of the hole in a so-called aureole. As discussed above, the smectic layer structure allows two
modes of sound propagation: the usual sound in a liquid and a peristaltic mode of higher
propagation velocity, the second sound. Their existence has been proven experimentally [170].
Thus the information of film rupture may significantly precede the moving rim in rupturing
smectic bubbles.

3.6.4. The Last Stage of Bubble Rupture: Smectic A Filaments and
their Evolution

Thin threads of smectic material, the filaments, are frequently observed in our rupture studies
of M5+. They represent the last stage of film retraction, e.g. the ring of fluid remaining after
standard rupture in Fig. 3.38 or the wire-frame similar to Fig. 3.40. Occasionally, filaments
develop during rupture at an apparently arbitrary position on the film, possibly due to some
thickness inhomogeneity. An artistic example of a dangling filament curling up during the
retraction of the bubble surface is shown in Fig. 3.41. The dynamically formed smA filaments
can reach lengths on the centimeter scale in this material. Even longer filaments may be
found upon rupture of a catenoid, which pinched off at only one side. The text, except the
third paragraph, is adapted from May et al. [165]. Copyright © by John Wiley Sons, Inc.
Reprinted with permission of John Wiley & Sons, Inc.

After bubble rupture with multiple holes, all film material of the original free-floating bubble
is finally contained in the filament network. Even though we cannot resolve the filament
diameters optically with reasonable precision, one can roughly estimate them from the total
liquid-crystal content of the bubble. If one assumes that the complete smectic film material
of the initially ≈ 100 nm-thick bubble forms the networks, see Figs 3.40 and 3.42, typical
filament diameters of the order of 15 µm must be assumed.
In the skeleton, the filaments are initially interconnected. At a later stage, the skeleton
decomposes into disconnected strings of smectic material and isolated threads are formed.
Normally, long fluid cylinders disintegrate by a Rayleigh-Plateau instability. The fate of
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Figure 3.42.: Formation and decomposition of smA filaments that form a fragile network after
growth of multiple holes on a smA bubble. The filament diameters are approximately 15 µm,
droplet distances are of the order of 200 µm. Time is given relative to the first image, which was
taken 150 ms after rupture. The width of the bar is 2.5 mm. Adapted from May et al. [165].
Copyright © by John Wiley Sons, Inc. Reprinted with permission of John Wiley & Sons, Inc.

the smectic filaments depends upon their lateral fixation: if the filaments are connected to
remnants of the bubble at both ends, or form part of the network, then they decompose into
many small droplets as seen in Fig. 3.42. The distance between the droplets chained on the
filament is of the order of 200 µm. Loose or dangling filaments often contract axially instead
of breaking up into small droplets.
Due to the rapid formation of the filaments, one may not expect that they possess an or-
dered smectic layer structure, e.g. in cylindrically wrapped layers. In the ordered case, a
spontaneous radius modulation cannot form as easily as in unstructured liquids. An axial
modulation of the radius of such cylinders requires the formation of dislocations in the smec-
tic layer structure. A stabilization of filaments beyond the Rayleigh-Plateau threshold may
be expected from this effect. In more complex smectic phases, stable filaments of immense
aspect ratios can be formed, see e.g. Refs. [173–176]. In our filaments, we may rather seek the
reasons for their existence in the dynamics of filament retraction and disintegration, related
to e.g. the material’s viscosity and surrounding air flow.
In the millisecond range considered here, it appears that the filament ends can retract before
the Rayleigh-Plateau instability takes effect. When the filaments are fixed at their ends, this
axial contraction is inhibited, and the smectic filaments develop a Rayleigh-Plateau instability
at sufficiently long timescales, Fig. 3.42. An estimate gives an order of 100 microseconds for
the growth rate of the Rayleigh-Plateau instability and a droplet density of about 1 droplet
per 200 micrometers.
Stable smectic A bridges are found only for very small length-to-diameter ratios, exceeding
the critical ratio for isotropic fluids only by about 20 % [177, 178]. Stable filaments in the
smectic A phase have been described only in solutions [179]. Smectic filaments themselves
open an own field of research, and surely various interesting results can be derived by studying
the remainders of smectic bubbles at appropriate temporal and spatial resolutions.

3.7. Summary and Perspectives

In this chapter, we have addressed and discussed several aspects of the relaxation dynamics
of soap and smectic bubbles, which have been initially distorted to a strongly non-spherical
shape. Both systems consist of an inner and an outer air volume, separated by a membrane of
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specific properties. In comparison to the liquid droplets or gas bubbles in a liquid previously
studied in the literature, the viscosity of air is very low, so that damping of the oscillations
takes many oscillation periods here. Neither the inner nor the outer fluid can be neglected
in the description of the dynamics. In addition, we observe the relaxation from an initial
state of large deviation from the equilibrium in our experiments and simulations. In this
case, the dynamics becomes complex, models aimed at infinitesimal or small perturbation
amplitudes cannot be expected to apply and the modes couple nonlinearly with each other.
In Section 3.2, we have analyzed the dynamics of centimeter-sized soap bubbles with a fo-
cus on the effects of the large amplitude on the overall dynamics. Experiments have been
compared to a numerical simulation including the flow in both air volumes and the surface
tension of the impermeable film. There, we find that the main effect of the soap film is an
increased damping. Apart from that, our simulations and experiments are in excellent agree-
ment. The eigenfrequencies of the modes at small amplitude agree well with the predictions
of Lamb [103]. For larger amplitudes, we have identified frequency shifts with oscillation am-
plitude and numerous effects of nonlinear mode coupling, as summarized already in Sec. 3.2.8.

After this, we asked the interesting question how the smectic layer structure will influence the
relaxation dynamics of smectic bubbles. Here, we have introduced the catenoid collapse as
a convenient method to prepare closed, free-floating smectic bubbles. As a reference system,
we have also prepared soap bubbles with the same technique. These bubbles are considerably
smaller than those considered above, between ≈ 0.2 . . . 2.5 mm equilibrium radius, so that
the inertia and viscosity of the soap film now possess an influence on the oscillation frequency
and the damping. In general, the oscillation frequency is reduced, as already pointed out
by Grinfeld [140]. The main mode of oscillation is between an oblate and a prolate shape,
representing the second mode.

Smectic bubbles typically display a strikingly different dynamics: Surface shapes transform
slowly, without considerable oscillations, until they reach an almost spherical shape. Then,
small-amplitude oscillations set in. In order to reduce its surface area, the smectic membrane
must increase in thickness. This is inevitably connected to the nucleation of dislocations and
their motion over the bubble surface. Oscillations of the surface area, as they are found in
relaxing soap bubbles, are suppressed. In centimeter-sized smectic bubbles, one may readily
observe the nucleation and growth of islands during the relaxation. Details vary between the
different materials used in our experiments.

In general, we find that smC bubbles are much more stable than such in the smectic A phase.
For smC bubbles, even those of only 3-4 layers thickness usually do not rupture but perform
oscillations or a slowed relaxation. With increasing film thickness, we observe the following
trends in the occurrence of dynamic phenomena: almost soap-like oscillations in thin bubbles,
formation of numerous islands at intermediate thickness and surface wrinkling in thick films.
The latter may even retard the duration of the relaxation to several hundreds of milliseconds.
In addition, the selection of the individual relaxation process of a bubble depends on the
homogeneity of the film and the presence of nucleation sites in the film.

For smA bubbles, the predominant outcome is rupture during the first oscillation cycle. Only
thick bubbles survive and relax slowly. Rupture occurs in a distinct shape of the bubble, with
two expressed bulges at the poles. In addition to the poles, multiple holes may appear at
various sites all over the bubble surface. In this case, a filament network remains after the
film has retracted, and the filaments slowly decompose due to a Rayleigh-Plateau instability.
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The investigations presented here allow an extension to various other topics for future studies:
For oscillating soap bubbles, it would be interesting to quantify the effect of the soap film
on the eigenfrequencies and damping of the oscillations. Some predictions were made by
Grinfeld [140], but would be valuable to confirm or even extend experimentally. Here, the
production of soap bubbles from catenoids is favorable, as bubbles of similar and predictable
sizes would be needed. In addition, some measurement of the thickness of the soap film
would be required. Especially for small soap bubbles, we encountered an interesting dynamics
involving decreased oscillation frequencies and for the sub-millimeter diameter bubbles even
decreased damping as compared to the corresponding simulations considering only the air
volumes and the interface tension of the film. Good agreement can be achieved by using
effective densities and viscosities of the inner air volume [146], this would need quantification.

Concerning the smectic bubbles, the wrinkling instability should be investigated in detail,
with respect to its reversible occurrence on the bubble surface and its wavelength dependence
on the film thickness, local stress and other properties of the smectic films. It might yield
valuable insight into material parameters, e.g. bending moments of smectic membranes.

The rupture of smectic bubbles of the materials investigated here also significantly differs
from that of soap films, as will be discussed in the next Chapter. However, by rupture of smA
bubbles, we also obtain an excellent system to study the decomposition of smectic filaments
of considerable aspect ratios. Such structures would not be formed by simple separation
of, e.g., two touching coaxial needles (as possible in some phases of bent-core liquid crystal
compounds, e.g. in Refs. [173,174], or some columnar phases [180]).

In addition, it would be interesting to investigate a larger variety of smectic compounds.
In materials possessing a de-Vries type smectic A phase, i.e. where the individual meso-
gens are tilted respective to the layer normal but there is no long-range correlation between
the tilt directions, one may expect an increased stability of smectic bubbles in the smA phase.

Another aspect would be the investigation of non-axisymmetric bubble oscillations. This could
be tried, e.g., by using non-circular catenoid holders and preparing the bubbles from it. Here,
already the shape of the minimal surfaces between the catenoid holders with non-circular
openings would be interesting. One might also dynamically change the boundary conditions
for the catenoid film, e.g., by twisting the holders respective to each other. Smectic films,
especially in the C phase, are ideally suited for such experiments due to their stability and
the lack of drainage.

With soap catenoids and smectic catenoids likewise, one may characterize the influence of the
membrane on the dynamics during catenoid pinch-off. In addition, other geometric configu-
rations, where a film initially spanning the touching catenoid holders is dragged upward with
the expanding catenoid film can be prepared. An exemplary smectic catenoid and a sketch
of the geometry are shown in Fig. 3.43. This geometry been previously applied to determine
the line tension of the triple contact line [181,182]. The preparation of such catenoids with a
film in the midplane is straightforward even for our holders of several centimeters diameter:
After the catenoid collapse discussed above, often two flat films remain spanning the catenoid
holders. When the catenoid holders are carefully brought into touch again, the flat film often
survives. Upon separation of the catenoid holders, it is dragged upward in the midplane of
the catenoid. From this configuration, other dynamic experiments may be derived: First,
changes of the separation of the catenoid holders lead to a change in the area of the film in
the midplane. One may investigate the reaction of a film connected only to the catenoid via
the plateau border to rapid changes of the surface area. In such an experiment with soap
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(a) (b)
Figure 3.43.: Catenoid-shaped film of 8CB with an additional smectic film spanned in the midplane:

(a) image in white light after thickness equilibration, catenoid holder radius 5 mm. The top and
bottom halves of the structure have different thicknesses, both below 50 layers. (b) sketch of
the catenoid geometry with a film spanning the mirror plane perpendicular to the axis. Figures
reprinted from Plateau borders of smectic liquid crystalline films by Trittel, Aldred and Stannarius,
Phil. Mag. 2011 91.

films [183], an unexpected extension dynamics of material from the plateau border has been
observed recently. Second, when the holder distance of a catenoid with a smectic film in
the midplane is expanded above the critical distance, thick filaments of smectic material are
usually formed. The investigation of their stability should be in line with those remaining
after rupture of a smectic bubble at multiple sites.

Concluding, we may claim that the dynamics of bubbles and catenoids of soap or smectic
membranes hold an immense potential to obtain a deeper understanding of physical pro-
cesses related to the properties of the specifies materials, but also for hydrodynamic problems
involving fluid films in general.





4. Smectic Bubbles in a Viscous
Environment

The disintegration of thin fluid sheets and films is a widespread phenomenon in nature.
It has been related to aerosol production [184], but is also relevant in numerous technical
applications. Among the first photographs of fluid sheets were the crowns formed after impact
of a drop on a liquid pool by Worthington [185,186] at the end of the 19th century. A similar
situation is shown in Fig. 4.1(a), where a drop impacts a thin fluid layer. One may readily
identify a thicker rim at the top end of the sheet, which destabilizes by what is assumed
to be a Rayleigh-Plateau instability, so that daughter droplets are formed. Today, various
mechanisms of drop ejection by splashing have been related to disintegrating fluid sheets.
Thin fluid films are encountered e.g. in large falling rain drops deformed into a bag shape,
in gas bubbles exploding at the surface of a liquid, in any kinds of foams, in coalescence of
droplets in emulsions. Planar fluid sheets may be created, e.g., by pouring fluid from a slit
(liquid curtains) or when a fluid jet hits an obstacle. Fluid sheets of different types are ejected
during the splashing of droplets, and large sheets can be created during the impact of jets
with other objects. In the same manner, one may create thin air sheets underneath impacting
drops. The list of fascinating phenomena related to disintegration of fluid sheets is long, and
only few examples are shown in Figure 4.1. One aspect is common to all fluid sheets: They
are inherently unstable and will eventually decompose into small droplets.

The rupture of soap films represents a comparatively simple example among all the occur-
rences of fluid sheet disintegration. Rupture is studied in films which are initially at rest.
In an ideal case, the thickness is constant everywhere, and the sheet extends to much larger
distances than the hole size. Already Dupré [187] suggested a model for the rupture of a thin
liquid sheet assuming conservation of mechanical energy, which has been at least qualitatively
confirmed by Rayleigh [188,189]. By 1960, it was clear that this assumption is not valid, but
the process is rather governed by a momentum balance [190–192]. All models assume that
the material removed from the hole collects in a growing rim, and the remaining film is at
rest. This rim moves at constant velocity. To date, several studies with soap films and other
Newtonian or non-Newtonian fluids have been conducted. Deviations in the inertial regime
occur, e.g., due to drag in a surrounding fluid, to visco-elastic properties in the film or due
to surfactant dynamics. For thin films, rupture is accompanied by the ejection of droplets,
exemplarily shown in Fig. 4.2. Droplet formation even has been observed in the retraction
of nanometer-thin air sheets beneath a drop impacted on a pool of miscible fluid [193], see
Fig. 4.1(b).
The above described retraction processes are dominated by the inertia of the rim. However,
for viscous films or viscous surrounding fluids, we encounter a cross-over to a regime where
forces related to surface tension are balanced by viscous flow. An analysis for that regime has
been given by Debregeas et al. [92, 194]. Here, no rim is formed and the expansion velocity
of holes becomes time-dependent. Theoretical and experimental findings will be reviewed in
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Figure 4.1.: Few examples of disintegrating liquid sheets: (a) Crown formation after impact of a
liquid drop on a thin fluid layer on a solid substrate, (b) disintegration of an air sheet beneath
an oil droplet on an oil bath, (c) water drop falling respective to an ascending stream of air. (a)
Reprinted from Journal of Colloid and Interface Science 331, R. Krechetnikov and G. M. Homsy,
Crown-forming instability phenomena in the drop splash problem, pages 555-559, Copyright (2009),
with permission from Elsevier. (b) Reprinted from S. T. Thoroddsen et al., J. Fluid Mech. 708,
p. 469 (2012). Copyright © Cambridge University Press. (c) Reprinted from E. Villermaux,
Annu. Rev. Fluid Mech. 39, p. 419 (2007). Copyright by Annual Reviews.

Figure 4.2.: Snapshots of a bursting soap bubble: Rim formation, flapping motion, filament and
droplet ejection. Reprinted with permission from H. Lhuissier and E. Villermaux, Phys. Fluids
21, 0911111 (2009). Copyright 2009, AIP Publishing LLC.
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Sec. 4.1.

Drainage is a significant issue in all fluid films described above. Thus, the assumption of a
constant film thickness is usually not satisfied. The exact determination of the film thickness
profile is complicated in experiments, and its integration into the theoretical predictions leads
to equations one usually has to be solve numerically. Smectic free-standing films can satisfy
the assumption of a homogeneous film thickness over an area of several square centimeters.
Curved smectic films attached to a capillary have been first prepared by Oswald in 1987 [94].
Only after 1997, almost spherical smectic bubbles evolved into a convenient standard system
for, e.g., measurements of interface tensions [96, 98, 100] or gas permeability of the mem-
brane [101, 102]. Their rupture has been first studied by Müller et al. [195]. The literature
on sessile smectic bubbles is reviewed in Sec. 4.2.

Another interesting field is the investigation sub-millimeter-sized shells of ordered fluid ma-
terials [5, 196–198]. Such structures can be produced, e.g., using micro-fluidic co-flow tech-
niques [199]. A droplet of an isotropic fluid wrapped in a film of LC material is embedded
in another isotropic fluid. Polymers or surfactants are added to the inner and outer liquid
for stabilization of the shell structure as well as for the orientation of the mesogens at the
interface to the solution. Such shells are usually produced in the higher temperature isotropic
phase of the mesogenic material, and thereafter cooled down and investigated in the nematic
phase. Surface stabilization is crucial in such shells, as the nematic phase possesses no inter-
nal molecular layer structure to stabilize the thin films.1 Liquid crystalline shells in smectic
phases are much less investigated than nematic ones, see e.g, Refs. [197,201–204]. Encapsula-
tion by smectic layers can also be achieved by shooting small droplets through a free-standing
smectic film [47].
In contrast to the centimeter-sized sessile smectic bubbles, smectic shells do not possess a
meniscus which could serve as a reservoir for film retraction during rupture. Furthermore,
the rupture of nematic shells can be studied, while sessile bubble cannot be prepared in the
nematic phase. The small length scale and the embedding in a viscous surrounding fluid
represent a new type of rupture study, closer to recent micro-fluidic applications or the size
scale of biological systems. One may ask to which extent the anisotropic properties of the LC
membrane, the surrounding fluid and potential confinement effects contribute to the dynamics
of rupture. In Sec. 4.3, we present rupture experiments and their astonishing outcome, mainly
characterized by an extreme slowing-down of the relaxation in the smectic phase. This finally
lead us to the preparation of centimeter-sized sessile smectic bubbles submerged in surfactant
solutions, and to study their dynamics.

In order to understand the rupture of smectic shells, but also flow phenomena in micro-fluidics,
information on the interfacial tension of smectics to surrounding liquids is very valuable. Un-
fortunately, literature data are scarce and not very reliable. We present a new method to
measure the film tension, which provides an unpreceded accuracy: We analyze the shapes of
submerged smectic bubbles deformed by the buoyancy of small air bubbles trapped beneath
the film. The method is applicable as long as a stable smectic film can be formed. It also
allows the first measurements of dynamic interface tensions of smectics to an aqueous surfac-
tant solution. Method and results are presented in Sec. 4.4.

1The preceding part of this paragraph is reproduced from Harth et al. [200] with permission from the PCCP
Owner Societies.
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Finally, in Sec. 4.5, we briefly revisit the rupture of sessile bubbles in air and submerged in a
surfactant solution. In the course of the discussion of the rupture characteristics in Sec. 4.6,
we present a phenomenological model explaining the slowing-down of the described rupture
processes. We summarize the results and give perspectives for future work.

4.1. Rupture of Thin Fluid Films: Literature Review

The rupture of fluid films has been a matter of studies since the 19th century, when Dupré first
suggested a model of rupturing fluid films in 1867 [187]. Film rupture has found considerable
interest since the 1950’s. Here we give a brief review of the relevant literature for our studies.

4.1.1. Rupture of Thin Films: The Simplest Model

In our simplest picture of a thin, rupturing film of fluid, we assume a flat film of thickness δ,
which is punctured at point A. Subsequently, a circular hole of radius R(t) opens in the film.
The removed film material collects in a rim of radius rrim ∝

√
R(t)δ at the border of the hole,

whose mass consequently grows over time. The remaining film remains undisturbed, i.e. there
is no flow at distances r > R(t) from the hole center at time t. The film thickness is constant
everywhere except at the rim. Dupré [187] assumed that the surface energy freed by removal
of the film in the hole is transformed into kinetic energy of the moving rim, i.e. ∆ES(t) =
2πγ(R(t))2 = 2πρfδR(t)vrim, where ρf denotes the density and γ the interface tension of the
film, and vrim = Ṙ. This yields a constant expansion velocity of the hole of vrim =

√
4γ/(ρfδ).

This model was roughly in agreement with Rayleigh’s experiments [188, 205, 206]. However,
Ranz [190] found experimentally in 1959 an approximately 10 % lower velocity than predicted
by Dupré. Shortly after this, Taylor [191] and Culick [192] argued that it is rather a momentum
balance at the rim than the mechanical energy balance which describes the system properly.
Assuming again that the material from the hole is entirely collected in a moving rim and that
the remaining film is at rest, they arrive at a rim velocity

vrim =

√
2γ

ρfδ
. (4.1)

This velocity is by a factor 1/
√

2 smaller than the prediction of Dupré [187]. Half the surface
energy is dissipated during the acceleration of the fluid from rest to the velocity of the rim.
Culick explained the deviation from Ranz’s experiments by an inaccuracy of the film thickness
measurement. Dissipation occurs only in a region very close to the border of the hole. For
spherical bubbles, the same rim velocity may be expected [195].

4.1.2. Rupture of Soap Films in Inviscid Environment

An extensive series of studies concerning various aspects of soap film rupture for different
surfactant solutions and in a broad thickness range was carried out it the 1960’s and 1970’s
by a group of researchers around K. J. Mysels. In their first experimental report [172], they
investigated the rupture of flat soap films in a vertical frame. Exemplary images from their
works are shown in Fig. 4.3. Rupture has been initiated by a spark, and a picture was taken
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(a) (b) (c)
Figure 4.3.: Typical high-speed flash photographs of bursting soap films taken in reflected light.

Delay between rupture initiating spark and illuminating flash in microseconds (a) 75, (b) 250, (c)
200. Film thicknesses (a) 280 nm, (b) 430 nm, (c) 10 nm. An aureole preceding the moving rim is
seen as a ring in (b). Different soap solutions were used, and analyzed in the publication. Repro-
duced with permission from McEntee and Mysels, J. Phys. Chem. 73, 3018 (1969). Copyright
(1969) American Chemical Society.

at a well-defined time after that. Image sequences were obtained by taking pictures of similar
films at different time lags. Thickness gradients due to drainage were almost always present,
but the thickness was measured within the experiment. Except in very thin films, a broader
region, termed aureole, of increasing film thickness precedes the rim, visible as a ring preceding
the border of the hole in Fig. 4.3(b). It consists of a thickness step at its outer radius, followed
by a rapid increase of film thickness towards the rim. Its step front moves faster than the rim,
and its properties are independent of the film viscosity. This phenomenon has been explained
as a shock wave due to local compression of the surfactant layers at the top and bottom film
surfaces [171]. The film beyond the shock is at rest. Despite aureole formation, the rupture
velocities are slightly larger than, but very close to Taylor / Culick’s predictions in their films
of at least 100 nm thickness.
For thin soap films, below ≈ 100 nm thickness, the rupture is considerably slower, aureoles
look diffuse and propagate very quickly. For the thinnest films, the Newton Black Films,
they argue that very low non-equilibrium values of interface tension may occur due to the low
water content in the forming rim and the long time scale of micelle formation as compared to
typical rupture velocities [172]. By a comparison of such thin soap films to gel films of similar
thickness, it has been argued by Evers et al. [207] that the behavior of the Newton Black
Films is similar to an elastic response. The rim velocity is no longer constant but decreases
with time. Keller [208] considered holes in films of inhomogeneous thickness theoretically.
Pandit and Davidson [209] studied the rupture of soap films, with a focus on the rim veloc-
ities. Average film thicknesses have been determined prior to rupture. They assumed that
the rim velocity is constant, which is in fact only true for homogeneously thick films. Within
their experimental error, they confirmed Taylor and Culick’s predicted rim velocity Eqn.(4.1).

Mathematical models of rim retraction usually assume a circular rim around the hole, which
is only satisfied at large film thicknesses [172]. Already from the photographs of Ranz [190],
an instability of the rim is evident. It is expressed in the formation of filaments or finger-like
structures, which may disintegrate to droplets. McEntee et al. [172] clearly identified these
fingers in sufficiently thin soap films as the origin of droplets left behind in the opening hole.
However, this instability attracted only little attention until shortly after the millennium. De
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Gennes [210] suggested that the instability might be caused by the constant impact of the rim
onto the resting film, a mechanism which also transfers energy to the ejected droplets. Sev-
eral recent studies have been concerned with the destabilization of the edge of retracting fluid
sheets [168, 211–214]. By viewing a retracting soap film from the side, Lhuissier et al. [215]
made a crucial observation: The region near the rim performs up- and downward flapping
motions out of the film plane. These are caused by an interaction with the surrounding air due
to a Kelvin-Helmholtz type shear instability [215]. This exposes the material to oscillating
accelerations, which in course generate a Rayleigh-Taylor instability of the rim.

4.1.3. Influence of Viscosity

In absence of a surrounding fluid and with negligible viscous dissipation in the film, the
rupture of a liquid sheet is governed by the inertia of the rim. However, in many situations
one has to deal with considerably viscous fluids of the film or in the environment – e.g. when
liquid films of highly viscous materials retract or a liquid film ruptures between droplets of
a viscous oil in an emulsion. Then, viscous dissipation may dominate over inertial effects
during film retraction. So far, there are only few studies of the retraction of liquid sheets in
the viscosity-dominated regime. We will outline the main results here.

Viscous Flow in the Environment

In principle, Taylor [191] and Culick [192] provided a satisfactory description of retracting
soap films in ambient conditions. However, already Mysels and Vijayendran [216] found a
relevant reduction of the rupture velocity of thin films in different gas atmospheres. The data
could be fitted with an empirical relation, even in the limit of Newton Black films previously
considered special [172]. Both the viscosity and the density of the surrounding gas contribute
significantly to the velocity reduction.

The first study dealing with the retraction of a film in a substantially viscous environment
was a theoretical analysis by Joanny and de Gennes [217]. Here, the inertia of the film is
negligible, instead the viscous stress on both film surfaces dominates. They consider two
geometries: a film confined between two oil slabs of not too large thickness and second, a film
between two large oil droplets. In general, they consider films which are retracting globally,
not only at the rim.

The first case is solved for a one-dimensional geometry, corresponding to film rupture along
an infinite line. Poiseuille flow occurs in the oil layers between the film and the walls of the
container. In the limit of small area shrinkage, they derive that the hole radius R ∝

√
t. Here,

the film moves in a region of approximately
√
Dt width preceding the rim. The coefficient

D is determined by the surface tension, the rate of area shrinkage and the dynamic viscosity.
This was identified as a manifestation of the aureole in soap films. For the case of infinitely
extending oil layers, dissipation in the oil is assumed to occur in the usual viscous boundary
layers of increasing width ∝

√
η/ρt, where ρ and η denote the density and the viscosity of

the surrounding oil, respectively. The authors argue that the hole radius increases as R ∝ t3/4

for large enough holes and films. In both considered cases, the rim velocity decreases with
time.
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An experimental realization of a rupturing film of low viscosity in various surrounding media
of differing viscosities was provided only in 2006 by Reyssat and Quéré [218]. They prepared
soap films and air films surrounded by silicon oils of different viscosities. The edges move
at constant velocities on the order of few centimeters per second, and a rim is formed. The
material away from the rim is at rest. In addition, the film thickness has no large impact on
the rim velocity. By estimation of the Reynolds number Re ≈ 10−2 in a typical experiment,
they conclude that viscous dissipation in the fluid surrounding the film is the relevant source of
dissipation. From balancing the capillary force with a viscous force, one would naively expect
vrim ∝ γ/η, with γ the interface tension and η the dynamic viscosity of the surrounding
fluid, not in agreement with the experimental data. If one in crude approximation assumes
the rim as a solid cylinder, the viscous drag exerted by the fluid will be 4πη/f , where f ≈
ln(4η/(ρvrimrrim))−c+1/2 with Euler’s constant [103] c ≈ 0.577. If one neglects the constant
(−c+ 1/2) one obtains

vrim =
γ

2πη
ln

(
4η

ρvrimrrim

)
. (4.2)

The rim velocity will approximately depend on the viscosity of the surrounding fluid as
ln(η)/η, which is in reasonable agreement with the experimental findings. In addition, the
time-dependence of this velocity would be very weak, undetectable in the experiments. Fi-
nally, the authors discuss an instability of the rim, with filamentation and droplet formation.
It cannot be related to a similar flapping motion as for thin soap films in air discussed above.
They suggest a possible connection to the process of selective withdrawal, where the interface
between a low-viscosity and a high-viscosity liquid is sucked by a pipette [219].

The limit of a dominant surrounding fluid may also concern the rupture of anti-bubbles,
shells of air in a fluid bath, which can be, e.g., created during jet or droplet impact on a
liquid [220,221], provided the film thickness is smaller than 2η2/(ργ) [193]. For the retracting
air layers beneath a drop impacted on a liquid pool in Ref. [193], few measurements at the
cross-over between the inertial and the viscous regimes have been presented. The rim velocity
slightly decreases with time when viscous effects are expected to become relevant. Pronounced
rim instabilities have been observed.

Viscosity and Viscoelastic Film Properties
Finally, we address the case when the viscosity of the film dominates the rupture process
while the surrounding fluid is negligible. Such films may occur, e.g., when gas bubbles rise
to the surface of a highly viscous silicon oil, molten glass or magma [92, 194]. The bubbles
are usually inhomogeneous in thickness. One may even imagine fluids of more complex prop-
erties, e.g. suspensions or materials with prominent viscoelasticity. Little physical research
dealt with the properties of such films yet.

Debregeas et al. [92, 194] analyze rupturing films of polydimethylsiloxane (PDMS) of vis-
cosity on the order of 103 Pa s and pore opening in borosilicate glass slides heated above
the glass transition. The hole radius in a purely viscous fluid increases as R(t) = R(t =
0) exp(γt/(ηfδ)) [194], where δ is the thickness, ηf the dynamic viscosity and γ the interface
tension of the film as usual. Observation of tracer particles on the surface reveals that the
complete film is in motion, and the outward velocity decreases with the inverse distance to
the hole, as 1/r [194]. For the polymer solution, short-time elastic effects could be found
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initially. These allowed the stress to travel at twice the velocity of transversal shear waves,
much faster than the rim [92]. This is reflected in an accelerated initial retraction. Subsequent
to an exponential hole growth, a slowdown due to inhomogeneous film thickness was observed
in Ref. [92]. At this time, the film displays a rippling instability in a region in front of the
hole along the direction of rim motion, similar to Fig. 3.1 in Chapter 3. It was subsequently
studied in Ref. [93]. For the second experiment with glass slides, the small size of the sample
respective to the hole radius was included in the model.

Brenner and Gueyffier [169] characterize the rupture of viscous films by the Reynolds number
Re = vcLcρf/ηf and the ratio p = η2

f /(γρfδ). The latter decides whether capillary waves
precede the rim. Three regimes are discriminated: First, if Re > 1 and p < 1, the retraction
velocity is described by the Taylor – Culick Equation (4.1), the rim has an approximately cir-
cular cross-section and capillary waves precede the moving rim. Second, if Re > 1 and p < 1,
a rim with smooth extension into the film by about a distance

√
η2

f δ/(γρf) is formed, without
preceding capillary waves. After an initial transient, it moves at the Taylor – Culick velocity.
Third, if Re < 1 and p > 1, no rim exists but the film thickens globally. A homogeneous
thickening is obtained in the limit of high viscosity. This regime only exists if the film area is
finite. The last combination cannot exist in thin films.

Further characteristics of the rupture of thin viscoelastic films have been addressed by Evers
et al. [207] and Sabadini et al. [222]. In Ref. [207], a contribution of air drag is considered in
addition to viscoelastic film properties. Films possess a rim. Numerically calculated rupture
velocities strongly decrease with time for small film thicknesses δ < 100 nm, and so do
the corresponding experimental values. Sabadini et al. [222] find even rupture velocities
exceeding Taylor and Clulick’s prediction in viscoelastic surfactant solutions containing worm-
like micelles. They attribute the increase to the fact that the bubbles consist of a quasi-elastic
film which is initially stretched.

4.2. Sessile Smectic Bubbles

Flat free standing films have served as a convenient geometry for various studies of smec-
tic phases since the late 1970s, as outlined in Chapter 2. Most investigated phenomena are
related to in-plane properties of the films. It is, e.g., comparatively simple to measure the
in-plane viscosity of the smectic A phase in planar FSF [7,8,223]. However, data for transport
coefficients of smectic materials perpendicular to the layer plane are much harder to access.
In all experiments that involve a rapid reduction of the sample dimensions in the layer plane,
transport across smectic layers like the stacking of new layers must be involved. Such pro-
cesses are usually much slower than viscous flow in the plane, so that they are expected to
rule the dynamics.

The first non-planar smectic films have been created by Oswald in 1987 [94] in this context.
He spread films of 8CB over a capillary and subsequently exposed the lower side of the film
to an overpressure, so that it bulges upward to less than a hemi-sphere cap. When the over-
pressure is rapidly relieved, the film collapses to a planar configuration and often islands are
nucleated. The mobility of edge dislocations has been related to the permeation coefficient
of the smectic layers. The experiments have been refined twenty years later by Caillier and
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Figure 4.4.: Sketch of the setup for investigations of smectic and soap bubbles on a capillary in air
used by Müller et al. [195,224]. Reprinted from Müller and Stannarius, Liquid Crystals 36, p.133
(2009). Copyright © Taylor & Francis.

Oswald [95], together with an up-to-date theoretical consideration. They argue that the ac-
companying structural changes in the film are completely governed by the inflow of material
into the meniscus. In thin bubbles, the critical radius for island nucleation is smaller (cf.
Chapter 2 and Ref. [20], from p. 473), thus numerous islands are nucleated. These compli-
cate the collapse dynamics, as the homogeneous parts of the film may now exchange material
with the islands and the meniscus simultaneously. In general, relaxation is faster when islands
are present, i.e. for thinner films [95].

In 1997, the first smectic bubbles of almost completely spherical shapes have been investigated
in the group of Stannarius, see e.g. Refs. [96–99, 168, 170, 195, 224]. Smectic bubbles may be
applied, e.g., to measure the film tension by a simultaneous measurement of the bubble radius
and the Laplace overpressure (e.g. Refs. [96, 98, 100]) or to measure gas permeation through
smectic membranes [101,102].
Various aspects of the rupture of such smectic bubbles have been studied by Müller et
al. [170, 195, 224] and by Trittel et al. [168]. Figure 4.4 sketches the setup by Müller et
al. [195, 224], a slightly modified one was used by Trittel et al. [168]. The long-range micro-
scope may be replaced by an appropriate camera objective. Müller et al. used two different
types of illumination: Parallel, monochromatic light in transmission allows film thickness
measurements [99]. Alternatively, a diffuse illumination from the top was used for investiga-
tions of the scattering of bubbles during rupture (not implemented by Trittel et al. [168] and
neither for the measurements presented below).
These publications contain results for bubbles of diameters around 1 cm, exclusively for
8CB. The characteristics of the rupture process depend on the film thickness, three examples
are shown in Fig. 4.5. Thin bubbles, below ≈ 300 nm thickness (left column), develop an
instability of the edge of the retracting film, similar to the soap films studied by Lhuissier et
al. [215]. This was studied in detail by Trittel et al. [168]. The position of the retracting edge
in the images is thus not very accurately defined. Thicker films burst without filamentation /
droplet formation on the length scale of the bubble diameter (middle and right columns). A
darkened region (rim) is formed at the border of the hole. In micrometer-thick bubbles, the
rim turns over to the outside of the bubble, forming a brim [195].
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Figure 4.5.: SmA bubbles of 8CB of different film thickness during rupture; film thicknesses are 100
nm, 580 nm, and 1460 nm, respectively from left to right. The bubble radius is 4.5 mm in all cases.
Note the obvious darkening of the transmission intensity during rupture in the thicker bubbles. All
images have been background corrected and the contrast has been increased. The dashed curve
indicates where the rim should be according to the Taylor-Culick prediction Eqn.(4.1). Reprinted
Figure with permission from Müller et al., Phys. Rev. E 75, 065203 (2007). Copyright (2007) by
the American Physical Society.
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(a) (b)

Figure 4.6.: Rim velocities during the rupture of sessile bubbles in the smA phase of 8CB: The
thickness range above 100 nm in (a) was investigated by Müller et al. [195], Trittel et al. [181]
investigated rupture of films down to few layers (≈ 10 nm) thickness (b). Reprinted Figure (a)
with permission from Müller et al., Phys. Rev. E 75, 065203 (2007). Copyright (2007) by the
American Physical Society. Figure (b) reprinted with permission from T. Trittel, T. John, K.
Tsuji and R. Stannarius, Phys. Fluids 25, 052106 (2013). Copyright 2013, AIP Publishing LLC.

In addition, thicker bubbles tend to darken during the rupture. This has been identified as
peristaltic waves (’second sound’) in the layer structure propagating at a velocity ≈

√
B/ρf ,

where B ≈ 10 MPa [20] is the layer compression modulus and ρf ≈ 1000 kg/m3 is the density
of the liquid crystal [170, 224]. The phenomenon is absent in comparable soap films due to
the lack of layer structure [224].
The above mentioned phenomena do not significantly influence the rupture velocity of smectic
bubbles. A constant rim velocity is observed in all measurements. Rupture velocities in
dependence of film thickness are displayed in Fig. 4.6. Müller et al. [195] and Trittel et al. [168]
both found a relation vrim =

√
Φγ/(ρfδ), where vrim is the rupture velocity, γ = 28 mN/m

is the interface tension [96], ρf = 996 kg/m3 is the density of 8CB [225], δ is the initial film
thickness. However, the proportionality factor is smaller than Φ = 2, predicted by Taylor [191]
and Culick [192] in Eqn.(4.1). A linear fit to the data of Müller et al. [195] yields Φ = 1.5, for
the data of Trittel et al. [168] even only Φ = 1. This suggests that there might be no linear
dependence after all.
In addition, Müller and Stannarius [224] measured the evolution of the film thickness during
film retraction by observation of the shifting interference fringes on the bubble in monochro-
matic transmitted light. For the smectic bubbles, they found a homogeneous thickness
increase of (∆ − δ)/δ ≈ 1.5 %, irrespective of the film thickness. They estimated that
the corresponding change of the smectic layer spacing requires pressures on the order of
B∆/δ ≈ 150 kPa, a realistic value which would correspond to the Laplace pressure of a
retracting film edge of 200 nm diameter. During the rupture, the complete film is subject
to a small motion as opposed to the assumptions of Taylor [191] and Culick [192] of solely a
moving rim. Similar film motion was observed for soap films prepared in the same setup [224].

Altogether, one may conclude that despite the structural differences between smectics and
soap solutions, the rupture dynamics of thin smectic A bubbles of 8CB is almost identical to
that of soap films [224]. The very homogeneous film thickness constitutes a big advantage
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Figure 4.7.: Textural transformations during the phase transition from N to smA in a shell of
8CB with planar anchoring at both surfaces: Deep in the nematic phase, the typical four defects
of topological strength +1/2 of the n-director field are seen. Their positions slightly change
close to the phase transition (b). Facets appear just after the phase transition to smA in (c),
which transform to fish-bone structures later after the transition in (d), due to layer undulations.
Figure reprinted from Liang et al., Tuning the defect configurations in nematic and smectic liquid
crystalline shells, Phil. Trans. A 2013, 371:20120258, by permission of the Royal Society.

respective to comparable soap bubbles.

4.3. Supportless Micro-Bubbles in a Viscous Environment:
Smectic Shells

Smectic films are commonly supported at their boundaries by a solid frame, and in most
investigations, they are suspended in air. Recently, thin LC films in aqueous phases have
attracted considerable interest. One of the motivations to study liquid crystalline films in
water / surfactant mixtures are interesting texture transitions and defect configurations in
liquid crystal shells [5, 196]. Micro-fluidic techniques are commonly used to prepare closed
shells with sub-millimeter diameter and film thicknesses of few micrometers. In particular, the
transition from the nematic to smectic phases and the structure of smectic films in aqueous
environment have been in the focus of recent experiments [201–204, 226]. A detailed inves-
tigation of the properties of surfactant-doped smectic films in water by optical microscopy
and ellipsometry was reported by Iwashita et al. [227]. The authors focused on film stability
and on thinning transitions above the bulk smA-isotropic transition. Possible applications
in discrete micro-fluidics were considered. The essential differences between the smectic bulk
phase and freely suspended films arise as a consequence of the geometrical restrictions, the
ordering influences of the film surfaces and the surface energy contributions2.
Investigations on the phase transitions from nematic to smectic A in the confinement of
shells have been first published in 2011 by Liang et al. [202] and Lopez-Leon et al. [201] for
planar alignment of the n-director. The smectic layers undergo a sequence of layer buckling
instabilities due to the curved geometry of the shell, see Fig. 4.7. When hybrid alignment
is imposed in the nematic phase by adding agents inducing n-director alignment differing by
90◦ at the interfaces to the internal and external fluids, respectively, a number of different
scenarios and patterns will be observed during the phase transition [197, 204]. Here, we are
interested in homeotropic alignment to both phases, i.e. we aim at smectic layers parallel to

2Paragraph reproduced from Harth et al. [200] with permission from the PCCP Owner Societies.
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Figure 4.8.: Experimental setup for the production of (LC) double emulsions: (a) Scheme, (b) high-
speed video image during shell production. Arrows indicate the flow directions, different line
types refer to the different fluids. The LC material is immiscible with both the internal and the
external phase, it separates both fluids during the whole shell production process. Shells are
typically produced in the isotropic or nematic phase, requiring proper heating of the micro-fluidic
device and the reservoirs. Image (b) annotated in this thesis. Figure reprinted from Liang et al.,
Tuning the defect configurations in nematic and smectic liquid crystalline shells, Phil. Trans. A
2013, 371:20120258, by permission of the Royal Society. Image (b) reprinted from Liang et al.,
Mol. Cryst. Liq. Cryst. 549, p. 69 (2011). Copyright © 2011 Taylor & Francis.

the shell’s surface. In that case, no defects of the n-director field are topologically required
within the nematic part of a shell. Smectic layers will be defect-free if the shell thickness is
homogeneous when the transition from the nematic phase occurs. Once layers have formed,
the film thickness in an initially homogeneously thick smectic shell will be stabilized by the
smectic layer structure, similar to free-standing films discussed in Chapter 2, even if a small
density mismatch between the LC and the interior / exterior fluids would be induced later.
The transition from the smA to the smC phase in material PM2 under these conditions has
been briefly addressed in Ref. [197].
Here, we investigate the rupture of shells in the smectic and nematic phases. We first describe
the preparation of shells, followed by the procedure of our rupture experiments.

4.3.1. Preparation of Smectic Shells

Our objects of study in this secion, the smectic shells, have been produced in collaboration
with H.-L. Liang (previously University Halle, University Mainz) and J. Lagerwall (previously
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U. Halle) using a micro-fluidic co-flow technique originally developed in the group of D.
Weitz [199], see Fig. 4.8. This method is in principle suited to produce various kinds of
droplet-in-droplet, so called double-emulsions and has been adapted even to multi-component
emulsification [228]. Liquid crystalline shells have been first produced by Fernandez-Nieves
et al. [5] in 2007.
In the micro-fluidic setup, three nested capillaries are arranged as sketched in Fig. 4.8(b): A
square capillary of 1 × 1 mm2 inner cross section is used as outer containment. From both
sides, round capillaries of outer diameter 1 mm are inserted. One of these has been stretched
to a conical shape and tapered flat at an opening radius of ≈ 30 µm. The other one has a
blunt end, it will serve as collector tube of the system. The inner capillaries must be well cen-
tered and aligned in the square capillary. In order to produce double-emulsions, three fluids
must be supplied at appropriate flow rates: The interior fluid of the shell is supplied through
the conical capillary. The shell fluid, immiscible with both others, is inserted into the square
capillary from the same direction as the inner fluid. The bath fluid is provided through the
square capillary from the other end, in opposing flow direction and at a velocity that stabilizes
the phase boundary at a lateral position between both ends of the round capillaries.

By adding certain chemicals to the inner and outer fluids, the direction and the strength of
the surface anchoring of the n-director may be modified. Polyvinyl alcohols are often used
for stabilization of planar aligned interfaces, while surfactants such as SDS or SDBS (see
Appendix D) provide strong or moderate homeotropic anchoring, respectively.
The preparation of smectic shells in the smectic phase is not possible with the micro-fluidic
setup. All shells have been prepared in the nematic or isotropic phase. We have mainly
prepared shells of material PM2 and few shells of 8CB for comparative studies. We used a
mixture of 75 % wt. glycerol and 25 % wt. water as inner and outer fluids. We added 1 % wt.
of the anionic surfactant SDBS to the mixed solution for the preparation of shells of PM2. In
case of 8CB shells, we had to add more than 2 % wt. SDBS so that the shells did not break
in the collection tube. These concentrations are well above the critical micelle concentration,
which is at most ≈ 0.1 % wt. [229, 230]. SDBS induces a comparatively weak homeotropic
anchoring as compared to SDS [204]. In some experiments, a small amount of ink was added
to the inner fluids. The initial shell diameter is ≈ 150 µm, and their initial membrane thick-
ness is δ ≈ 10 µm. The use of the water / gycerol mixture aids density matching with the
LC material so that shells of roughly homogeneous thickness are formed. At room tempera-
ture, shells produced in this manner can be transported and used in experiments for ≈ 2 . . . 3
weeks. After that, they will have ruptured.

4.3.2. Experimental Procedure

Rupture experiments of LC shells of PM2 and their evaluation has been done in collaboration
with M. Weyland. For observation, we have used a polarization microscope of type ’Jenapol’
produced by Carl Zeiss Jena, whose axis has been laid horizontally on a table. The microscope
lamp has been replaced by a white LED. We used a Photron Fastcam-Ultima 512 or a Photron
Fastcam-Ultima APX-120K to record the rupture. At the other port of the microscope, we
have installed a Canon EOS type 440D or type 550D digital photo camera to obtain high-
resolution color images from which the shell thickness has been calculated. The sample was
observed in transmission, crossed polarizers were added for some thickness measurements. The



4.3. Supportless Micro-Bubbles in a Viscous Environment: Smectic Shells 137

microscope stage has been replaced by a home-made construction with the heating element
of a Linkam THMS 600 heating stage for temperature control and a sample holder attached.
The position along the height-axis in the toppled microscope could be adjusted with a linear
stage.

Sample cells have been constructed by gluing microscope slides with two-component epoxy,
such that one each consists a back and front window and side segments of the cell have been
constructed from pieces of another microscope slides. The interior of each cell has a cuboid
shape of ≈ 15× 15× 1 mm3.

During an experiment preparation, a shell was carefully extracted from the storage container
and placed in a sample cell. Then, the exterior fluid was removed and replaced by distilled
water several times. The resulting external concentration of glycerol has not been measured,
but it should be below 5 % in each experimental run. After this, the cell has been carefully
sealed using a small glass plate and two-component epoxy to avoid evaporation of the water
during the experimental time. In the readily prepared sample, the exterior fluid has smaller
density than the internal fluid of the shell. Thus, shells sit at the bottom of the cell. However,
their shapes are still spherical, and the thickness of the shell is stabilized due to the smectic
layer structure.

Right after preparation, the cell is placed in the observation area of the microscope on the
heating block and heated to the desired temperature. Due to the concentration difference of
glycerol in the internal and external phases, an equilibration via osmosis is triggered [196].

Due to their much smaller size compared to the glycerol (and the surfactant) molecules,
water molecules diffuse through the LC membrane into the interior of the shell much faster
than the glycerol moves out. Consequently, the LC shell grows in diameter and decreases
its film thickness δ accordingly. From time to time, images between crossed polarizers have
been recorded. The volume growth usually occurs over many hours until the shell eventually
ruptures. Unfortunately, this rupture does not occur at a defined thickness or volume but
spontaneously. Thus, the rupture events had to be detected automatically. Triggering the
high-speed camera was realized by a Labview routine (written by T. John). Videos of the
rupture have been recorded at different frame rates between 4 000 and 30 000 frames per
second.

The growth and rupture of shells has been studied in the nematic phase of PM2 at 70◦C
and in the smectic A phase at 62◦C and at 57◦C. The temperature of the heating block had
been set to 73◦C, 65◦C and 60◦C, respectively. In the smectic C phase, the diffusion of water
through the film occurs on a much longer time scale than in the smA phase. Generally, we
may expect similar rupture characteristics as in smA shells.

The thickness of the smectic shells can be calculated by optimizing for the smallest difference
between a photograph taken between crossed polarizers and a calculated transmission image.
The homeotropic anchoring at the interface is accounted for by varying the respective effective
refractive index,

neff(ϕ) =
none√

n2
o sin2 ϕ+ n2

e cos2 ϕ
, (4.3)

where ϕ is the angle of incidence of a ray of light, no and ne are the ordinary and extraordinary
indices of refraction of the liquid crystal. The optical path difference between two rays of light
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Figure 4.9.: Rupture of a smA shell of PM2 with thickness δ ≈ 0.8 µm and radius R0 = 219 µm at
57◦C extracted from a video recorded with 2 000 frames per second. One point of the shell remains
stuck at the bottom, a typical scenario. Numbers give the time after puncture in milliseconds.
Bar width 100 µm. Original video courtesy of M. Weyland.

encountering ordinary and extraordinary refraction by passing trough the shell is
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where R denotes the outer shell radius, δ is the shell thickness, r is the local distance to
a symmetry axis perpendicular to the observation direction and nw = 1.33 is the refractive
index of the water/glycerol mixture, in the following assumed to equal the refractive index
of water. The refractive indices of PM2 have not been measured. We infer from Hauser et
al. [34] some estimated values of ne = 1.611, no = 1.484. The birefringence was measured
as ∆n = 0.127 [231]. All values apply around 60◦C. The interference color corresponding
to a certain optical path difference can be obtained from a Michel-Lévy chart. The crossed
polarizers will yield a superimposed intensity profile due to the different director orientations,
with the appearance of an extinction cross for directions parallel or perpendicular to the
polarizer. Detailed calculations are given in Ref. [231].
Thickness measurements with this method are of good accuracy, however as the moment
of rupture is not known a priori it may prove unpractical. In principle, one would need
an interference image right before the rupture. An alternative is the measurement of the
radius RS of the sphere of liquid crystal remaining long time after rupture. Then, one may
calculate the shell thickness from the outer shell radius in the moment of rupture and volume

conservation by δ = R − (R3 −R3
S)

1/3
. Such a sphere is not formed in all cases, and this

method is especially inaccurate for thin shells. One may also use interferometric thickness
measurements at earlier times and the radius in the moment of rupture to estimate the
thickness. Both methods have been used in the experiments presented below. As we will see,
the shell thickness plays a minor role for the dynamics.

4.3.3. Rupture of Liquid Crystalline Shells

Smectic Shells
We have investigates about 20 shells in the smectic A phase. All of them display similar
behavior: The film retraction occurs on a time scale at least two orders of magnitude longer
than expected from Eqn.(4.1). Typical rim velocities are few mm/s.
A typical rupture event is shown in Fig. 4.9. The shells in general lie at the bottom of our
sample cell, sometimes they may touch the side walls. Rupture always occurred at the bot-
tom. Afterwards, a hole expands, leaving an outlet for the inner fluid. In most cases, the
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Figure 4.10.: Rupture of a smA shell of PM2 with thickness δ ≈ 2.4 µm and radius R0 = 162.2 µm
at 57◦C extracted from a video recorded with 4 000 frames per second. A small amount of ink
had been added to the interior fluid. Images are enhanced such that the outflown inner fluid can
be seen. The shell is propelled to the right, the dot in each frame marks the center of the shell at
t = 0 ms. Numbers denote times after initiation of rupture in milliseconds. Bar width 100 µm.
Original video courtesy of M. Weyland.

shell remains attached to the cell bottom for the longest part of the rupture process. In few
cases, it entirely detaches from the bottom. If this occurs from an oblique direction as in
Fig. 4.10, the remaining part of the shell is propelled in a direction approximately opposite
to the outflow. With proper image adjustment, the outflow of the interior fluid (dyed with
ink) may be tracked over time. It is seen by the darker region left of the shell in the still
images. Two effects are expected to contribute to the outflow of the inner fluid: First, due to
the hole, the Laplace overpressure in the shell starts to equilibrate with the bath. Second, a
reduction of the overall surface area of the shell is energetically favorable.

A second feature observed in more or less pronounced form in many of our smA shells of PM2
is the formation of a dark rim at the border of the hole. This rim displays only little similarities
with those one would observe in comparable soap films, where a slightly thicker region con-
tinuously connects to the surrounding film. In smA shells, it rather looks like a chain of balls
of different sizes as in Fig. 4.9 or, in a merged form, like an expanding cylinder as in Fig. 4.10.
Shortly after puncture, a small number of beads appears at the retracting film edge. Their
size and number increases with time. The diameter of these structures is orders of magnitude
larger than the film thickness, the volume cannot be provided by the removed film material
alone. We infer that some fluid will be encapsulated in a foamy structure at least in such
pronounced rims. One way of encapsulation is overturning of the rim, typically to the outside.

In some cases, the smectic film gets structured in regions far away from the rim. This will
probably occur at dislocations in the layer structure - at layer steps or where small impurities,
e.g. micro-particles are embedded in the film. Two examples are shown in Fig. 4.11. In (a),
layer steps have substantially darkened already after less than half a millisecond, between both
left images. The hole has only slightly opened at that time. In the following few milliseconds,



140 4. Smectic Bubbles in a Viscous Environment

Figure 4.11.: Formation of surface structures during the rupture of two smA shells of PM2, (a)
thickness δ ≈ 0.3 µm, radius R0 = 155 µm, temperature 62◦C; (b) δ ≈ 0.8 µm and R0 = 196 µm,
temperature 57◦C. In order to visualize the early formation of structures in the third image, the
initial frame at t = 0 ms has been substracted from the one at t = 1.5 ms and the grey-scale has
been adjusted for better contrast. The inset at t = 1.5 ms in (a) is a magnified view on the region
in the rectangle. The arrows in the top row of (b) point at dark spots visible in the adjusted
image at t = 1.5 ms, the arrows in the bottom row guide the eye to their motion at later times.
The encircled region indicates three dark spots which approach each other. Numbers give the
time after the last captured image before rupture in milliseconds, the width of the bars is 100 µm.
Original videos courtesy of M. Weyland.



4.3. Supportless Micro-Bubbles in a Viscous Environment: Smectic Shells 141

(a) (b)
Figure 4.12.: Rupture velocities of PM2 shells in (a) the smA and (b) the nematic phase. In (a), no

clear trend has been detected in the velocties, thus a mean rupture velocity has been determined
for each data set. The error bars indicate the root mean square deviation in each measurement.
Original data courtesy of M. Weyland.

the shell continues to darken, and more fine structures become visible at the surface, e.g.
displayed in the magnified view in the third image of the sequence. Eventually, the film will
have turned completely dark.
The shell shown in (b) possesses one clearly visible thickness step before rupture, seen as
a ring slightly right of the supporting point. Within the initial 1.5 ms after rupture, the
thickness step has substantially darkened and will continue this in the following. Apart from
that, no structure is evident in the grey-scale image. However, if one subtracts the initial
image from the one taken at t = 1.5 ms, one may also identify four bright spots, regions of
increased film thickness. They are indicated by the four white arrows. In the top row of
Fig. 4.11(b), the arrows in each frame point at exactly the same positions on the shell. After
10 ms, many additional dark spots have formed all over the surface. Three of them in the
position of an approximately equilateral triangle are encircled in the right frame.
The arrow positions in the bottom row are adjusted to point at the same objects. All the
black spots grow over time, additional ones appear. Within 30 ms, the ones at the corner
of the triangle have grown but also contracted in their positions to form a single black spot
at t = 40 ms. Those marked by the arrows will also have moved with the film. Evidently,
these large black spots are often significantly thicker than the surrounding film, the surface of
the shell is no longer a simple curved balloon. All dark spots contract together with the film
while the hole grows. Such behavior is in harsh contrast to the assumptions of the models
neglecting the film viscosity: There, the film is at rest and only a small zone near the rim is
in motion. A more appropriate approach is that of a viscous film, which retracts and thickens
globally [92,194,217].

Let us now provide a quantitative evaluation of rupture velocities. We have selected only mea-
surements where the shells have not been significantly attached to a container wall. The eval-
uated shells had thicknesses between 0.33 . . . 2.79 µm and diameters 2R0 = 231.1 . . . 532.6 µm
at the moment of rupture. Rupture velocities have been determined by tracking the position
of the border of the hole from frame to frame, or with steps of several frames, depending on
the recording rate of the video. Within the error of our measurement, we have not found any
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Figure 4.13.: Rupture of a smA shell of 8CB of thickness similar to the other shells and radius
R0 = 197 µm at room temperature extracted from video recorded with 4 000 frames per second.
Rupture occurs with comparable velocity as the smA PM2 shells.

trend in the time-evolution of single data sets, the rupture velocity is constant. In Fig. 4.12(a),
the mean velocities of the expanding holes are shown for seven independent measurements
at two different temperatures in the smA phase. Velocities of individual ruptures range from
1.2 . . . 6.2 mm/s. A film thickness dependence could not be determined. The samples at
different temperature show similar behavior. The three highest values are identified with two
shells, which immediately detach from the cell and a third one which forms numerous dark
spots.
According to Taylor-Culick’s formula Eqn.(4.1), we would expect rupture velocities of vrim =√

2γ/(ρfδ) ≈ 2.1 . . . 6.0 m/s for the thickest to thinnest shells. In this estimation, we have set
ρf = 1000 kg/m3 and γ = 6 mN/m, a value which will be justified in Sec. 4.4. At 60◦C, a mix-
ture of water with 5 % wt. glycerol has a viscosity of only 0.5 mPa s, less than pure water at
room temperature [232]. According to Thoroddsen et al. [193], viscous drag on the retracting
film should become relevant below a crossover thickness of approximately 2η2/(ργ) ≈ 0.1 µm.
All shells considered here are thicker than that. Another argument against the simple model
of Reyssat and Quéré [218] is that we find similar retraction dynamics in all smA shells,
whether they possess a rim or not.

Finally, one may ask whether this extreme slowing-down of the rupture is characteristic only
for PM2, due to some unrevealed material properties. The experiments with rupturing sessile
bubbles in air by Müller et al. [195] and Trittel et al. [168] have all been conducted with 8CB,
with results in good agreement with Eqn.(4.1). For a comparison, we have prepared few shells
of 8CB at 2 % wt. SDBS concentration. Figure 4.13 displays an exemplary rupture event.
The time scale is identical to the previous experiments, the mean rupture velocity is 2 mm/s
determined for t < 100 ms. This shell is attached to the back wall of the sample cell. Again,
black structures form at the top and near the contact points of the shell with the glass. At
the top of this shell, some small heterogeneities can be seen even before rupture. From the
video frames, it appears as if the border to the hole bends slightly outward. This may be
explained by the substantial outflow of material, similar to Fig. 4.10. We have not observed
chained bulges at the border of the holes within the limited number of recorded videos.

Nematic Shells
Experiments in the nematic phase have been conducted at 73◦C, and four representative
measurements with shell thicknesses between 0.28 . . . 7.41 µm have been evaluated. Two
image series are shown in Fig. 4.14, the other two shells show a similar rupture procedure.
One may again identify the former interior and exterior fluids. As the density of the water /
glycerol mixture inside the shell is larger than outside, it will slowly spread on the bottom of
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Figure 4.14.: Rupture of two nematic shells of thickness 0.28 µm and radius R0 = 177 µm (top)
and δ = 3.7 µm and R0 = 151 µm (bottom) taken from videos recorded at 15 000 frames per
second. Original videos courtesy of M. Weyland.

the sample cell. The thickest shell is inhomogeneous in thickness, with an increased thickness
at the top. All shells rupture left and right of the remnant filament at the bottom. This strip
of fluid disintegrates only after several milliseconds. No rim formation is observed. The shells
also slightly darken while rupture proceeds, we may infer that the film thickness increases
globally.
Rupture velocities have been determined from the motion of a point of the border of the hole
which lies on the contour of the shell. The rupture velocities of the four shells are displayed in
Fig. 4.12(b). In all measurements, the velocity decreases with time. The extrapolated initial
rupture velocities correspond to our measured shell thicknesses. They are all in the range
of 0.8 . . . 1 m/s, more than two orders of magnitude higher than in the smectic phase at a
slightly lower temperature.

4.3.4. Brief Summary and Model Discussion

The rupture velocities in the nematic phase are almost identical to the expectations from Tay-
lor’s [191] and Culick’s [192] model Eqn.(4.1). The behavior of the nematic film however seems
to deviate from this by an apparent increase in film thickness seen by the darkening during the
rupture. These characteristics may be explained by the comparatively high viscosity of the ne-
matic material (of the order of 50 . . . 100 mPa s): According to Brenner [169], rim formation is
replaced by homogeneous thickening of the film if Re = vcLcρf/ηf < 1 and p = η2/(γρfδ)) > 1.
Estimating a film thickness of δ ≈ 10−6 m, a film viscosity of ηf ≈ 5 · 10−2 Pa s, an interface
tension γ ≈ 6 · 10−3 N/m and a characteristic velocity vc ≈ 1 m/s initially, and using the
film thickness as characteristic length Lc, we find p ≈ 400 and Re ≈ 2 · 10−2. However,
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this is a rough estimate as in Brenner’s simulations, a two-dimensional slab of material is
considered and there is no outer fluid. In case of the nematic shells, the surrounding fluid
possess comparatively low viscosities (η ≈ 0.5 mPa s), yet some influence of the fluid on the
relaxation is expected. Together with the increasing film thickness, it will be responsible for
the slow-down of the relaxation process.

For the smectic shells (identical material at 5 degrees lower temperature), roughly the same
viscosities and interface tension may be assumed. Thus, from the hydrodynamic character-
istics we would expect to be in the regime without a rim, with global thickness increase
preferred and a similar rupture velocity as in the nematic case. However, the rupture velocity
is immensely slowed, no measurable global thickness increase occurs but black assemblies of
material appear locally on the shell and at the rupturing border. Several hypotheses may be
considered to find an explanation for this previously unobserved behavior:

• The surface tension is not of the order of magnitude we assumed (≈ 6 mN/m) but
much lower. The surfactant layers on the surface may also act rather solid-like during
fast compression as occurs during bubble rupture. Solid-like behavior in soap films was
only observed at thicknesses well below 100 nm for the so-called Newton Black Films by
Mysels et al. [216] and an explanation involving some visco-elastic characteristics was
proposed by Evers et al. [207]. The shells are micrometers thick, and the effect should
occur in N and smA likewise.

• Viscous dissipation in the surrounding fluids slows down the rupture, but it cannot be
responsible for the observed effect: Then, nematic shells should rupture similarly, which
is not the case.

• Smectic materials possess a layered structure. Unlike sessile bubbles, there is no menis-
cus or reservoir that the excess material could be re-supplied to during rupture of the
shells. However, an increase of the hole size requires a volumetrically equivalent increase
in average shell thickness, which is counteracted by the layer structure of the material.
In contrast to a nematic with only orientational order, the necessary thickness increase
in the layered smectic phase can be achieved only by dislocation creation and island
growth. Both are slow processes compared to the time scale of rupture processes (see
Chapter 3). This hypothesis is opposed by the previous results on the rupture of sessile
smectic bubbles of different materials in air by Müller et al. [195] and Trittel et al. [168].
It will be revisited in Sec. 4.5 below.

In the following section, we will test the first of these hypotheses by measuring the interface
tension directly.

4.4. Interface Tensions of Smectic Material to Aqueous
Surfactant Solutions

In this Section, we will introduce a new method to determine the interface tension of smectic
films to surrounding fluids. It relies on the buoyancy of an air bubble trapped beneath the film
and provides data of an accuracy one order of magnitude better than previous literature data.
The method may be broadly applicable to various immiscible surrounding fluids, the only
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necessary prerequisite being the possibility to prepare a stable free-standing film or sessile
bubble. Here, the method will be applied to aqueous solutions of sodium dodecylbenzene
sulfonate (SDBS, LAS) at different concentrations, with the choice of this anionic surfactant
being motivated by the rupture experiments with smectic shells presented in the previous
Section. This quantity is of fundamental importance for many applications of smectics in
microfluidics.
The description of the experimental method, Sec. 4.4.2, is adapted from Harth et al. [200]
and [233]. The text of Section 4.4.3 is adapted from Harth et al. [233], Sections 4.4.4 and 4.4.5
are adapted from Harth et al. [200], with permission from the PCCP Owner Societies. 3

4.4.1. Introduction

Interface tensions of liquids in water play a dominant role in micro-fluidics, they determine
deformations of micro-droplets, droplet coalescence and pinch-off, the rupture of thin films,
capillary forces and many other static and dynamic features of multi-phase systems. In par-
ticular, tensions of thin films are interesting for technological as well as biological systems.
Whereas there are many well-established methods for the measurement of surface tensions of
liquids, e. g. using the Wilhelmy balance, the DeNouy ring, pendant or oscillating droplets
or capillary rise measurements [234], there are much fewer literature data of liquid-liquid
interface tensions, in particular hardly any measurements for anisotropic fluids in liquid en-
vironments.

Surface tensions of nematics and smectics with respect to air were studied extensively [96,97,
100, 235–241]. Different techniques were employed, like the Wilhelmy balance [235], special
string tensiometers [237], pendant drop experiments [239], Laplace pressure measurements
[96], or capillary rise on solid surfaces [242].
It was found that mesogens with aromatic cores that are substituted on both ends with
hydroalkyl chains have surface tensions γ in the range of 0.021±0.001 N/m. For molecules
with partially fluorinated alkyl substituents, γ reduces dramatically. Surface tensions of such
materials are between 0.012 N/m and 0.019 N/m. When the chains are fully fluorinated,
the surface tensions are near 0.012 N/m. Molecules with other terminal groups, like alkyl-
cyanobiphenyls, have larger surface tensions, but values above 30 mN/m are hardly reached.
In contrast to these measurements, there are almost no available values of interface tensions
of smectics or nematics in liquid environments. The pendant droplet method can be used
to extract the interface tension of liquid crystal bulk material respective to a surrounding
liquid from a fit of the droplet shape [243,244]. Several issues complicate such measurements
for tensions of liquid crystals to aqueous surfactant solutions or other liquids with similar
densities: First, there are very long equilibration times. Second, and most important, the
densities of the droplet and the outer liquid are usually very close. For example, Kim et
al. [244] compared densities measured for 5CB by different authors (Fig. 2 in Ref. [244]),
and showed that the deviations between literature data given by different groups are actually
larger than the expected density differences to water. This error source makes it virtually
impossible to obtain accurate absolute values for γ. Even relative values of the temperature
characteristics are problematic near phase transitions where the density of the liquid crystal

3Some preparatory experiments (not presented here) have been performed by N. Chattham. L. Shepherd
and J. Honaker, who visited within the IRES program for 5 weeks each in summmer of 2014 and 2015,
performed experiments on the measurement of dynamic interface tensions.
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may change discontinuously. A third, minor problem is that in principle one has to take into
account the elastic forces in the bulk and their influence on droplet geometries. Compared to
the other two error sources, this last issue may be negligible.

Tensions of the order of 2 mN/m to 2.5 mN/m were reported for 8CB in PDMS [243]. Owing
to the uncertainty of available density values for the liquid crystal, measurements of nematic
and isotropic 5CB in an aqueous solution of the cationic surfactant cetyl trimethylammonium
bromide (CTAB) yield either interface tensions between 4 mN/m and 8 mN/m or between
1.2 mN/m and 2.4 N/m [244], depending upon the choice of 5CB density data from dif-
ferent references. Kim et al. [244] argued that the actual value is closer to the first range.
Still, there is the non-satisfactory situation that no accurate experimental measurements of
interface tensions of liquid crystals in aqueous environment are available. Just the order of
magnitude is known. The situation with relative values (temperature characteristics of γ) is
somewhat better. A slight discontinuity at the phase transition temperature was observed
in all cases, the interface tension jumps to lower values at the clearing point [243, 244]. Kim
et al. [244] note that in pure water, pendant liquid crystal drops (diameters ≈ 0.25 cm) do
not differ measurably from sphere shape, indicating that the surface tension of 5CB in pure
water is considerably larger than in presence of a surfactant. A quantitative value could
not be obtained by Kim et al. [244]. Gharbi et al. [245] measured an interface tension of
γ = 5.6 mN/m for nematic 5CB to a mixture of water, CaCl2 and polyvinyl alcohol (inducing
planar anchoring of nematics). For 5CB to pure water, Proust et al. [246] had reported a
value of 26 mN/m, again with planar alignment. Interface tension values of LCs are also
expected to depend on the mesogen orientation (planar or homeotropic) at the interface, as
may be conjectured from Ref. [46].

We introduce a simple method to obtain interface tensions of smectics. The method avoids
most of the problems mentioned above. We distort a thin smectic film in water. In contrast
to the previously described pendant droplet method, we do not use the weight of the liquid
crystal material as distorting force, but the buoyancy of an air bubble trapped below the film.
The film geometry is much easier to evaluate than in the pendant drop case. The interface
tension of a smectic film to air can be expected to be independent of the film thickness for
N ≥ 2 smectic layers, but strongly depends on the chemical composition and polarity of the
LC materials [240, 247, 248]. The film tension itself contains some additional contribution
due to the disjoining pressure [20] (from p. 411), which is negligible with respect to other
error sources for the films of comparable thicknesses in our measurements. When monolayer
smectic films can be formed for a polar material, a difference in interface tension between
mono- and multi-layer films can be observed [248]. In a single layer both surfaces of the layer
are equivalent, whereas the surface layers in a multi-layer film always posses one interface to
the underlying smectic layer and one to air.

Typically, in absence of flow, surfactant adsorption takes place on time scales of seconds to
hours until an equilibrium coverage is reached, depending on the bulk concentration. These
timescales may substantially influence the stability of freshly formed LC shells, where sur-
factant concentrations of few percent in weight are commonly used. The formation of shells
occurs due to flow focussing usually in the high-temperature isotropic phase, but after this
they have to be transported to a storage container or the observation area. Then, the structure
is only stabilized by the adsorbed surfactant, and indeed at lower surfactant concentration
rupture is frequently observed. The time-scale of surfactant adsorption at an LC interface as
well as the flow field around the shell set the limiting conditions. The concentration depen-
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Figure 4.15.: Sketch of the experimental setup, consisting of a water basin, the capillary and the
mounted syringe. The observation direction is normal to the front plane. The bubble is illuminated
with parallel monochromatic light from the back and observed with a CCD camera in the front.
The LC supply is not shown. Figure reproduced from Harth et al. [200] with permission from the
PCCP Owner Societies.

dence of equilibrium values and dynamic interface tensions are addressed in Sections 4.4.4
and 4.4.5.

4.4.2. Experimental Procedure

We prepare solutions of SDBS between 0.005wt. and 0.5 % wt. in distilled water. The
critical micelle concentration (cmc) is between 0.065 % wt. [230] and 0.1 % wt. [229]. The
concentration dependence of the equilibrium surface tension to air has been measured by
Kumar et al. [230]: In the range c = [0.065 . . . 0.2] % wt. it follows a linear dependence,
decreasing with 0.6 mN/m per 0.1 % wt. At 0.1 % wt, it assumes a value of 32.9 mN/m.
For our highest concentrations of c ≈ 0.5 % wt., extrapolation yields 30.5 mN/m. Below the
cmc, it strongly increases. At a concentration of 0.0135 % wt. one finds 45.5 mN/m .
The surfactant induces homeotropic anchoring in nematic liquid crystals [204], which is im-
portant for arranging the smectic layers parallel to the surface. Pure water typically yields
planar anchoring and consequently a bookshelf geometry of smectic layers [246]. Thus, we
expect that below a certain surfactant concentration, no stable smectic films can be formed.
The liquid crystal studied is the mixture PM2 (see Appendix D). All measurements were
performed at room temperature, where the material is in the smC phase. The surface tension
to air is γair = 22.45 mN/m at 25◦C [57].
Our setup is sketched in Fig. 4.15. A transparent cuboid acrylic glass container is filled
with a surfactant solution up to approx. 5 . . . 7 cm above its bottom. Near the center of
the bottom plate, a coaxial double capillary dispenser is placed. The upper part of the outer
capillary has a slightly conical shape, as a larger outer diameter enhances the number of stable
configurations of the prepared smectic / air-bubble geometries. Its outer diameter at the top
is 2.8 mm for the experiments in Sec. 4.4.3 and 2.3 mm for the experiments in Secs. 4.4.4
and 4.4.5, the opening is directed upward. The rear end of the inner capillary is connected
to a syringe, the capillary as well as the syringe are both filled with the same surfactant
solution as the container. Through the annular ring between outer and inner capillary, liquid
crystalline material is supplied to form the bubble membrane. By pressing a small amount of
the LC through this capillary in the beginning of the experiment, a cap of disordered smectic
material is formed on the dispenser opening. Between consecutive experiments, the material
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Figure 4.16.: Air bubbles of different sizes trapped under smectic films. The slightly patterned
regions on the surface of the smectic bubbles reflect the inhomogeneity of the film thickness. The
labels correspond to the experiment number in Tab. 4.1. Figure adapted from Harth et al. [233]
with permission from the PCCP Owner Societies.

was usually re-spread and reattached to the capillary using a spatule. Then, the surfactant
solution is pushed slowly through the inner capillary by means of the syringe. From the closed
smectic cap, a free-standing well-ordered smectic film develops.
The film thickness cannot be controlled exactly in our experiments. From the optical trans-
mission, we estimate the thickness of the smectic films to be of the order of s tens to hundreds
of molecular layers. In most cases, the film thickness was quite inhomogeneous. With proper
illumination and camera settings, a thickness estimation is possible, see below. Bubble diam-
eters are between ≈ 0.5 . . . 2 centimeters. After inflation, the smectic bubbles are stable, they
form perfect spheres.
If one is interested in the preparation of perfectly spherical smectic bubbles, one has to take
particular care to avoid air bubbles in the capillary. Once a small air bubble is entrained
in the tubing for the surfactant solution, it will eventually enter the smectic bubble. For
the studies in Ref. [200], air bubbles of more or less controlled size can be injected into the
transparent tube for the inner fluid by an air-filled syringe connected via a t-junction. Within
the smectic bubble, they move upwards driven by buoyancy. Sufficiently small air volumes
are trapped under the smectic film. They distort the spherical film shape. This distortion
can become rather large with increasing air bubble size. Exemplary photographs are shown
in Fig. 4.16. Very large air bubbles develop substantial buoyancy forces so that they break
the smectic membrane, or a pinch-off occurs near the top or bottom of the smectic bubble.
Experiments 2 and 5 in Fig. 4.16 represent unstable situations.
At low surfactant concentrations well below the cmc, the smectic bubbles are quite susceptible
to rupture, so that a steady and precise supply of the interior fluid is required. This was
achieved by operating the syringes with a screw mechanics. Bubbles of the mixture PM2 have
been prepared at surfactant concentrations in the water as low as 0.0675 % wt. However, the
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smectic film was unable to withstand the impact of the air bubble in that environment. It
may be possible to produce bubbles at very low surfactant concentrations if the smectic film
is drawn sufficiently slowly, so that the surfactant has time to adsorb to the surface. Then,
bubbles could be prepared at even lower concentrations than those reported above. The air
bubble may be inserted first, then the surfactant solution is supplied so that an impact of the
air bubble onto the vulnerable film is avoided. A reasonable explanation is that the SDBS is
necessary to induce homeotropic anchoring of the smectic mesogens at the LC-water interface,
which leads to an arrangement of the smectic layers in the film plane and thus the stabilization
of thin films. We assume that at lower concentrations of the surfactant, this anchoring is lost
and the preferentially planar anchoring of the LC at pure water interfaces [246] takes over.
In that case, smectic free-standing films are not stable. For concentrations of 0.0135 % wt.
and above, the preparation was successful and interface tensions have been measured. The
surfactant concentration also influences the geometry of the smectic and air bubbles, see
Sec. 4.4.6 and, e.g., Fig 4.20.
Another liquid crystal, the commercial material 8CB (4-n octyl-cyanobiphenyl) was also
tested. SmA bubbles of 8CB could be produced in surfactant solutions, but smA films are
much more vulnerable to mechanical disturbances so that the air bubble impact leads to film
rupture, see Chapter 3.

4.4.3. Smectic Interface Tension Measurements with the Buoyancy
Method

A smectic bubble with an entrapped air bubble is prepared as in the preceding section.
Figure 4.16 shows the top region of six different experiments. In this measurement, we have
used the Phantom v611 (Vision Research) high-speed camera for taking a grey-scale picture in
almost parallel, monochromatic (blue, λ = 450 nm) transmitted light. The air bubbles appear
completely dark due to refraction, except for a tiny central bright spot. Several bubbles with
trapped air bubbles of different sizes have been prepared, using two surfactant solutions well
above the cmc≈ 0.065 % wt.: In experiments 2 and 4, the concentration of surfactant was
0.55 % wt., in all other experiments 0.47 % wt. All geometric quantities have been obtained
via manual evaluation of the images.
From the equilibrium distortions, it is possible to determine the ratio of buoyancy forces and
the interface tension of the smectic material in water. The deformations can be controlled by
two parameters, the diameter of the gas bubble which determines the buoyancy force, and the
curvature of the smectic film (smectic bubble size). The Eötvös number Eo= ∆ρgR2

air/(2γ),
with the density difference ∆ρ between air and water, air bubble radii Rair, film tension 2γ,
and gravitational acceleration g describes the ratio of gravitational and surface tension forces.
It is of the order of one in our experiments with air bubble equivalent diameters between 1 mm
and 2 mm. A close inspection of the images shows that the air bubbles consist of and upper
and lower part which have roughly sphere cap shapes and nearly equal diameters. These are
slightly displaced vertically with respect to each other. The inner pressure in the smectic
bubbles is given by the atmospheric pressure plus a small contribution of Laplace pressure.
The Laplace pressure pair inside a millimeter sized air bubble in the surfactant solution is of
the order of 50 Pa. In the surfactant solution inside the smectic bubble, the Laplace pressure
related to the shape of the enclosing smectic membrane is constant. The smectic material
forms a Delaunay unduloid there, i.e. the smectic membrane in equilibrium has a constant
mean curvature. The excess pressure pi inside the smectic bubbles is small compared to the



150 4. Smectic Bubbles in a Viscous Environment

Figure 4.17.: Left: Sketch of the deformed smectic bubble with an entrapped air bubble. Middle:
Smectic film supported on a glass capillary under water, with a trapped air bubble. Top right:
Annotated sketch of the smectic film and the trapped air bubble. Bottom right: Close-up of the
top of a smectic bubble under water with a trapped air bubble (experiment 1). The circles, lines
and arrows refer to the parameters of the geometrical model used for the force calculations (see
text). Left: Reproduced from Harth et al. [200] with permission from the PCCP Owner Societies.
Middle and Right: Reproduced from Harth et al. [233] with permission from the PCCP Owner
Societies.

excess pressure in the entrapped air, it amounts to only a few Pascal.
The geometry of the air bubble at concentrations well above the cmc is shown in detail in
Fig. 4.17, bottom right. In the image, the dashed circle with diameter dair is a fit to the lower
part of the air bubble, which is in contact with the surfactant solution. The upper, solid circle
segment is a fit to the upper part of the air bubble. The air bubbles are slightly flattened, i.e.
the sphere caps are shifted respective to each other by a distance s. While the diameter of the
air bubble is dair in the equator, the total height is only dair − s ≈ 0.95 dair. The horizontal
bar marks the diameter dring of the contact line. The two arrows indicate the direction of the
smectic film in the vicinity of the air bubble. In most experiments, the contact line is above
the equator, this means that the upper sphere cap must have a slightly larger diameter than
the bottom one. However, it is impossible to distinguish the curvatures of the dashed and
solid circle segments quantitatively within the current camera resolution.
A discussion of the force equilibria involves two issues: The first one, that is relevant for the
present purpose of interface tension measurements, is the balance of vertical external forces
on the air bubble. This will be considered next. The second issue is the geometry of the
air bubble itself, including the position of the line of attack on the air bubble and the exact
shapes of the upper and lower caps. This issue is not of primary concern here.
The compensation of the buoyancy of the air bubble by capillary forces of the smectic mem-
brane provides straightforward access to the smectic interface tension. Let us first consider a
simplified calculation for very large smectic bubbles: When the mean curvature of the smectic
film is small compared to that of the air bubble, then one can neglect the Laplace pressure
inside the smectic bubble. The air bubble is held by the smectic film. The force balance in
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vertical direction is given by

Fair = Vair(ρ− ρair)g = 2πγdring cos θ = Fγ (4.5)

where ρ, ρair are the densities of water and air, respectively, γ is the interface tension between
the smectic material and water, and Vair is the air volume in the bubble, g is the gravitational
acceleration, and Fair is the buoyancy force of the air bubble. The angle between the smectic
membrane and the vertical is θ. In practice, the air density can be neglected, and we can
approximate the air bubble volume by

Vair ≈
π

6
d2

air(dair − s). (4.6)

The factor 2 on the right hand side of Eqn.(4.5) accounts for the model that sets the film
tension equal to the sum of the two equal interface tensions γ of the exterior and interior
smectic bubble surfaces. For very thin films (few molecular layers) one may expect deviations
from this simple relation, cf. Chapter 2 and e.g. Ref. [20], from p. 411. For the films
investigated here and with respect to the measurement error, this approximation is justified.
In fact, discarding the Laplace pressure inside the smectic bubble is only a crude approxo-
mation. The Laplace pressure pi inside the smectic bubble acts on the lower part of the air
bubble and pushes the air bubble upwards, increasing the effective buoyancy. In a reasonable
approximation, the excess upward force is

FB ≈
π

4
d2

ringpi =
π

4
d2

ring · 2γ
(

1

R1

+
1

R2

)
, (4.7)

where the prefactor denotes the cross section area of the air bubble at the position of the
contact line, onto which we can project the Laplace pressure related forces. The two prin-
cipal radii of curvature R1 and R2 (Fig. 4.17, left) are directly measured from the images.
Considering this additional upward force, we obtain Fair + FB = Fγ and

γ =
Vair(ρ− ρair)g

2πdring

[
cos θ − dring

4

(
1
R1

+ 1
R2

)] (4.8)

for the interface tension. It turns out that in our experiments, that this correction changes
the calculated interface tension by approximately 20 to 40 %.
Air bubbles with volumes between 0.6 mm3 and 6.5 mm3 were produced and evaluated.
Examples of geometrical measurements for different air bubbles and smectic films are listed
in Table 4.1. Figure 4.18 presents the measured film tensions for these experiments. The
average of the measured values is γ = 6.3 mN/m (dashed line in the Figure). Deformations
that are useful for the evaluation of γ are obtained from air bubbles with radii larger than
≈ 1.2 mm. Smaller air bubbles produce deformations at the limits of experimental resolution.
Therefore, γ values in Fig. 4.18 are more reliable for larger air bubbles. All experiments
yield similar results for the smectic–surfactant solution interface tension within error limits,
irrespective of the air bubble sizes. Note that experiments (1) and (1b) were performed with
the same air bubble, the smectic bubble was inflated to larger size in (1b). The inner Laplace
pressure thus dropped by about 30 % and the correction for the Laplace pressure in Eqn.(4.7)
was smaller. Consequently, a larger angle θ was measured. The determined film tensions
coincide almost perfectly.
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Exp. dair [mm] dring [mm] θ [◦] pi [Pa] γ [mN/m]

1 2.12 2.06 35 3.1 5.97
1b 2.12 2.0 42 2.2 6.16
2 2.09 2.05 26 3.2 5.4
3 1.9 1.57 46 2.0 5.89
4 1.51 1.1 56 4.8 6.33
5 2.3 2.25 16 4.6 6.70
6 1.05 0.64 72 3.9 6.29
7 1.2 0.87 73 4.1 7.22

Table 4.1.: Geometric parameters for different experiments. The lengths are defined in Fig. 4.17, γ
is the interface tension between the smectic LC and the surfactant solution. Numbers refer to the
images in Fig. 4.16 (1b) is the same air bubble as in image (1) after further inflation of the smectic
bubble. Experiment 7 is not shown. Table reproduced from Harth et al. [233] with permission
from the PCCP Owner Societies.

Figure 4.18.: Interface tensions determined from the deformation of smectic membranes (bullets)
measured for air bubbles of different radii. The dashed line marks the average. The open circle
marks exp. (2), see text. Bubbles with diameters larger than dair ≈ 2.32 mm tear the smectic film
apart. Figure adapted from Harth et al. [233] with permission from the PCCP Owner Societies.
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With the film tension determined from the bubble deformation geometry, one can estimate
the maximum size of an air bubble that can be held by a smectic film (θ = 0, dring = dair �
R1, R2), using 2γπdmax = πd3

maxρg/6, by

dmax ≈
√

12γ

ρg
= 2.32 mm. (4.9)

This value is close to the largest air inclusions reported here. Air bubbles with larger volumes
do not reach equilibrium positions, they deform the smectic bubble locally to a tube and rise
to the surface. A second limitation is set by the diameter of the smectic bubble where its
lower meniscus attaches to the capillary: In order to keep the smectic bubble attached to the
dispenser, the film must exert the same force on the dispenser opening. If the diameter of the
contact line at the dispenser is smaller than the diameter of the contact line at the air bubble
dring, the bubble will pinch off near the bottom. In this context, note that not all bubbles
shown in Fig. 4.16 represent stable equilibria: Experiment (5) is a limiting case where the
equivalent diameter of the air bubble is close to but still below the maximum air bubble size
which can be held by the film. The outer diameter of the capillary is larger than dring, but the
smectic film can slide inwards at the dispenser opening, see bottom of Fig. 4.17, middle. In
experiment (5), the complete smectic bubble with the air bubble inside very slowly detaches
from the dispenser, and finally rises to the water surface.
Experiment (2) differs from the others in that the contact line of the smectic film lies below
the equator of the air bubble. In this case, a small upward fluctuation of the vertical position
of the air bubble leads to a decrease of the contact line length. This reduces the capillary
force of the film on the bubble, which destabilizes the position and the air finally escapes.
The effect is compensated partially by the second term in Eqn.(4.8). This instability may be
a possible explanation for the comparably low film tension measured in experiment (2). The
datum point has therefore been marked by an open circle in Fig. 4.18.
Regarding the detailed air bubble geometry, its was not possible to determine quantitative
curvature differences between the upper and lower sphere caps that form the air bubble within
this experimental resolution. More details of the geometry will be discussed in Sec. 4.4.6.
However, the upper cap radius must be slightly larger than the lower cap radius when the
contact line is above the ’equator’. In detail, the upper boundary of the air bubble consists
of two interfaces, the smectic film to air (’interior’) and a second, ’exterior’ interface of the
smectic film to water. The corresponding interface tension is found from the surface tension
γ of the smectic and the smectic–water/SDBS interface tension γ determined above. They
add to approximately 29 mN/m, which gives an excess pressure of pair ≈ 58 Pa in an air
bubble with 1 mm radius of the upper cap. The lower air bubble boundary is a simple air–
water/SDBS interface. The pressure drop across the lower boundary, pair − pi, is slightly
smaller than at the upper boundary. When one assumes pair − pi ≈ 55 Pa, one obtains a
radius of curvature of (pair − pi)/(2γSDBS) ≈ 0.9 mm, slightly smaller than that of the upper
cap. This value is fairly consistent with the observed air bubble geometry. The similarity
of the curvatures of both air bubble caps for the materials studied here is coincidental, see
Sec. 4.4.6 below.

4.4.4. Concentration Dependence of Equilibrium Interface Tensions

The adsorption of surfactants to fluid-fluid interfaces of isotropic fluids has been a permanent
topic of research for almost 100 years. Fluid-fluid interfaces were first addressed in the 1940’s
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Figure 4.19.: Equilibrium interface tensions γeq(c), the shaded region marks the range of critical
micelle concentrations from References [229, 230]. The error of the averaged values is approx.
10 %. The two crosses correspond to the measurements published in Ref. [233], see Sec. 4.4.3.
Figure reproduced from Harth et al. [200] with permission from the PCCP Owner Societies.

by Alexander [249] and Ward and Tordai [250]. The tension of an interface of a fluid to
a surfactant solution is determined by its coverage with surfactant molecules. When the
solution is saturated and in equilibrium with the interface, the surface coverage is referred
to as complete. The lowest concentration at which this occurs is usually referred to as the
critical micelle concentration (cmc). Adding more surfactant to the solution only leads to
the formation of additional micelles. The interface tension can be assumed to be almost
independent of surfactant concentration above the cmc. Small decreasing or increasing trends
may be possible [234]. Below the cmc, the surface coverage remains incomplete even in
equilibrium, and the interface tension increases with decreasing surfactant concentration.
Interfacial tension and area coverage are usually interrelated by adsorption isotherms, the
most frequently used ones are the Langmuir and Frumkin isotherms. Direct measurements of
the area coverage have been achieved, e.g. by ellipsometry, infrared spectroscopy or neutron
reflectrometry [251–254]. The agreement of the heuristic models with the few available data is
often not satisfactory [234,255]. We will therefore not attempt any conversion of our measured
interface tension data to area coverages. It is experimentally proven that the simple Gibbs
equation of state is well applicable below, but also above, the cmc [255]. Here, we use it in a
slightly modified form [256],

d(γ0 − γeq(c))

d(ln c)
= nkBTΓ, (4.10)

where γ0 is the interface tension without surfactant, γeq(c) is the equilibrium value of the
interface tension at a bulk surfactant concentration c, kB is the Boltzmann constant, T the
temperature and Γ the interface coverage. The value of n = 1 is adopted for nonionic
surfactants, whereas n = 2 represents monovalent ionic surfactant when it is fully ionized at
the interface. From this, we may expect a linear relation between γ0− γeq(c) and ln(c) below
the cmc.
The first quantity of interest describing the smectic / solution interface is the asymptoti-
cally reached equilibrium value γeq(c) of the interface tension. The time scale to achieve this
stationary state is not known a priori and depends on the surfactant concentration. From
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literature (e.g. Ref. [257]) one may expect at least 10 minutes for the establishment of equilib-
rium. In our experiments, we wait until the bubble shapes remain constant for a sufficiently
long time. As we will show below, a plateau in the interface tension is reached after ≈ 15
minutes, see Fig. 4.21 below. We do not exclude that further changes might occur for certain
surfactant concentrations, as reported in the literature for other interfaces [256], but we found
no evidence for that. Several test experiments have been performed over time periods of up to
60 minutes without an indication of any observable long-term changes of γ (except structural
changes of the smectic film for the encircled values in one experiment, see below). Figure 4.19
shows the measured equilibrium values γeq in dependence on the surfactant concentration.
Each point represents an average of several individual measurements. The lower concentra-
tion limit was set by the ability to prepare smectic bubbles that are stable enough to trap air
bubbles for measurements.
For c > cmc, the interface tension only slightly increases with decreasing surfactant con-
centration, by less than 1 mN/m between 0.05 % wt. and 0.5 % wt. A similar trend was
also observed by Kumar et al. [230] for the SDBS solution-air interface. The equilibrium
interface tensions γeq(c) below the cmc are strongly concentration dependent. In the range
of c ≈ [0.02 . . . 0.05] % wt., it can be roughly approximated by an logarithmic dependence
γeq ≈ [24.3 − 23.3 log10(c/% wt.)] mN/m in accordance with Eqn.(4.10). When one com-
pares the measured interface tensions with the surface tension of the smectic material in air,
≈ 22.5 mN/m, one finds that at the lowest concentrations of the surfactant, 0.0135 % wt.,
this value is almost reached in equilibrium.
Measurements below the cmc performed with the same surfactant solution on different days
were found to yield slightly different results, the interface tension values varied by up to±10 %.
On the other hand, there were no visible trends that could indicate some aging or deterioration
of the solutions. In Figure 4.21 below, these experimental fluctuations are evident in the range
of low surfactant concentrations. We attribute them to the high sensitivity of the interface
tension to some unidentified external influences below the cmc. Above the cmc, the deviations
of measured γeq(c) were much lower.

4.4.5. Dynamic Interface Tensions

In addition to the equilibrium properties discussed in the previous subsection, the dynamic
tensions during the establishment of this equilibrium are another important aspect of low-
concentrated surfactant solutions. When an interface is freshly formed (or rinsed off all
surfactant), the surfactant will adsorb over a time period of minutes, sometimes of hours. One
has to discriminate between kinetic and diffusion limited adsorption models. The latter apply
to most nonionic surfactants, in absence of adsorption-desorption barriers. A first general
solution to this problem under the assumption of diffusion-limited adsorption was given by
Ward and Tordai [258]. A final decrease of the interface tension with γ(c, t)− γeq(c) ∝ t−1/2

was predicted and has been confirmed experimentally. The adsorption dynamics of ionic
surfactants below the cmc differ strongly from those of nonionic surfactants, in that adsorption
of the surfactant molecules at the interface builds up an electric double layer, acting as an
adsorption barrier due to electrostatic repulsion.
Bonfillon et al. [256] modeled the adsorption dynamics of ionic surfactants: At short times
after preparation of the surface, electric field effects are negligible and the adsorption is
diffusion-limited. At intermediate times, when the surface coverage Γ is still small, desorp-
tion is not yet relevant, but the electrostatic contributions increase. This leads to the forma-
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Figure 4.20.: Absolute difference images of initial and final (t > 30 min) contours of exemplary
smectic bubbles at concentrations of (a) 0.1 % wt., (b) 0.05 % wt., (c) 0.027 % wt. and (d) 0.0135 %
wt. The geometry is essentially constant in (a). An additional air bubble, not touching the smectic
bubble, is situated near the capillary opening in image (a). The bubble in (d) pinches off later.
The white network structures on the smectic bubbles are caused by migrating dislocations in the
layer structure (film thickness steps). Note the different scale of the images, the bars represent 2
mm. Adapted from Harth et al. [200] with permission from the PCCP Owner Societies.

tion of a plateau where Γ is proportional to ln(t) and the interface tension γ(c, t) decreases
only very slowly. Finally, when the surface coverage approaches its equilibrium value, the
interface tension decreases linearly with time. These theoretical predictions have been con-
firmed experimentally within the same publication for an SDS solution. Ritacco et al. [259]
investigated the adsorption of the cationoic surfactant DTAB and found similar behavior,
but no plateaus occurred for concentrations c < 0.5 cmc. They fitted the late time decay to
an exponential function γ(c, t) − γeq(c) ∝ exp(−t/τ). By appropriately salting the solution,
the electric double layer formation is inhibited and diffusion-limited kinetics are recovered,
γ(c, t) − γeq(c) ∝ t−1/2. The tension of an initially bare droplet expanding at constant vol-
ume influx was investigated by MacLeod and Radke [260], who also pointed out a significant
difference when the surfactant was dissolved in the gas, fluid or both phases.

The measurement of the dynamic tension was performed as follows: The smectic bubble was
prepared, a first photo was taken, which is used as reference for t = 0. Then an air bubble
was inserted. Occasionally, an air bubble was already contained in the freshly drawn smectic
bubble. After that, images were recorded in certain time intervals to record changes in the
bubble geometry, the time intervals were registered with an accuracy of one second. Above
the cmc, the SDBS adsorption to the LC / solution interface takes less time than the bubble
preparation. No significant time dependence of the interfacial tension could be detected.
Below the cmc, the interface tension is time-dependent.
Figure 4.20 shows the difference of the first and last images for 4 exemplary measurement
series at different concentrations. The time difference between the first and last image is at
least 30 minutes. No shape changes are detectable for c ≥ 0.1 % wt., cf. Fig. 4.20(a). At
concentrations c ≤ 0.05 % wt., noticeable differences between the initial and final smectic
bubble shapes occur. These indicate a time dependence of the interface tensions on a time
scale of minutes. At a concentration of 0.05 % wt., a significant time dependence of the
interface tension is present, but the equilibration is too fast compared to the inaccuracies
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(a) (b)

(c) (d)
Figure 4.21.: Dynamic interface tensions γ(t) for different surfactant concentrations below the cmc,

increasing from (a) to (d). Identical symbols correspond to measurements of the same day, the
date is given as the data description, different colors reflect different runs of the experiment. Note
the different time range in (d), the dash-dotted line marks 2 000 s. The smectic bubble evaluated
in (d) were substantially smaller than than those leading to the remaining data. This has no effect
on the surface tension measurement in general, however at long times material from the meniscus
may climb the entire bubble. This occurred for the encircled data points, and a reduced value
of the interface tension was measured. Graphs (a)-(c) reproduced from Harth et al. [200] with
permission from the PCCP Owner Societies.

due to the differences in the time lag between the preparation of the smectic bubbles and
the initial picture in the different experiments. The maximum measured difference between
initial values of different data sets measured at the same concentration was 8.7 mN/m. The
equilibrium interface tension is 6.8 mN/m.
Figure 4.21 shows the evolution of the dynamic tensions for different surfactant concentrations
below 0.05 % wt. Several trends are evident: First, the initial values γ(t = 0) for the lowest
concentration c reach approximately 35 mN/m, and they decrease with increasing surfactant
concentrations. We did not attempt to extrapolate these values to an actual initial value,
since the experiment is not well adapted for that. However, the interface tension of the bare
interface to water may be expected to be even larger. To our knowledge, there is only one
reported value of an LC - water interface tension: γ5CB = 26 mN/m for the nematic 5CB [246],
in the same order of magnitude. Second, the difference between the initial value and final value
of γ(c, t) increases with decreasing surfactant concentration c. Third, the decay rates slightly
decrease with decreasing c. These are essentially determined by the electrostatic adsorption
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barriers [256]. This trend in decay rates is similar to previous observations of Bonfillon et
al. [256] for SDS-water solutions to air and Ritacco et al. [259] for DTAB solutions to air.
Plateau values are reached after ≈ 15 min. In experiments where we recorded the bubbles
for more than 30 minutes, no further changes of γ were evident. Individual runs are conve-
niently fitted by an exponential (γ(c, t) − γeq,r) ∝ exp(−t/τ) in the spirit of Refs. [255, 259],
where τ and γeq,r are fit parameters. A discrimination between different functional dependen-
cies [256,259] of the late time decays is impossible within the accuracy of our measurements,
and was out of the scope of this paper. The diffusive adsorption regime and the formation of
intermediate plateaus of γ(t) in these works occurred for t < 10 s, a time range that is inac-
cessible with our simple setup. For SDBS solution / air interfaces of c ≤ cmc, no intermediate
plateaus were observed by Phan et al. [261].
All experiments performed on the same day (up to a dozen within a few hours) gave very
reproducible results, even though each time a different smectic film was prepared. But on
the other hand, experiments with the same surfactant solution performed on different days
showed deviations of up to ± 10 % not only in the initial γ(0), but also in the equilibrium
values. This is particularly evident in the two long-term experiments in Fig. 4.21(c). If a
sequence of experiments performed at successive days is compared, there is no systematic
trend in the interface tension variation. We conclude that there are two error sources in
the measurements: First, the uncertainty in the determination of the geometrical quantities,
like the length and position of the contact line πdring, the angle of attack θ of the smectic
film and the volume Vair, yield a relative statistical error of about 10 % for the individual
measurements and about 3 % for the averaged values of γeq. On the other hand, there appears
to be a systematic error on the order of 10 % particularly for low surfactant concentrations,
whose origin remains to be revealed. It could reflect the sensitivity of the setup to small
undocumented changes of environmental conditions.

4.4.6. Remarks on the Geometry of the Air Bubble

The shape of the air bubble is not relevant for a measurement of the interface tension of the
smectic film, but it poses an interesting problem itself, from a mathematical point of view.
Here, we only provide some general remarks on different geometrical aspects we encountered
throughout the measurements. The results have been presented in Refs. [200,233].

From the shape of the air bubble and the vertical position of the contact line, one can
obtain even more interface tension data. Equation (4.8) can have infinitely many solutions
for appropriate parameter pairs (θ, dring). The vertical position of the contact line on the air
bubble can be varied without losing the upward force equilibrium: A shorter contact line can
be compensated by a smaller angle θ. Two such air bubble geometries are shown in Fig. 4.22.
However, the capillary forces on the air bubble surface are responsible for the position of the
contact line on the air bubble, thus we suspect that with regard to the (dynamic) interface
tensions of all interfaces of the air bubble, the selected geometry may be uniquely defined.
Indeed, strikingly different geometries of the air bubble are found in solutions with high and
low surfactant concentrations: In the first case (c > 0.1 % wt.), the contact line is always
above the equator, as e.g. in Figs. 4.16 and 4.17. A contact line below the equator was prefer-
ably observed at low concentrations (below 0.025 % wt.). Figure 4.22 shows two exemplary
images of these principal air bubble geometries. The shape is mainly related to the dynamics
of the air bubble rise in the smectic bubble: At high surfactant concentrations, the air bubble
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Figure 4.22.: Two different air bubble geometries encountered during the equilibration of the inter-
facial tension of the smectic film to a 0.027 % wt. SDBS surfactant solution, well below the cmc.
The sizes of the images in the top row are 13 mm × 15.2 mm. The bottom images are enlarged
views of the air bubble. The air bubble volume corresponds to an equivalent diameter of 2.52
mm. (b) Angles θ of the smectic film respective to the vertical and tangent to the air bubble
surface at the contact line for air bubbles of different size. The difference between both angles is
approximately 25◦ for all experiments. Figure reproduced from Harth et al. [200] with permission
from the PCCP Owner Societies.

rises freely within the inner surfactant solution until it impinges on the smectic film and gets
trapped. Here, it is clear that the lower surface is uncovered with LC material, and this ge-
ometry represents a configuration that is usually stable. At low surfactant concentration, the
air bubble starts forming at the canula, but it rapidly attaches with one side to the smectic
film near the bottom of the smectic bubble. Then, it slides upward touching the surface of
the smectic film until it reaches the top of the smectic bubble and comes to a configuration
that is stable on the time scale of seconds to minutes. From the formation of this geometry, it
seems reasonable that again the lower bubble surface is not covered by the LC. Especially at
the lowest concentration in this measurement series, c = 0.0135 % wt. a comparatively thick
meniscus forms at the triple contact line, see Fig. 4.20(d).

Last, we would like to mention an interesting aspect of the film geometry at the contact line
that is depicted in Fig. 4.23. The angle of the tangent to the air bubble respective to the
vertical was measured at the contact line and compared to the angle θ of the supporting
film for the geometry shown on the left in Fig. 4.22 and in Fig. 4.16. There appears to be
a constant offset between both quantities, i.e. the smectic membrane attacks the air bubble
surface always at an angle of roughly 25◦. This observation together with the above described
interface properties of the air bubble suggests that a closer inspection of these geometrical
quantities is desirable and will yield further interface tension data, provided that the droplet
geometry is resolved with higher precision.
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Figure 4.23.: Angles θ of the smectic film respective to the vertical and tangent to the air bubble
surface at the contact line for air bubbles of different size in the geometries of Fig. 4.16. The
difference between both angles is approximately 25◦ for all experiments. Figure reproduced from
Harth et al. [233] with permission from the PCCP Owner Societies.

4.4.7. Perspectives

Interesting questions for further experiments with this system are the description and ex-
planation of the details of the air bubble geometry, the use of other surfactants, including
nonionic surfactants, and the study of other liquid crystalline materials. Polar liquid crystal
materials might add interesting aspects. It is recommended to perform experiments in smC
phases which develop films that are much less vulnerable to mechanical impacts than smA
films. With a motor-controlled inflation/deflation technique it may be possible to study ratios
of γ of freshly prepared films to the equilibrium γeq by controlled inflation or deflation of the
smectic bubbles, even in absence of an air bubble. A possible experiment is the inflation of
a small smectic bubble, which is stalled until the surfactant coverage is equilibrated. There-
after, the bubble is inflated to twice the size of the surface. If the initial bubble had roughly
homogeneous thickness and were larger enough, one may expect that the lower hemisphere
is then formed by a fresh film. A comparison of the mean curvatures of the top and bottom
hemispheres (or, more exactly, sphere caps) of the smectic film will provide direct access to
γ/γeq. When the meniscus at the capillary is large and / or the film contains many layer
steps, the material will usually not be drawn from the meniscus but locally thinner regions
will form all over the bubble surface, so that such a direct measurement is impossible. If
properly applied, this may represent an alternative to obtain relative interface tension values
for materials that are more vulnerable to film rupture than the smC mixture used in the
present study.
Additionally, if an air bubble is inserted at an early time, this may reduce the probability of
film rupture due to the air bubble impact. A controlled liquid insertion rate and an appro-
priate consideration of the surface area increase might provide access to earlier adsorption
stages. Such results could be comparable to other dynamic measurements (e.g. pending
droplet studies by MacLeod and Radke [260]).
In principle, it is possible to upgrade the setup with a temperature control to measure the
interface tension characteristics near the phase transition. The films will usually survive the
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Figure 4.24.: Air bubbles trapped beneath a smectic bubble. Once the film is punctured from the
side, the air immediately rises, leaving behind a tubular film, which is only removed when the
retracting rim passes. Numbers indicate the time after rupture in millisecond. Bar witdh 5 mm.

bulk smectic to nematic transition by a few degrees. In the nematic phase, the films become
unstable. They undergo layer by layer thinning and finally rupture. Thus the method is
restricted to measurements in the smectic phase and close to the transition in the nematic
phase.

4.5. Rupture of Centimeter-Sized Sessile Smectic Bubbles
Revisited

There are several reasons to return to sessile smectic bubbles, in order to finally understand
the processes involved in the slowed rupture of smectic shells described in Sec. 4.3. First, the
preparation and investigation of smectic shells is quite involved. There, rupture occurs at a
random instant and the size of the shell is comparatively small. Centimeter-sized submerged
smectic bubbles represent a much easier to handle system. Second, one may ask whether
the same phenomenon occurs when a meniscus is present, and third, the discrepancy with
the measurements using 8CB in air [168, 195] should be relieved. Already by eye, one may
notice a very slow retraction of submerged centimeter-sized sessile smectic bubbles, on the
time scale of seconds. We will provide representative results using bubbles of PM2 submerged
in an SDBS solution above the cmc in the first part, before we come back to sessile bubbles
in air.
8CB has been used in previous experiments in air, as it is one of the most-studied, and oldest
commercially available compounds. However, its phase structure seems to be more complex
and than for other materials, see e.g. Ref. [45], and significant deviations of physical behavior
between different batches has been observed in some experiments. For instance, we observed
that in fresh 8CB, islands in a smectic A FSF tend to easily coalesce, while there was some
repulsive interaction between islands in some older 8CB sample. In the rupture, we find that
8CB also seems to be somewhat special.

4.5.1. Smectic Bubbles in Aqueous Environment

In course of the experiments to determine the interface tensions of the smectic film to the
SDBS solution, we came across an interesting phenomenon, illustrated in Fig. 4.24: We pre-
pare a smectic bubble of centimeter size with a small air bubble trapped underneath the film,
as for the measurements of the interface tension. Then, we pierce the bubble from the side
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with a needle. A hole starts opening. Interestingly, just after the smectic bubble had been
pieced, the air bubble deformed the smectic film in an upward direction. The air bubble rises
and drags a tube of smectic material behind, that eventually closes again or gets wiped away
by the bursting film. This suggests that the information of rupture propagates in the film at
much lager velocity than the retracting edge. Rupture proceeds slowly, and no measurements
of the film retraction were possible from our original data recorded to measure the interface
tension. However, one may observe with naked eyes that it takes seconds until the remainders
of the bursting bubble have contracted in the tank.

We performed several experiments aimed at determining the rupture velocity. Due to the long
time-scale of film retraction, we selected a commercial digital camera (Canon EOS 550 D) for
convenient observation at a frame rate of 60 frames per second. Bubbles were prepared as
described in Sec. 4.4. We illuminated the bubbles with monochromatic, green light of wave-
length 530 nm in transmission. A lens was placed in front of a high-power LED such that
we obtained approximately parallel illumination. The film thickness may then be determined
with the method from Ref. [99] previously used for the bubbles in air. We account for the
refractive index of water n = 1.33. We do not account for the birefringence of the smectic
C phase, as the local tilt orientations (c-director) of the molecules are not known and are in
general expected to change over the bubble surface. We assume an effective refractive index
of 1.53. The method used for thickness measurements of the shells by means of the birefrin-
gence cannot be that easily applied here: First, the material is in the smectic C phase, and
patterns of the c-director field may occur globally. Second, we would have to place the crossed
polarizers within the surfactant solution as the experimental setup is placed in a container of
acrylic glass.

Typically, we puncture the bubbles with a needle. We discuss the relevant features using
one exemplary rupture process. A representative image sequence of a rupturing bubble is
shown in Fig. 4.25. The background has been subtracted and the images have been contrast
enhanced. The film will have fully disintegrated only after slightly less than 4 s. In general,
our bubbles submerged in water are inhomogeneous in thickness. From the transmission,
one may estimate a thickness of ≈ 80 nm near the equator for the bubble analyzed here.
We recorded the rupture of several other submerged bubbles, the main characteristics of the
rupture and the order of magnitude of the rupture velocity are similar.

Within the first frame after puncture, the information of rupture has propagated through
the whole film. This can be noticed by a darkening of regions with film thickness steps
on the bubble surface as well as at the entrance of the meniscus. In Figure 4.26(a), we
display a difference image of the last frame before and the first frame after rupture. The
image is substantially contrast enhanced. The regions which appear darker in this image
correspond to a larger difference. The hole has opened only by less than 1 mm at this time.
The fast propagation of waves must be attributed to an elastic response of the smectic layer
structure [170,224]. Darkening continues during the rupture, see Fig. 4.25. Material assembles
near the layer steps, as seen as crumbled dark lines during the later stages of retraction.

Furthermore, one may see from the inhomogeneities that the complete film contracts during
the rupture, the inhomogeneities are pulled towards the meniscus. Similar scenarios were ob-
served on numerous other smectic bubbles, whenever the initial thickness was inhomogeneous.
Usually, homogeneously thick regions retract more slowly than the thicker, inhomogeneous
ones. A similar relation could be inferred from the study of collapsing sphere caps by Caillier
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Figure 4.25.: Still images during the rupture of a smectic bubble of PM2 in a solution of 0.5 % wt.
of SDBS at room temperature (25◦C). The film thickness is inhomogeneous, in the equator one
measures δ ≈ 80 nm. Numbers give the time after puncture in milliseconds. The width of the bar
is 2 mm. The background was subtracted and the images were contrast-enhanced.

(a) (b)
Figure 4.26.: (a) Retracted distance of the smectic film measured at the left and right edges of the

projection, the bubble is shown in Fig. 4.25. (b) Difference between the 1st image after and the
last image before puncture of the bubble shown in Fig. 4.25, time difference 1/60 s. The complete
film shows an (within this time resolution) immediate response to rupture, the meniscus and film
thickness steps darken. The width of the bar is 2 mm.
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Figure 4.27.: Rupture of sessile bubbles of PM2 in air: (a) Time dependence of the film retraction
for films of equal thickness δ = 18 nm at different temperatures. The steep solid lines on the very
left represent the Taylor-Culick model Eqn.(4.1) (black) and the result from Trittel et al. [168]
(grey). The smC-smA phase transition occurs at 52◦C. The kink in the dependence measured
at 35◦C is an artifact of the evaluation. (b) Time dependence of the film retraction for different
film thicknesses measured at 35◦C. Colors from dark blue to yellow correspond to films between
δ = 5 nm and δ = 19 nm thickness. Original data courtesy of T. Trittel.

and Oswald [95], who found that the relaxation is faster in films decorated by islands.
Finally, we quantitatively determine the rupture velocity for this bubble. In contrast to
smectic bubbles in air, the motion of the retracting edge can only be determined near the
bubble circumference. Usually, the retraction is not homogeneous in the film, if depends on
the local homogeneity and thickness of the bubble. During the early stages of rupture, the
hole is approximately circular, while it will usually assume quite arbitrary shapes at later
times. An additional error arises from the position of the initial rupture point in the image.
As puncture was initiated manually and the fluid moves when approaching the bubble with
the needle, we usually did not puncture exactly the top of the bubble. Both aspects contribute
to the observation of slightly different edge velocities measured at the left and the right side
of the bubble, shown in Fig. 4.26. Initially, the hole opens at velocities between 3 and 5
cm/s. The rupture velocity continuously decreases until it has dropped to few mm/s (in this
bubble ≈ 4.7 mm/s on the right and 2.4 mm/s on the left side of the bubble). This velocity is
comparable to the retraction velocity of the smectic shells discussed in Sec. 4.3, Fig. 4.12(a).
The general characteristics are identical in all investigated smC bubbles.

4.5.2. Smectic Bubbles in Air

The rupture of smectic bubbles of PM2 in air has been studied at various temperatures by
T. Trittel [262]. He observed decreasing rupture velocities with increasing hole radii, see
Fig. 4.27. The diameter of the bubbles is in the range of 1 . . . 2 cm, they have been prepared
in an identical double-capillary setup as our bubbles in surfactant solutions.
In Fig. 4.27(a), we compare the retraction of smectic bubbles of identical thickness δ = 18 nm
at different temperatures between 35◦C (smC phase) and 55◦C (smA phase). In all cases,
the rupture is retarded with respect to Taylor’s [191] and Culick’s [192] model Eqn.(4.1),
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vrim =
√

2γ/(ρfδ) and also respective to the results of Trittel et al. [168], vrim ≈
√
γ/(ρfδ).

The corresponding time dependencies of the hole radius are shown as solid lines in Fig. 4.27(a).
The magnitude of the slowing-down of the rupture dynamics strongly increases with decreasing
temperature. As the bubble geometry is similar in all these cases, we conclude that some
material properties related to the permeation flow across the layers and to the inflow of film
material into the meniscus change immensely.

In (b), we display the retraction velocities of smectic bubbles of different film thicknesses at
35◦C, where the retardation is largest in (a): We find a clear trend that thinner films retract
more rapidly, although individual bubbles may deviate from that behavior (e.g. the ones
represented by the light green and yellow lines). Similar to the relaxation of the free-floating
smectic bubbles of PM2 in Chapter 3, we suspect that these smaller discrepancies are related
to the homogeneity of individual films.

T. Trittel measured the temperature-dependence of the interface tension to air, without large
reduction in the respective temperature range [262]. Similar retarded rupture of sessile smec-
tic bubbles was observed for bubbles of M5+.

The results presented here are in harsh contrast to the bubbles of 8CB studied in previous
works [168,195], where the retraction velocities were always constant. Even by studying larger
bubbles up to ≈ 2 cm diameter, i.e. to observe larger distances of film retraction, no retar-
dation has been observed for bubbles of 8CB [262]. It seems that 8CB plays a special role,
its material properties are not representative for all smectic materials. In PM2, we observed
roughly constant retraction velocities only at high temperatures, above ≈ 50◦C. One might
suspect that 8CB in the smA phase and PM2 at high temperatures possess similar material
properties.

Finally, we revealed that the smectic layer structure may have considerable effect on film
retraction processes, the smectic liquid crystal films may behave very differently from soap
films after all.

4.6. Summary, Discussion and Perspectives

The aim of this Chapter was a study of the influence of a viscous environment and of the
layer structure on the rupture dynamics of smectic bubbles. On the way, we developed a
novel method to determine the interfacial tension of smectics to surrounding liquids by means
of an air bubble trapped beneath a smectic film. Only the geometry of the smectic film is
relevant for the measurement of the interface tension. Static and dynamic interface tensions
were studied for PM2, which we used in our rupture measurements. In principle, the method
can be applied to any combination of a smectic material and a surrounding fluid provided
that stable smectic FSF can be formed and the materials as immiscible. With proper mod-
ification of the setup, one may also determine temperature-dependencies. Apart from that
application, the geometry of the air bubble poses an interesting problem for further studies
by itself, to determine additional interface and possible line tensions and even from a purely
academic point of view.

The rupture of smectic films was studied in sub-millimeter sized shells and in sessile bubbles
on a capillary. We find a considerable slowing-down of the process by about two orders of
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magnitude compared to Taylor’s [191] and Culick’s [192] predictions. It occurs both in smec-
tic shells and similarly in centimeter-sized bubbles of material PM2.

Let us now summarize our main experimental findings:

• Film retraction velocity of smectic shells: In shells of PM2 in the smA phase
at 57◦ and 62◦, we observe rupture with a constant velocity of 1.5 . . . 5 mm/s. The
retraction of the complete film takes place on the timescale of typically more than 100
ms. No systematic dependence on the film thickness could be determined. Most of our
smectic shells remain attached to the sample cell during rupture. However, this seems
to play a minor role – those which detached from the cell contract in a similar fashion.
Shell thicknesses are between 0.3 µm and ≈ 3 µm, shell diameters at puncture are below
1 mm. Shells of 8CB display similar retarded retraction dynamics as those of PM2.

• Response of the smectic film during retraction: The thin LC films of the smectic
shells may react in manifold ways to the stress during retraction: Some shells develop
a dark rim, some do not develop a rim at all. One common feature is the darkening
of thickness steps with formation of material assemblies there. Inhomogeneities may
appear simultaneously over the complete surface of the shell. In some shells, dark
structures form on the film short after initiation of rupture. These can be caused by
thickness inhomogeneities already present in the shell before puncture or by freshly
nucleated inhomogeneities at impurities in the film material, e.g. at dust particles. The
complete film contracts during the rupture, opposed to the assumption of a moving rim
alone in many models. The individual film structure has no influence on the slowing-
down of the rupture process, within the accuracy of our present measurements.

• Nematic shells: Shells of PM2 in the nematic phase at 70◦C of similar size and
thickness as those in the smA phase rupture much more rapidly than the smectic shells.
Retraction starts at a velocity of slightly less than 1 m/s, which decreases to ≈ 5 cm/s
while rupture proceeds. The initial velocity is close to our expectations, from Eqn.(4.1)
we obtain vrim =

√
2γ/(ρδ) ≈ 10 m/s. A reduced velocity may be expected due

to the viscous environment, which is not considered in Eqn.(4.1). In addition, shells
in the nematic phase globally increase in thickness during rupture, which provides an
explanation for the slowing-down of the film retraction with increasing hole size. A
quantitative measurement of this thickening was impossible. The global thickening is
in accordance with a rough estimation of the hydrodynamic characteristics according
to Ref. [169], given in Sec. 4.3.4.

• Interface tension to the surfactant solution: As the surrounding fluid of the shell
is removed in an uncontrolled fashion prior to rupture, it is hard to conclude on the
accurate value of the interface tension of the shell when rupture is initiated. From our
measurements in Sec. 4.4, we may provide a lower bound, valid for SDBS solutions
above the critical micelle concentration, γ ≈ 6 mN/m. We used this value in the
estimation of the rupture velocity and of the hydrodynamic characteristics. In case of
lower surfactant concentrations, we found values of up to γ ≈ 35 mN/m in measurements
of the dynamic interface tension of centimeter-sized sessile smectic bubbles. This would
yield even higher rupture velocities expected from the models as compared to the values
given throughout the text, i.e. the relative slowing-down of the dynamics would be even
more extreme.
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• Rupture of sessile smectic bubbles in an SDBS solution: Centimeter-sized smec-
tic bubbles were prepared in an aqueous SDBS solution at surfactant concentration
above the cmc. Typical film thicknesses are well below 1 µm, often less than 100 nm.
Rupture is initiated with a needle. These bubbles display similar characteristics as
the smectic shells: The response to rupture is practically instantaneous everywhere in
the smectic film. Within the first 1/60 s, regions of inhomogeneous thickness react by
darkening, which continues while rupture proceeds. Material collects at thickness steps,
which contract and form black irregular regions. The whole film moves during rupture.
We observe the formation of a dark rim at the retracting edge only locally were it en-
countered a thickness step. Initial rupture velocities are typically between 2 . . . 5 cm/s,
decreasing to few mm/s during the retraction. We observe some inflow into the menis-
cus. Homogeneous film regions contract more slowly than inhomogeneous ones.

• Rupture of sessile smectic bubbles in air: Previous studies with 8CB [168, 195]
are in good agreement with the Taylor-Culick prediction [191, 192] of the rim velocity
Eqn.(4.1). In contrast, an immense slowing-down of the dynamics and decreasing re-
traction velocities as rupture proceeds are reported in PM2 [262]. The magnitude of the
slowing-down increases with decreasing temperature or with increasing film thickness.
At 55◦C in the smA phase, the retardation is comparatively small and the retraction
velocity is roughly constant. The temperature where we investigated the rupture of
smectic shells is even slightly higher, so that an even smaller retardation is expected.

We may derive a phenomenological model of the rupture of smectic films. The main ingre-
dients are a viscous drag in the surrounding fluid, a resistance of the smectic film against
thickness changes and a possible inflow into the meniscus. In addition, we require to have a
global contraction of the film instead of solely a moving rim.
From the increasing thickness of the nematic shells during rupture, we may infer that the
film is in a hydrodynamic regime where no pronounced rim is formed but the film thickens
globally, see Sec. 4.3.4. As there is no long-range position order of the mesogens in a nematic,
this thickening is countered only by an average viscosity of the material, typically on the
order of 50 mPa s, see e.g. Ref. [44] p. 330. In a smectic material, flow within the layer
plane occurs similar to a two-dimensional nematic [17]. However, a change of film thickness is
connected to the nucleation and growth of additional layers. This is a slow process compared
to the surface-tension driven oscillation dynamics of smectic bubbles, as outlined in Chapter 3.
Rupture typically occurs at even higher velocities: tens of meters per second. We may thus
infer a resistance of the film against thickness changes, which we may deliberately express in
terms of a large difference between the shear viscosities for in-plane flow and the viscosity for
permeation across the layers, η⊥. The order of magnitude of such an effective viscosity would
have to be much larger than the in-plane shear viscosities to achieve an immense retardation
as observed in the experiments, and we would expect it to depend on the specific material
and on the temperature. We are aware that this is a very crude assumption, as the process is
related to local stresses and to local inhomogeneities of the film. Upon puncture of the film,
the surface-tension related stress at the rim, of the order of 2γ/δ (with interface tension γ
and initial film thickness δ) is opposed by a viscous stress related to the effective viscosity
for permeation perpendicular to the smectic layers, rather than the in-plane viscosities of
the material. As a result, the retraction is retarded in a nonlinear fashion for a spherical
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bubble without meniscus. A model based on this assumption should conveniently describe
the slowing-down in the retraction of the sessile smectic bubbles in air provided the inflow
into the meniscus is small. An inflow of material into the meniscus may partly release the
condition of volume conservation in the film. Effectively, a resistance against thickening,
together with an approximate volume conservation, leads to the impression of an extremely
reduced interface tension of the film. It establishes as soon as the film is punctured.

Second, we have seen large differences between the retraction velocities of films of identical
material and similar thicknesses in air and in aqueous environments. This difference must
be accounted for by an appropriate coupling to flow in the surrounding fluid. The model of
Reyssat and Quéré [218] is not applicable as they assume drag on a rim in an effectively undis-
turbed film, but our films move globally, a characteristic feature of viscous films [92,194,217].
Formation of a rim is not a relevant aspect in our shells and submerged bubbles: In the sim-
plest case, we may assume a coupling to flow in the surrounding liquid via the usual boundary
layers of time-dependent thickness ∝

√
η/ρt on both sides of the smectic film, where η and ρ

denote the dynamic viscosity and the density of the surrounding liquid. With the parameters
of water, ρ = 103 kg/m3 and η ≈ 10−3 Pa s, one encounters boundary layer thicknesses of
≈ 300 µm for a typical time scale of 0.1 s. For the centimeter-sized smectic bubbles, this
approximation may be relevant to model the viscous drag exerted by the external fluid on
the smectic film. Joanny and de Gennes [217] argued that the retraction should then pro-
ceed with R(t) ∝ t3/4, i.e. with decreasing velocity for an infinite film and at small rates of
area shrinkage. The retraction of smectic shells is more complicated as their diameters are
of the same order of magnitude as the thickness of the viscous boundary layers. However,
the phenomenology should be similar. Finally, the assumption of volume conservation of the
film must probably be relieved for the centimeter-sized sessile bubbles due to inflow of film
material into the meniscus. This process is complex by itself, as it significantly depends on
the pressure at the entrance of the meniscus when stresses in the film are large [95].

In the future, it remains to develop a quantitative theoretical description of the retraction
dynamics of smectic FSF, including the features described previously. If this model can be
confirmed in experiments, it will provide access to an effective material parameter which is
hard to access otherwise, viz., a resistance of smectic films against thickness increase. Fur-
thermore, the oscillations of the smectic bubbles presented in the previous Chapter 3 should
also fall within this framework. There, the measured shrinkage rate of the film area is set by
the same process of dislocation nucleation and island growth, leading to a retarded relaxation
and other stress-related phenomena as well.

We conclude with the remark that the rupture dynamics of smectic bubbles qualitatively
depends on the choice of the specific smectic material. It seems like 8CB is an exceptional
material in this respect, and its behavior cannot be generalized for other smectic A materials.
We have demonstrated the differences between the rupture of soap films and smectic liquid
crystals. These experiments, in air and in liquids, might provide new insights on structural
properties of smectic materials. In addition, our smectic films represent a new type of system
among the already investigated cases of thin film retraction: Here, the properties of the film
as well as the surrounding fluid are non-negligible. Future experiments should also address
the dependence of the film retraction dynamics on the properties of the surrounding viscous
fluid. For the centimeter-sized submerged smectic bubbles, the evaluation could be simplified
by adding a fluorescent dye to the smectic film. Tiny air bubbles in the surfactant solution
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within the smectic bubble may be used as tracers in investigations of the flow field during
bubble rupture. In smectic C bubbles, investigations of the textures between crossed polariz-
ers may be of interest e.g. concerning the meniscus patterns described in Chapter 2.

In the course of the exploration of the reasons for the slowed rupture of smectic FSF, we
have developed an easy but accurate method to determine the interface tension of smectics to
immiscible fluids. The only precondition is the formation of a smectic bubble in the solution,
which will only be possible if the surrounding fluid induces a homeotropic alignment of the
director at the interface, so that the smectic layers are in-plane with the bubble surface. This
method could be applied to a wide range of combinations of materials, and thus provide
insights into the interactions of smectic interfaces with surrounding fluids, e.g. in dependence
on chemical compositions.





5. Summary

In course of these episodes of the life and death of thin fluid films, we have explored a small
part of the rich phenomenology of systems at the cross-over from effectively two- to three-
dimensional properties. We have studied soap films and smectic liquid crystal films as model
membranes. The immense advantage of smectic membranes over soap films lies in their sta-
bility against drainage and other small external disturbances. Films of immense aspect ratios
can be prepared, spanning hundreds of square centimeters at homogeneous film thicknesses
down to ≈ 5 nm. Once again, we have demonstrated the versatility of smectic membranes
for studies in a context beyond liquid crystals, and we have revealed an intricate coupling be-
tween the smectic layer structure and shape relaxation dynamics. From spontaneous pattern
formation and the structure of smectic films suspended on a frame, we have moved through
the oscillation dynamics of freely floating smectic bubbles to rupture of smectic shells and
bubbles submerged in a surrounding liquid.

In the first topical Chapter, we considered flat FSF in the smectic C phase attached to a
frame by a meniscus of distinct shape. Understanding menisci of smectic FSF is of funda-
mental relevance for the statics and dynamics of smectic FSF. In course of our investigations,
we have accomplished one of the first Atomic Force Microscopy studies of fluid FSF. The
chapter focuses on a detailed analysis of a characteristic stripe pattern decorating virtually
all menisci of FSF in the smC phase, discovered more than 40 years ago. Our experimental
results demonstrate the incompleteness and failure of the existing models. We argue that
the patterns are caused by an instability of the homogenous ground state with respect to a
spontaneous distortion of the director field, which is related to the presence of smectic layer
dislocations. This structure represents an interesting example of spontaneous pattern for-
mation in the highly nonlinear internal structure of smectic phases. Due to its universality,
independent of the properties of a specific smC material, this pattern is particularly inter-
esting for a deeper understanding of the interaction of the smectic layer structure with the
director field.

The following topical Chapters 3 and 4 are devoted to the shape relaxation and rupture of
thin curved fluid films. The impossibility of rapid adjustments of the film thickness in smectic
bubbles causes an immense retardation of the surface tension driven dynamics as compared
to soap films.
In Chapter 3, we investigated the surface-tension driven relaxation dynamics of free-floating
closed membranes from large initial distortions. First, we addressed the dynamics of soap
bubbles, comparing experiments to numerical simulations. Then, we introduced a method to
prepare free-floating, closed smectic bubbles. Their shape relaxation follows an unpreceded
dynamics, intermediate between that of soap bubbles and vesicles, where the shape transfor-
mations occur essentially at preserved volume and surface area. In slowly relaxing smectic
bubbles, we observed the nucleation and growth of islands and a wrinkling instability. Depend-
ing on the film thickness and choice of material, scenarios ranging from retarded relaxation
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through oscillations to rupture may occur. Skeletons of (fluid) smectic filaments remain after
film retraction and decompose into droplets. The broad phenomenology can be explained in
terms of the structural properties of smectics.

In the last chapter, we studied the rupture dynamics of smectic bubbles in air and in aqueous
environments. From a study of the literature, one would have expected a similar dynamics
to the rupture of soap films. Contrary to that, we find an immense slowing-down of the film
retraction dynamics in our experiments. This phenomenon is again traced back to the layered
structure of smectics, coupled to the flow in the viscous environment. Within this context, we
have developed a novel accurate method to measure the interface tension of smectic materials
with respect to surrounding fluids. Only the order of magnitude for few materials had been
known previously.



A. Behavior of Meniscus Stripe Patterns
at Phase Transitions

Here, we provide an additional analysis of the behavior of the meniscus stripe pattern dis-
cussed in Chapter 2 at phase transitions. We address the pattern characteristics upon tem-
perature changes of the film and meniscus. We note that the profile of the meniscus changes
on cooling and heating. In our materials, it is narrowest in the smA phase.

The first part on heating from the smC to the smA phase is adapted from Harth and Stannar-
ius [42], Eur. Phys. J. E 28, p. 265 (2009) with kind permission of The European Physical
Journal (EPJ). The second and third part are adapted from Harth, Eremin and Stannarius,
A Gallery of Meniscus Patterns of Free-Standing Smectic Films, Ferroelectrics 2012 431,
Ref. [28].

Heating Within smC Phase and Beyond the SmC-SmA Phase Transition
Heating any of the investigated materials within the smC / smC∗ phase leads to continuously
diminishing stripe contrast and period as well as reduction of the number of branchings.
In Fig. A.1 (a)-(c), we show and example for Felix16. When reaching the smC(∗) to smA
transition temperature, the defect lines soften and their positions on the upper and lower
surfaces decouple. This can be observed particularly well in the branching points. On the
other hand, neither the stripe period nor the branching positions nor the pattern contrast
change discontinuously. If the films are heated within the smA phase, contrast and period
will further decrease until the pattern gradually disappears, starting from the thinner part
of the meniscus, see Fig. A.1(c) and (d). A superstructure of wave vector approximately
perpendicular to the stripe direction grows from the thick meniscus region. It may possess an
appearance of a square lattice, see Figs. A.1 and A.4(c-f). The stripes in the smA phase vanish
completely at a material-specific temperature above the smC / smC∗ to smA transition. For
example, in Felix16 this temperature was ≈6 K, in DOBAMBC even ≈10 K above the bulk
phase transition.

Reappearance of the Stripes upon Cooling from the SmA Phase
The formation of stripes on cooling from the smectic A phase depends on the cooling rate. We
start in the situation where the meniscus shows no stripe textures (Fig. A.2(a)), for Felix 16 at
≈ 78◦C. The square-like textures in the thick meniscus area are probably focal conics. While
on heating, the pattern period retains the order of magnitude, during cooling the stripes form
initially with a very small period, much smaller than that of the focal conics, and with very
low contrast in the thicker part of the meniscus. The square superstructure also grows where
the stripes connect to the focal conics. Both patterns reach a state where the period of stripes
equals the lattice constant of the square pattern, see Fig. A.2(c) and (f). The stripes cover
the complete meniscus before the smA-smC∗ phase transition is reached (Fig. A.2(d)) and
branch to narrower stripes towards the thinner part of the meniscus. At the phase transition
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Figure A.1.: Stripe-decorated meniscus of a FSF of Felix16 between crossed polarizers parallel to
the image edges and phase plate at 45◦. The film is heated from the smC∗ phase at 66◦C (a) to
the smA phase at 74◦C (d). Adapted from Harth and Stannarius, Eur. Phys. J. E 28, p. 265
(2009) with kind permission of The European Physical Journal (EPJ).

Figure A.2.: Texture evolution upon cooling a FSF of Felix16 from 78◦C in the smA phase, (a)),
to the smC∗ phase (e) at 2K/min: First, very fine stripes develop at the thick end of the non-
patterned meniscus region. Their width, contrast and extension towards the homogeneous film
increases with decreasing temperature. Square patterns form at the thicker end of the stripes.
At the smA-smC∗ phase transition, the usual SD characteristics are recovered. Images taken in
transmission between crossed polarizers with a diagonal λ = 550 nm phase plate. Reprinted from
A Gallery of Meniscus Patterns of Free-Standing Smectic Films by Harth, Eremin and Stannarius,
Ferroelectrics 2012 431.
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Figure A.3.: Meniscus of an FSF of Felix16 in transmission between crossed polarizers with diago-
nal λ wave plate at 45◦. The uniform film was cooled quickly (7 K/min) from 88◦C (smA∗, top
left image at ≈ 78◦C) to the smC∗ phase (bottom right): Stripes perpendicular to the thickness
gradient form. A fine regular square pattern is gradually replaced by stripes with larger period.
Finally, the typical smC stripes cover the meniscus. The scale is identical to Fig. A.2, image num-
bers are frame numbers, frame rate ≈1 frame per second. Reprinted from A Gallery of Meniscus
Patterns of Free-Standing Smectic Films by Harth, Eremin and Stannarius, Ferroelectrics 2012
431.

to SmC∗, the pattern shows an overlaid blurry texture due to the onset of tilt of the molecules
(Fig. A.2(e)).
When the film is cooled more rapidly from the smA to the smC∗ phase, a different scenario
can occur: instead of forming fine stripes parallel to the thickness gradient that grow in period
and contrast, parts of the meniscus first show a fluctuation texture that quickly grows into
irregular stripes perpendicular to the thickness gradient, see Fig. A.3(a,b). This pattern does
not connect to the focal conics but appears at locations where the meniscus was previously
non-patterned. It might be related to interfacial instabilities between the smA and smC
phase, by a process similar to the interface between smectics and their isotropic or nematic
melts [82]. Afterwards, a two-dimensional lattice of very small periodicity develops out of the
transverse stripes, see Fig. A.3(c-e). Finally, the array is ousted by stripes of much larger
period, moving into the field of view from the bottom right, while the film is still in the smA
phase. These develop to the typical smC / smC∗ stripes in similar fashion as described above.

Phase Transition to and from a SmB Phase
The smectic B phase of liquid crystals corresponds to an n-director aligned with the layer
normal like in the smA phase, but additionally possesses an in-plane short range (hexatic) or
long range (crystalline) hexagonal order of the molecular positions. The viscosities of these
phases are very large compared to the smA or smC phases, but they can be investigated in
FSF when they are cooled from a higher temperature smC or smA phase to below the phase
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Figure A.4.: Transmission photographs of the meniscus of an FSF of 7O-5 between crossed polariz-
ers: The sample was first heated from 64◦C(smB) to 68◦C(smC) at 1K/min, (a-d), subsequently
from 68◦C to 73◦C (smA) at 1 K/min, (d-e). Image (f) without stripes and with disintegrating
lattice is taken at 77◦C. Small irregular stripes along the gradient appear (a), their period grows
in SmC, concurrently with a regular two-dimensional pattern that replaces these stripes gradually
(b-d). In SmA, both first the stripes and then the 2D pattern disappear (e, f). Reprinted from A
Gallery of Meniscus Patterns of Free-Standing Smectic Films by Harth, Eremin and Stannarius,
Ferroelectrics 2012 431.

transition.

7O-7 and 7O-5 both possess a smB phase below the smC phase. On slow cooling from the
smC to the smB phase, irregularities arise in the meniscus structure in form of thickness
plateaus. These sustain in the highly viscous smB phase below the transition temperature.
The stripe pattern vanishes without notable peculiarities.
The heating behavior shown in Fig. A.4 appears more interesting: First, stripes of low contrast
form with a small period virtually unrelated to the local meniscus thickness. Period and
contrast of the stripe pattern grow on further heating in the smC phase. As phase transitions
in FSF usually occur by successive melting from the central towards the surface layers, one
may assume that the surface regions of the meniscus in image A.4(a) are still in the smB
phase. Schüring et al. [100] have observed a decrease of surface tension of a smectic film
to air with decreasing temperature in the vicinity of a bulk smC to smB phase transition.
The colorful facets are characteristic for the smB phase as well, and not observed in smC
menisci. We conclude that first, the thickness of the slab of material in the smC phase
grows within an outer shell of smB material. Upon phase transitions, the interface between
the lower temperature ordered phase and the higher temperature phase may in general be
unstable to periodic undulations, as long as the temperature gradient across the interface is
not too large [82]. In smC / smC∗, this is connected to c-director distortions, which would be
easily detectable between crossed polarizers. When the film is completely in the smC phase
in Fig. A.4(c), stripes with the usual characteristics are visible again.
Focal conic domains nucleate at various locations of the meniscus, with a tendency to start in
thicker regions (see (b,c)) but also at other sites within the developing stripes. Predominantly,
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they start decorating the dark parts of the stripe structure, which were roughly identified as
valleys of a surface undulation in Sec. 2.3.3. Close to the smC-smA phase transition, a two-
dimensional square pattern has replaced the original stripes almost everywhere except in a
small region near the homogeneously thick film. The periods of both patterns are not strictly
related to each other. Then, the remaining stripes in the meniscus disappear by fading,
starting in the thinner parts, while the focal conics persist. At 74◦C in smA, this pattern also
starts to disintegrate.
The formation of focal conics in the valleys of the structure is similar to observations of
Fournier et al. [82] in smC surface layers on nematic or isotropic droplets of the same material
near the phase transition. In our case of the smB-smC-smA transitions, the heating rate may
influence the dynamics of the pattern formation especially regarding the small temperature
range of the smC phase of only 5◦C in both materials.





B. Further Characterization of Meniscus
Stripes of Type I and Type II

Stripe patterns on the menisci of smC / smC∗ FSF are discussed in Chapter 2, Sec. 2.3. We
have identified two different types of stripes on the meniscus, which we referred to as type
I and type II. Those of type I are more regular and usually found in thicker regions of the
menisci. Stripes of type II occur preferably in thinner meniscus regions.

Figure B.1.: Meniscus of a smC∗ film of Felix16 at 66◦C: All photographs are taken between crossed
polarizers parallel to the edges. The middle images of the upper and lower panel represent the
horizontal film. The left and right images are taken when the film is slightly tilted (< 10◦)
respective to the observation axis in order to deduce the tilt of the local optic axis. Arrows point
towards the low corners of the film. Type I and II domains are distinguishable with this technique.
Reprinted from A Gallery of Meniscus Patterns of Free-Standing Smectic Films by Harth, Eremin
and Stannarius, Ferroelectrics 2012 431.

The idea that types I and II differ structurally is supported by the observation of films whose
layer normal is tilted respective to the direction of incidence of light. One applies a tilt
either parallel or perpendicular to the stripe direction (45◦ respective to the polarizers) in
monochromatic light (Fig. B.1). For thin films, the sense of direction of the c-director can be
deduced: regions where the effective tilt (mesogen tilt + film tilt) increases or decreases will
become brighter or darker, respectively. Regions, where the c-director is perpendicular to the
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tilt direction are not affected. This method yields only the direction of an average local optic
axis, so it may be inappropriate in thick meniscus regions. Tilting in four directions is shown
in Fig. B.1, with the following observations:

• The c-director in the homogeneous film points into −135◦ direction, i.e. towards the
bottom left.

• On tilting the film parallel to the stripes (top row), contrast between the two speci-
fications of the type II domains grows when the thin film region is tilted towards the
observation direction, i.e. the tilt adds to the tilt of the upper meniscus surface. The
contrast within each single stripe of type I domains also grows somewhat upon this tilt.
On decreasing the surface tilt, a thin dark line becomes visible half distance between the
broad dark lines. This may just have been overexposed in the other images. However,
the brightness difference between the regions left and right of it decreases, whereas it
increases in the opposite tilt direction.

• When the meniscus is tilted along the meniscus edge (bottom row), the contrast changes
especially in the two specifications of the type II domains: In the larger region appearing
brighter overall, contrast between individual stripes is enhanced when the film plane is
lowest at the bottom left. Then, the contrast between individual stripes of the second
species is tiny. The contrast between the two species increases when the tilt is in the
opposing direction. For type I domains, the effect is much smaller. In addition, they
are not so well focussed in the bottom right image.

The above observations evidence that the director fields are structurally different in both
regions. In these images, the hook-like character of some type II stripes near the meniscus
border is easily visible despite the small resolution. Another way to visualize these structures
is the observation in monochromatic polarized light with a wave plate as in Fig. 2.14 (d) of
Sec. 2.3.2. There, one also sees that some of these director deflections extend beyond the
meniscus edge into the homogeneous film, where they fade.



C. Patterns Related to the Meniscus
Stripes

In regions of thickness gradients of the films and even in homogeneous parts, one frequently
finds patterns that appear to be related to the striped domains discussed in Sec. 2.3. Their
occurrence depends on the choice of mesogenic material and on the sample temperature. We
will present them in course of their appearance from thin to thick film regions. The text
is adapted from A Gallery of Meniscus Patterns of Free-Standing Smectic Films by Harth,
Eremin and Stannarius, Ferroelectrics 2012 431, Ref. [28].

In the homogeneously thick film, arrays of π walls may occur, cf. Sec. 2.4. These usually
extend in radial direction towards the center of the film. However, in general the wall orien-
tation in the film is arbitrary. When the walls in a freshly prepared film are locally parallel to
the meniscus edge as in Fig. C.1(a), they may get pressed against the meniscus by a thickness
step on the film which is moving towards the meniscus edge. Zigzag textures are formed.
The undulations may represent a compromise between the straight wall structures and the
meniscus stripes perpendicular to them. This structure is metastable, it persists as long as
the film and meniscus are at rest. When one moves the edge of the frame slightly, the zigzags
transform to the usual stripes, Fig. C.1(b). Interestingly, the appearance of these zigzag 2π-
walls is very similar to the meniscus stripes type II already: The contrast is decreased in the
vertical segments, but strongly increased in the diagonal segments with respect to the wall
contrast in the homogeneous film, see Fig. C.1 (c). The magenta regions between the orange
and blue domains are very narrow compared to their previous width in the homogeneous film.
The local wall width is indicated by the double-arrows in (c).

Another interesting phenomenon is observed when narrow wedge regions traverse a film cov-
ered by the 2π-wall array: Zipper structures or simple stripe traverses as shown in Fig. C.2(a,b)
form, structures we observed in Felix16 and PM2. This texture may contain defects of the
c-director field. The 2π-walls in the adjacent uniformly thick regions create a well-defined
alignment near the wedged film. The zipper structure changes its optical appearance when
the wedged region traverses the stripe pattern of the homogeneous film region at some non-
zero angle as in (b). At least the telephone-wire structures are reminiscent of the nucleation
of focal conic domains in Refs. [82,204].

Now, let us again address the thin meniscus regions towards the homogeneously thick film.
Here, wedge and layer step regions separated by plateaus may occur. One may observe snake-
like, dot and pearl chain patterns shown in Fig. C.3. They are usually defect free. The local
optic axis continuously rotates back and forth. For the snakes, also a rotation by π may
occur in some cases. As in the SD type II, we find two configurations of dots corresponding
c-director orientations differing by 90◦ respective to each other. Other textures that appear
to be structurally equivalent to the snakes and related to type II stripes are meandering lines,
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Figure C.1.: An array of 2π-walls becomes pushed against the meniscus and forms an undulating
seam in front of the stripes in a FSF of PM1 at room temperature. When one moves the frame edge
slightly, the pattern disappears (b). In cutout (c), one identifies changes in the optical appearance
of the walls in the zigzags, similar to type II stripe domains. Double-arrows indicate a complete
rotation of ~c by 2π. The bar width is 10 µm. Images reprinted from A Gallery of Meniscus
Patterns of Free-Standing Smectic Films by Harth, Eremin and Stannarius, Ferroelectrics 2012
431.

(a) (b)
Figure C.2.: (a) ‘Zipper’ patterns in narrow strips with film thickness gradients that separate two

areas of uniform film thickness. These meandering structures are embedded at both sides in
regions with regular 2π walls. Felix16 at room temperature, image widths are 175 µm (a) and
163 µm (b). Images reprinted from A Gallery of Meniscus Patterns of Free-Standing Smectic
Films by Harth, Eremin and Stannarius, Ferroelectrics 2012 431.
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(a) (b) (c)

Figure C.3.: Patterns in menisci near the homogeneous film, Felix 16 at room temperature: (a)
Snake-like structures and pearl chains at thickness steps separated by plateaus of thickness well
above 1.5 µm (from color appearance). By rotating the film respective to the polarizers, one can
identify that the c-director assumes a structure as sketched in (b) in the chains. The strongly
distorted snakes may contain defects. (c) Nooses with periods larger than the adjacent type I
stripes in the meniscus of a film well below 1 µm thickness, crossed polarizers parallel to the image
edges. The arrows indicate one possible c-director configuration inferred from relative rotation of
the film to the crossed polarizers. The thin line represents ~c collinear with the thickness gradient.
Image widths are 90 µm (a) and 31 µm (c). Images adapted from A Gallery of Meniscus Patterns
of Free-Standing Smectic Films by Harth, Eremin and Stannarius, Ferroelectrics 2012 431.

nooses, attached to the stripes type I. Their periodicity is usually larger than that of the
striped domains, a typical example is shown in Fig. C.3(c). These nooses end in defect-free
tips towards the uniform film. Consequently, the c-director orientation on both sides of a
noose is the same, the c-director field only undulates about the preferred direction in the
adjacent homogeneous film, it is not continuously rotating along the meniscus edge, see also
Sec. 2.3.5. This feature distinguishes the structures shown in Fig. C.3(c) qualitatively from
the π-wall arrays described by Maclennan more than two decades ago [29].

In the thick part of the menisci of smA and smC films, in contact with the support, we
observe focal conics. This is similar to other systems. Often, the transition region to the
stripes just adjacent to them displays a two-dimensional lattice, see Fig. C.4. This texture is
also found around some colloidal inclusions. In samples which are far from the smC / smC∗

to smA phase transition temperature, it usually covers only small parts of the meniscus or
is not present at all (stripes connect directly to the focal conics). On approaching the phase
transition temperature, the area covered by it grows. In some materials, the lattice may
grow into thinner regions of the meniscus and eventually cover it completely, see Fig. C.4(b).
The lattice constant diminishes with decreasing meniscus thickness. Branchings of the lattice
remind of the branchings of the stripes. At high temperature, the stripes often grow some
two-dimensional superstructure later developing into the square pattern especially in thick
meniscus regions. Like the stripe domains, the lattice is accompanied by an undulation of
the meniscus surface [31] and visible in non-polarized white light. Despite its superficial
resemblance to parabolic focal conics in sandwich cells [263], the characteristics and locations
of its growth as well as the connection to the stripes make an unambiguous identification
impossible at this point.
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(a) (b)
Figure C.4.: Two-dimensional pattern in menisci of 7O-5 around glass beads (a) at 76◦C and at the

film border (b) at 69◦C. Pictures are taken between crossed polarizers parallel to the edges of
the images. The patterns show some similarity with parabolic focal conic lattices. Stripes in the
thinner meniscus regionin (b) have the same period as the 2D lattice. The widths are 114 µm (a)
and 176 µm (b). Image (a) reproduced from and image (b) adapted from A Gallery of Meniscus
Patterns of Free-Standing Smectic Films by Harth, Eremin and Stannarius, Ferroelectrics 2012
431.
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Substances with Thermotropic Liquid Crystalline Phases
8CB: 4-N-octyl-4’-cyanobiphenyl,
phase sequence: Cryst 21.5◦C SmA 33.5◦C N 40.5◦C Iso

10CB: 4-N-decyl-4’-cyanobiphenyl,
phase sequence: Cryst 21.5◦C SmA 33.5◦C N 40.5◦C Iso

OMCPB: 4n-octyloxy-4’-(2- methylbutyloxy)-carbonyl-phenylbenzoate,
phase sequence: Cryst (34.8◦C SmC∗ ) 30.5◦C SmA 57.6◦C Iso,
the smC∗ phase is monotropic and appears upon cooling.

7O-7: 4n-heptyl-N-(4’n-heptyloxy-benzylidene)-aniline,
phase sequence: Cryst 33.2◦C SmG 48.4 . . . 51.3◦C SmB 64.9 . . . 65.4◦C SmC 70 . . . 70.3◦C
SmA 82.8 . . . 83◦C N 83.7 . . . 84◦C Iso.

7O-5: 4n-pentyl-N-(4’n-heptyloxy-benzylidene)-aniline,
phase sequence: Cryst 25.3◦C SmG 56.4◦C SmB 64◦C SmC 68.2◦C SmA 79.6◦C N 83.2◦C Iso.

DOBAMBC: phase sequence: 4n-decyl-oxybenzylidene-4’-amino-2-methylbutylcinnamate,
Cryst 63◦C SmI∗ 75◦C SmC∗ 95◦C smA∗ 117◦C Iso.

PM1: 50%:50% by weight mixture of 5-n-octyl-2-[4-(n-octyloxy)phenyl]pyrimidine and 5-n-
octyl-2-[4-(n-hexyloxy)phenyl]pyrimidine,
phase sequence: Cryst < 20◦C SmC 45 . . . 47◦C SmA 60.6◦C N 66◦C Iso,
obtained from W. Weissflog, University of Halle, Germany.

PM2: 50%:50% by weight mixture of 2-(4-n-Hexyloxyphenyl)-5-n-octylpyrimidine and
5-n-Decyl-2-(4-n-octyloxyphenyl)pyrimidine,
phase sequence: SmC 52◦C SmA 68◦C N 72◦C Iso.

FELIX-16/100: commercial mixture (Clariant), composition unknown,
phase sequence: X -20◦C SmC∗ 72◦C SmA 85◦C N∗ 94-90◦C Iso.

NPOB: 4-nitrophenyl 4’-(octyloxy)benzoate,
phase sequence: Cryst 49.5 . . . 50.4◦C SmA 61.3◦ N 66.8◦C Iso.

M5+: mixture of 17.6% 4-(hexyloxy)phenyl 4’-methoxybenzoate,
24.3% 4-(octyloxy)phenyl 4’-(pentyloxy)benzoate,
10.6% 4-(heptyloxy)phenyl 4’-hexylbenzoate,
27.5% 4-(butyloxy)phenyl 4’-hexylbenzoate,
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20% 4-nitrophenyl 4’-(octyloxy)benzoate (NPOB), obtained from W. Weissflog, University of
Halle, Germany. A mixture of the first four components is known as Mischung 5, exhibiting
a nematic phase in a broad temperature range [264,265].

Other Substances
CHUC: cholesteryl-undecyl-carbonate,
chiral dopant used in mixture with NPOB.

SDS: sodium dodecyl sulfonate,
not used in our experiments.

SDBS: sodium dodecyl benzene sulfonate,
also known as LAS. Technical grade, obtained from Sigma Aldrich.
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[218] E. Reyssat and D. Quéré. Bursting of a fluid film in a viscous environment. Europhys.
Lett., 76:236–242, 2006.

[219] I. Cohen and S. R. Nagel. Scaling at the selective withdrawal transition through a tube
suspended above the fluid surface. Phys. Rev. Lett., 88:074501, 2002.
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riger Umgebung. Belegarbeit, Universität Magdeburg, Institut für Experimentelle
Physik, 2011.

[232] N. S. Cheng. On the bursting of viscous films. Ind. Eng. Chem. Res., 47:3285–3288,
2008.

[233] K. Harth and R. Stannarius. Measurement of the interface tension of smectic membranes
in water. Phys. Chem. Chem. Phys., 15:7204–7209, 2013.

[234] R. Miller and V. B. Fainerman. Handbook of Surfaces and Interfaces of Materials,
volume 1, chapter 6. Surfactant adsorption layers at liquid-liquid interfaces, page 383
pp. Academic Press, London, Bristol, 2001.

[235] M. G. J. Gannon and T. E. Faber. The surface tension of nematic liquid crystals. Philos.
Mag. A, 37:117–135, 1978.

[236] K. Miyano. Surface tension measured by vibrating membranes: An application to
smectic-A and -B phases. Phys. Rev. A, 26:1820–1823, 1982.

[237] T. Stoebe, P. Mach, and C. C. Huang. Surface tension of free-standing liquid-crystal
films. Phys. Rev. E, 49:3587–3590, 1994.

[238] P. Mach, S. Grantz, D. A. Debe, T. Stoebe, and C. C. Huang. Surface tension of several
liquid-crystal compounds in the smectic-A or smectic-Ad phase. J. Phys. II France,
5:217–225, 1995.

[239] B. Song and J. Springer. Surface phenomena of liquid crystalline substances:
Temperature-dependence of surface tension. Mol. Cryst. Liq. Cryst., 307:69–88, 1997.

[240] P. Mach, C. C. Huang, T. Stoebe, E. D. Wedell, T. Nguyen, W. H. De Jeu, F. Guittard,
J. Naciri, R. Shashidhar, N. Clark, I. M. Jiang, F. J. Kao, H. Liu, and H. Nohira.
Surface tension obtained from various smectic free-standing films: The molecular origin
of surface tension. Langmuir, 14:4330–4341, 1998.

[241] M. Tintaru, R. Moldovan, T. Beica, and S. Frunza. Surface tension of some liquid
crystals in the cyanobiphenyl series. Liq. Cryst., 28:793–797, 2001.

[242] R. H. J. Otten and P. van der Schoot. Capillary rise of an isotropic-nematic fluid
interface: Surface tension and anchoring versus elasticity. Langmuir, 25:2427–2436,
2009.

[243] P. K. Rai, M. M. Denn, and C. Maldarelli. Interfacial tension of liquid crystalline
droplets. Langmuir, 19:7370–7373, 2003.



202 Bibliography

[244] J.-W. Kim, H. Kim, M. Lee, and J. J. Magda. Interfacial tension of a nematic liquid
crystal/water interface with homeotropic surface alignment. Langmuir, 20:8110–8113,
2004.

[245] M. A. Gharbi, D. Sec, T. Lopez-Leon, M. Nobili, M. Ravnik, S. Zumer, and C. Blanc.
Microparticles confined to a nematic liquid crystal shell. Soft Matter, 9:6911–6920, 2013.

[246] J. E. Proust, E. Perez, and L. Ter-Minassian-Saraga. Films minces de cristal liquide
nematique sur support liquide: Structure, tensions superficielles et tension de ligne.
Colloid & Polymer Sci., 256:666–681, 1978.

[247] P. Mach, C. C. Huang, and H. T. Nguyen. Dramatic effect of single-atom replacement
on the surface tension of liquid crystal compounds. Phys. Rev. Lett., 80:732–735, 1998.

[248] Z. H. Nguyen, C. S. Park, J. Pang, and N. A. Clark. Surface energetics of freely
suspended fluid molecular monolayer and multilayer smectic liquid crystal films. PNAS,
109:12873–12877, 2012.

[249] A. E. Alexander. Interfacial tension, viscosity and potential changes produced by insol-
uble monolayers at the oil / water interface. Trans. Farad. Soc., 37:117–119, 1941.

[250] A. F. H. Ward and L. Tordai. Existence of time dependence for interfacial tensions of
solutions. Nature, 154:146–147, 1944.

[251] R. A. Campbell and C. D. Bain. External-reflection FT-IR spectroscopy of C10E8 at
an expanding water surface. Vibr. Spectroscopy, 35:205–211, 2004.

[252] C. D. Bain. The overflowing cylinder sixty years on. Adv. Coll. Int. Sci., 144:4–12,
2008.

[253] R. A. Campbell, S. R. W. Parker, J. P. R. Day, and C. D. Bain. External reflection
FTIR spectroscopy of the cationic surfactant hexadecyltrimethylammonium bromide
(CTAB) on an overflowing cylinder. Langmuir, 20:8740–8753, 2004.

[254] C. E. Morgan, C. J. W. Breward, I. M. Griffiths, P. D. Howell, J. Penfold, R. K. Thomas,
I. Tucker, J. T. Petkov, and J. R. P. Webster. Kinetics of surfactant desorption at an
air-solution interface. Langmuir, 28:17339–17348, 2012.

[255] Y. He, P. Yazhgur, A. Salonen, and D. Langevin. Adsorption-desorption kinetics of
surfactants at liquid surfaces. Adv. Coll. Int. Sci, 222:377–384, 2015.

[256] A. Bonfillon, F. Sicoli, and D. Langevin. Dynamic surface tension of ionic surfactant
solutions. J. Coll. Int. Sci., 168:497–504, 1994.

[257] S. Trabelski, J.-F. Argillier, C. Dalmazzone, A. Hutin, B. Bazin, and D. Langevin.
Effect of added surfactants in an enhanced alkaline/heavy oil system. Energy & Fuels,
25:1681–1685, 2011.

[258] A. F. H. Ward and L. Tordai. Time dependence of boundary tensions of solutions. J.
Chem. Phys., 14:453–461, 1946.



Bibliography 203

[259] R. A. Campbell, S. R. W. Parker, J. P. R. Day, and C. D. Bain. Dynamic surface
tension of aqueous solutions of ionic surfactants: Role of electrostatics. Langmuir,
27:1009–1014, 2011.

[260] C. A. MacLeod and C. J. Radke. Surfactant exchange kinetics at the air/water interface
from the dynamic tension of growing liquid drops. J. Coll. Int. Sci., 166:74–88, 1994.

[261] C. M. Phan, A. V. Nguyen, and G. M. Evans. Dynamic adsorption of sodium dode-
cylbenzene sulphonate and Dowfroth 250 onto the air–water interface. Minerals Eng.,
18:599–603, 2005.

[262] T. Trittel. private communication.

[263] C. S. Rosenblatt, R. Pindak, N. A. Clark, and R. B. Meyer. The parabolic focal conic:
A new smectic a defect. J. Physique, 38:1105–1115, 1977.

[264] H. Amm, R. Stannarius, and A. G. Rossberg. Optical characterization of chevron
texture formation in nematic electroconvection. Physica D, 126:171–188, 1999.

[265] J. Shi, C. Wang, K. Surendranath, V. Kang, and J. T. Gleeson. Material characteriza-
tion for electroconvection. Liq. Crystals, 29:877–880, 2002.



Scientific Achievements

Publications Related to this Thesis

• K. Harth and R. Stannarius, Corona patterns around inclusions in freely suspended
smectic films, Eur. Phys. J. E 28, p. 265 (2009)

• U. Kornek, F. Müller, K. Harth, A. Hahn, S. Ganesan, L. Tobiska and R. Stannarius,
Oscillations of soap bubbles, New Journal of Physics 12, 073031 (2010)

• K. Harth, B. Schulz, C. Bahr and R. Stannarius, Atomic force microscopy of menisci
of free-standing smectic films, Soft Matter 7, p. 7103 (2011)

• K. Harth, A. Eremin and R. Stannarius A gallery of meniscus patterns of free-standing
smectic films, Ferroelectrics 431, p. 59 (2012)

• K. May, K. Harth, T. Trittel and R. Stannarius, Dynamics of freely floating smectic
bubbles, Eur. Phys. Lett. 100, 16003 (2012)

• K. Harth and R. Stannarius, Measurement of the interface tension of smectic mem-
branes in water, Phys. Chem. Chem. Phys. 15, p. 7204 (2013)

• K. May, K. Harth, T. Trittel and R. Stannarius, Freely floating smectic films, ChemPhysChem
15, p. 1508 (2014)

• K. Harth and R. Stannarius, Deep Holes in Free-Standing Smectic C Films, Ferro-
electrics 468, p. 92 (2014)

• S. Dölle, K. Harth, T. John and R. Stannarius, Impact and Embedding of Picoliter
Droplets into Freely Suspended Smectic Films, Langmuir 30, p. 12712 (2014)

• K. Harth, L. Shepherd, J. Honaker and R. Stannarius, Dynamic interface tension of
a smectic liquid crystal in anionic surfactant solutions, Phys. Chem. Chem. Phys. 17,
p. 26198 (2015)

Additional Publications

• K. Harth, A. Eremin and R. Stannarius, Vortex flow in free-standing smectic C films
driven by elastic distortions, Soft Matter 7, p. 2858 (2011)

• A. Eremin, S. Baumgarten, K. Harth, R. Stannarius, Z. H. Nguyen, A. Goldfain, C. S.
Park, J. E. Maclennan, M. A. Glaser and N. A. Clark, Two-dimensional microrheology
of freely suspended liquid crystal films, Phys. Rev. Lett. 107, 268301 (2011)
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