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Chapter 1

General introduction

1.1

Biological soft matter

Soft matter physics is the eld of study of matter that is composed
of building blocks having sizes in the micrometer range.

On this

scale, quantum eects are negligible and interparticle interactions are
dominated by thermal uctuations.

The term soft matter indicates

already what kinds of materials are considered: matter that is easily
deformed by applying a mechanical deformation.

Typical examples

are granular matter such as sand and suspensions of colloidal particles
such as paint and solutions of polymers.
also fall into the category of soft matter.

Many biological materials
Living cells are made up

from lipid membranes and sti protein bres known as cytoskeletal
laments. The constituent particles of soft matter come in dierent
shapes. In colloid science, often model particles with well-controlled
and simple shapes are used, such as spheres, rods, and disks.

More

recently, there has been a growing interest in designer particles with
more complex shapes and interactions [19, 45, 63]. Biological colloids
naturally tend to have more complex shapes.

In particular, nature

provides us with ample amounts of chiral structures; in fact it might
be hard to nd biological objects that are not chiral [176]. Chirality,
which is a term coined by Lord Kelvin [114], is an asymmetry where
an object cannot be superimposed on its mirror image. An example
of chirality in biology on a large scale is our hands:
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they are each

0

other s non-superimposable mirror image. In fact, the term chirality
is derived from the Greek word Kheir, which means hand.
Chirality occurs on the molecular scale, where chiral nucleotides form
chiral DNA strands [26], as well as on the supramolecular scale, where
proteins self-assemble into long, thin helical threads.

Examples can

be found in the cytoskeleton of cells, where actin monomers and tubulin dimers polymerise into actin laments and microtubules, respectively, which provide cells with mechanical strength and the ability
to actively generate forces [3]. Another example is provided by rodlike virus particles, such as the plant Tobacco Mosaic Virus (TMV)
and the Filamentous Bacteriophage (Fd). Both viruses have become
popular model systems for studies on liquid crystalline phase behaviour, since unlike most synthetic particles, they are nearly perfectly monodisperse and their physical properties can be conveniently
tuned by genetic modications [54].

The eect of chirality of the

constituent particles on the macroscopic properties of the materials
that they form is subject of study of this thesis, and in particular
the interplay of the particle chirality with the ow behaviour of the
material.

1.2

Liquid crystals

The manifestation of matter in dierent phases has a long history of
studies. A material composed of spherical constituents can form three
distinct equilibrium phases, referred to as the gas, liquid and solid
phase [97]. Both the gas phase and the liquid phase are disordered,
but the density of the particles is higher in the liquid state.

In the

crystalline phase, the particles are arranged on an ordered lattice.
The interplay between short-range repulsive and long range Van der
Waals forces determines at which density the transitions between the
phases occur [97]. For particles with an anisotropic shape, additional

8

Figure 1.1: The ordering of rod-shaped particles within a liquid crystal:

the isotropic phase which does not have translational and ori-

entational order, the nematic phase with particles aligned along a
common director, the chiral nematic phase with the director turning
in space, and the smectic phase where the rods have orientational
order within layers.

phases can be formed with a degree of order that is intermediate
between the liquid and the solid phase.
as liquid crystalline phases [80].

These phases are known

Figure 1.1 schematically depicts

the isotropic phase, the nematic phase, and the smectic phase for
identical (monodisperse) rod-shaped particles.
The isotropic phase is comparable to the gas phase of spherical particles, where both orientational and positional order is absent.

The

nematic phase is characterised by the average alignment of the long
axis of the particles along a common director, whereas the centers of
mass of the particles are randomly distributed. Particles in the smectic phase have, in addition to the orientational order, also a layered
structure.

When temperature drives the transitions between these

phases, the material is classied as thermotropic.

Liquid crystals

composed of particles suspended in a solvent, whose phase transitions are dependent on the particle density, are termed lyotropic.
The appearance of order of the liquid crystalline phases has been described by theories relying on symmetry considerations. The Landau-
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de Gennes model of the uniaxial nematic-to-isotropic phase follows
the phenomenological theory of Landau [49]:

an appropriate order

parameter is dened, followed by expansion of the free energy in the
vicinity of the nematic-to-isotropic phase transition, and minimisation of the free energy at each temperature and density, as functions
of the order parameter [49, 64].
A classical model of the isotropic-to-nematic phase transition for lyotropic liquid crystals is the hard-rod model proposed by Lars Onsager in 1949 [162].

Onsager showed that if the rods have a large

length-over-diameter ratio and if they interact only by excluded volume interactions, the transition from an isotropic phase to a nematic
phase is entropy-driven.

While aligned rods within a dense suspen-

sion suer a loss in orientational entropy, they gain in translational
entropy due to the increased free volume compared to the case when
they are randomly oriented and are hindered by neighbouring particles [216].

At yet higher concentrations, computational studies of

rod-like particles with dierent shapes, such as ellipsoids, and spherocylinders, have predicted a transition from the nematic phase to
more highly ordered phases such as the smectic phase [78, 79, 213].
Later theories extended the Onsager model to include experimentally
realistic eects such as a small length/diameter ratio [42], particle
exibility [31, 115, 116, 158], surface charge [198], and length polydispersity [5, 131]. Experimental studies on lyotropic liquid crystals,
including studies on hard rod-like particles [137], the rod-like TMV
virus [222] and the lamentous fd virus [54], have conrmed these
theoretical predictions.
When the constituent molecules or particles of a liquid crystal are
chiral, the particles favour alignment with a slight angle, resulting in
a long-range chiral order, where the pitch is the length over which
the director has made a 360
nematic phase.

◦

turn.

This state is termed the chiral

For historical reasons, the term cholesteric nematic
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phase is also used, since it was rst found in substances of cholesterol
derivatives [51]. A well-studied example is the cholesterol derivative
cholesteryl benzoate [51]. Chiral nematics are able to selectively reect visible light with a wavelength equivalent to the pitch, which
makes them useful for thermo-sensitive devices.
Biological colloids are in general intrinsically chiral.

For instance,

the fd- virus is a semiexible rod with charges on the surface of its
protein coat that are arranged in a helical fashion [54]. This helical
arrangement of charges in turn aects the interactions between fd
viruses when they are in close proximity.

Experimental studies of

fd virus suspensions have shown that they self-assemble into chiral
nematic phases with a pitch that depends on temperature and concentration [11, 54].

However, the relation between the macroscopic

chirality and the microscopic chirality is still unclear.

For instance,

fd is right-handed, but forms left-handed chiral nematic phases [89].
Recently, an interesting new model system was introduced where the
chirality of the particle can be tuned from achiral to highly twisted,
namely agella isolated from bacteria, whose helical shape is regulated by pH and temperature [11].
Another example of a chiral biological colloid is provided by amyloid
brils.

Most proteins when (partially) unfolded have the ability to

form this type of bril [34].

These brils consist of 1 to 5 protob-

rils that are laterally associated and twisted around each other in a
helical fashion. Several amyloid brils suspended in water, including
lysozyme brils studied in this thesis, have been shown to exhibit
chiral nematic ordering above a threshold density [36, 40].
A nal example of a chiral bril found in abundance in nature is cellulose.

Cellulose microbrils have a complex hierarchical structure.

The molecular building block is cellulose, which is a linear, sti, and
chiral macromolecule consisting of repeating D-glucose units. During
cellulose biosynthesis, the cellulose polymers bundle through strong
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∼ 3-5 nm) and crystalline elementary brils

hydrogen bonds into thin (

that assemble into microbrils, which in turn assemble into macroscopic bres. Both cellulose molecules, nanocrystals and microbrils
can form chiral mesophases [52].

1.3

Flow behaviour of liquid crystals

The ow behaviour of soft matter can be probed by rheological measurements, where the response of the material to an applied deformation is measured.

Soft matter exhibits both viscous (uid-like) and

elastic (solid-like) responses, hence the term viscoelastic. Ultimately
the goal is to relate the macroscopic mechanical properties to the
underlying spatial and orientational distribution of the constituents.
This can be a complicated task, especially when the particles have
anistropic shapes so their orientations are strongly coupled to the
ow. Most theoretical and experimental work on the ow properties
of liquid crystalline uids has considered simple shear ow. However,
in many contexts, extensional ows are more relevant.
Extensional ows for instance arise in many natural processes, such as
blood circulation, and bre formation by spiders and silkworms [122].
A more exotic example is spray aiming by the bombardier beetle [71]
and hunting by archersh which re water jets at their prey with
a blow tube [190].

Extensional ows also feature prominently in

many industrial processes, including spinning of polymeric bers,
inkjet printing, and porous media ow [12, 208].

Finally, there is

an emerging trend to develop microuidics-based lab-on-a-chip devices involving on-chip microreactors, micromixers, and micro-dosing
systems [108, 223].

The creation of droplets in these devices is gov-

erned by the extensional ow properties of the uid [105].

In this

thesis, we focus on the extensional ow properties of lyotropic and
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thermotropic liquid crystals, which we compare with the more wellestablished shear ow properties.

1.3.1 Liquid crystals under shear ow
The ow behaviour of liquid crystals is an interplay between the
ow direction and the arrangement of the constituent particles of the
uid.

For liquid crystals the spatial distribution of constituent par-

ticles is usually described in terms of the director eld. The director
of a liquid crystal at its bounding surface can be tuned by treating the surface such that the orientation is orthogonal to the surface
(homeotropic anchoring), aligned with the surface (homogeneous anchoring), or tilted with an angle with respect to the surface [49]. If
the anchoring conditions at opposing surfaces is dierent, distortions
are induced in the liquid crystal, which can be described in terms of
three types of deformations (Figure 1.2): splay, twist and bend, with
associated elastic constants called the Frank elastic constants.

Figure 1.2:

The splay, twist and bend deformations resulting from

surfaces with dierent surface anchoring.

Theoretical treatments of the response of liquid crystals to an applied ow have predominantly considered simple shear ow. For thermotropic liquid crystals, the rheology is usually described in terms of
the continuum Leslie-Ericksen theory [127], which describes the dynamics of a liquid crystal based on extensions of the static equilibrium

13

theory of liquid crystals, combining viscous stresses with the Frank
elastic stresses. This theory predicts that liquid crystal domains either align with the ow or tumble, depending on the ow rate. Experimental studies have conrmed this behaviour in dierent liquid crys-

0

tals, for instance showing ow aligning for 4-Cyano-4 -pentylbiphenyl
(5CB) and N-(4-Methoxybenzylidene)-4-butylaniline(MBBA) [21] and

0

tumbling for 4 -n-octyl-4-cyano-biphenyl (8CB) [142].
The rheology of lyotropic liquid crystals has been theoretically explained by the Doi-Edwards-Hess theory,

which describes the re-

sponse of a suspension of hard rods interacting solely by excluded
volume interactions to an applied shear ow in terms of the time development of their probability distribution [66, 102]. Similar to thermotropic liquid crystals, lyotropic liquid crystals are also predicted
to exhibit tumbling behaviour of the director at low shear rates, and
ow alignment at high shear rates. At intermediate shear rates, different behaviours exist, depending on the initial director orientation.
One stable state is called wagging, where the director oscillates between two angles in the plane dened by the ow and the gradient
of the ow.

Others include kayaking and log-rolling, where the di-

rector oscillates out of the ow-gradient plane [91].

Many experi-

mental studies have conrmed tumbling, wagging and ow aligning
regimes for dierent lyotropic liquid crystalline systems, including
liquid crystalline polymer uids [135] and fd suspensions [132]. Both
the Leslie-Ericksen theory and the Doi-Edwards-Hess theory treat
the response of monodomain liquid crystals.

However, nematic liq-

uid crystals often display defect lines, called disclinations, in their
structure, where dierent nematic domains with dierent directors
meet. These disclinations contribute to the viscoelastic properties of
the material.
generated.

Studies have shown that shear disclination lines are

When the disclination lines in a chiral nematic are sta-

bilized with colloidal particles, the response of the material became
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solid-like at low-frequency, showing that the network of defect lines
can eectively act similar to a polymer network [226].

1.3.2 Liquid crystals under extensional ow
Extensional ow properties are more dicult to probe than shear ow
properties (see Chapter 2). To apply an extensional deformation, the
uid is typically dispensed from a tube or faucet, or a uid bridge is
formed between two parallel plates. Driven by surface tension these
uids break due to the Rayleigh-Plateau instability [166, 199].

The

dynamics of uid thinning and break up is governed by the viscoelastic properties of the material, oering a convenient way to probe the
extensional rheology [143].

For Newtonian uids, yield stress u-

ids, power-law uids, and polymer solutions, where the viscoelastic
constitutive equations are known, the extensional ow behaviour is
relatively well-understood [143].

In contrast, the extensional ow

properties of liquid crystalline uids has been little studied.
There have been a few experimental studies of thermotropic liquid crystals.

Capillary breakup experiments on the nematic liquid

crystalline materials 4-cyano 4-octylbiphenyl (8CB) and 4-cyano 4pentylbiphenyl (5CB) revealed extensional strain-thinning similar to
that of a generalized power-law uid in the nematic phase, whereas
the isotropic phase showed Newtonian-like rheology in the inertialviscous regime [167].

For 8CB in the smectic-A phase, again ex-

tensional strain-thinning behaviour typical of a power-law uid was
observed [189].

However, the relation between the strain-thinning

response to extensional and shear ow is still unclear.
Theoretical models of liquid crystalline laments taking into account
the elastic constants of the liquid crystal and the anchoring conditions at the lament surface predict that the Rayleigh instability is
modied by the presence of gradient elasticity and anchoring energy.
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Depending on which energy dominates in the bre instability, the
bre can assume peristaltic shapes (bre texture plays a role) or chiral shapes driven by strong interfacial anchoring [32, 175]. Behaviour
reminiscent of these predictions has been observed for bent-core mesogens and for cellulose solutions [84].

The ow properties of chiral

nematic uids are expected to be even more complex than those of
achiral nematics due to the helical director. Under shear, chiral nematics such as cholesteryl myristate ( [127, 184]) and cholesteryl oleyl
carbonate (COC) demonstrate shear-thinning behaviour, which has
been attributed to the shear-induced disruption of the liquid crystalline structure.

Extensional ow properties of chiral thermotropic

nematics have not been experimentally tested yet, to the best of our
knowledge.

Some studies have been performed om lyotropic liquid

crystals. Suspensions of fd particles that behave as a power law uid
under shear, also show power law behaviour under uid bridge capillary -driven thinning [37].

1.4

Outline of this thesis

The aim of this thesis is to investigate the eect of chirality on the
ow behaviour of liquid crystalline uids. Using dierent model liquid crystals, both thermotropic and lyotropic, we compare the shear
and extensional rheology and relate the ow behaviour to the underlying microstructure of the materials.

1.4.1 Experimental model systems
We used three model systems for the lyotropic liquid crystals: amyloid brils, cellulose microbrils and virus rods, as can be seen in

16

Figure 1.3. Amyloids and cellulose microbrils are widely studied for
their potential applications in materials science.
Amyloid brils are semiexible, rod-like colloidal particles that can
be produced by denaturing proteins in acidic solutions and at high
temperature.

They have large aspect ratios, with typical lengths of

a micrometer or more, and a diameter of a few nanometers. Though
held together by weak, non-covalent interactions, amyloid brils are
mechanically very strong [120], making them suitable for applications
as nanowires and templates for tissue engineering [178]. We use a well
characterised amyloid, made from hen egg white lysozyme (HEWL),
which is a protein of interest to the food industry as well as a model
amyloid [207].

Suspended in an aqueous environment, HEWL b-

rils have been shown to form chiral liquid crystalline phases above a
threshold concentration [36, 40].
Cellulose is the most abundant and renewable biopolymer in nature,
being the main load-bearing constituent of the cell walls of plants,
trees, and green algae [41]. In this thesis, we use cellulose microbrils
produced by bacteria to serve as a biolm [180], because these are
chemically pure in contrast to plant-derived cellulose. In view of its
natural abundance, cellulose is widely regarded as a promising biomaterial [69, 93, 119].
The third colloidal system is based on bacteriophage fd and M13
virus rods.

In contrast to amyloid and cellulose brils, these bac-

teriophages are monodisperse in length, diameter, and persistence
length, making them an excellent model system that lends itself better for comparison with quantitative theoretical models.
Finally, we confront our observations for lyotropic liquid crystalline
uids with data on their thermotropic chiral liquid crystalline counterparts. We use two thermotropic systems: one is cholesteryl oleyl
carbonate, forming chiral nematic structures at room temperature,
which makes it easily accessible for experiments. The other system is
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N-(4-Methoxybenzylidene)-4-butylaniline (MBBA) that forms a nematic liquid crystal, which we then dope with small chiral molecules
to induce a chiral nematic order (see Figure 1.3 D). Both thermotropic
systems show dierent types of birefringence signal that are characteristic for chiral nematics, indicating dierent surface anchoring.

1.4.2 Thesis outline
This thesis is organised as follows:

in Chapter 2 we describe the

experimental procedures used to measure the extensional and shear
ow properties of chiral nematic liquid crystals and the analysis of the
data. Furthermore, we provide a brief review of the extensional ow
properties of dierent classes of complex uids, to provide a context
for comparison with the behaviour of the liquid crystalline systems.
The rst model system we introduce is the amyloid bril. In Chapter
3 we show the shear rheology of the amyloid bril suspension and
in Chapter 4 the extensional rheology.

In both cases, we vary the

bril concentration, covering the isotropic and chiral nematic regime,
as well as the bril length/diameter (aspect) ratio.

Shear rheology

shows that the suspensions are shear thinning regardless of the concentration, and thus phase, of the bril suspensions. In contrast, the
extensional rheology shows distinct capillary breakup regimes that
coincide with the phase transitions of the bril suspensions under
static conditions.

We then move on to a dierent biological bril

in Chapter 5, namely the cellulose microbril, where we alter the
attractive interactions between the brils by adsorbing a charged
polymer to form nematic structures.

We show by passive particle

tracking microrheology that bare cellulose microbrils form inhomogeneous networks of microbril bundles, whereas polymer-coated microbrils form more homogeneous networks with a smaller pore size.
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The extensional rheology reveals that the microbril dispersions show
power-law thinning behaviour, similar to the response in shear ow.
In Chapter 6 we show rst measurements on suspensions of the bacteriophages fd and M13. In contrast to amyloid and cellulose brils,
these bacteriophages are monodisperse in length, diameter, and persistence length. We nd power-law capillary thinning dynamics, with
dynamics that depend on the fd concentration in a similar manner as
the shear rheology studied in prior studies. To compare the ow behaviour of lyotropic chiral nematics with that of thermotropic chiral
nematics, we study the shear and extensional ow properties of two
dierent thermotropic liquid crystals in Chapter 7. We use the chiral
molecular compound cholesteryl oleyl carbonate (COC), which forms
a chiral nematic liquid crystal at room temperature, and the achiral
compound N-(4-Methoxybenzylidene)-4-butylaniline (MBBA), which
only forms chiral nematic liquid crystals when small amounts of the
chiral dopants Canada balsam or cholesteryl benzoate are added. We
nd that the thermotropic liquid crystals show non-universal shear
and extensional ow properties, which are probably governed by their
defect structures. We conclude with a summary of our main ndings
in Chapter 8, where we compare the properties of the dierent systems that are studied throughout this thesis.
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Figure 1.3:

A. AFM image of HEWL brils deposited on a mica

µm.

surface. The scale bar is 2

B. TEM image of cellulose microb-

rils, image courtesy of Sandra van Veen (Unilever R&D, Vlaardin-

µm.

gen). The scale bar is 2

C. Fluorescence microscopy image of a

single uorescently labeled aggregate of multiple fd-virus rods that
aggregated head to tail, which serves to illustrate the semi-exible

µm.

polymer character of fd. The scale bar is 5

The length of a sin-

gle fd-virus rod is 880nm (image courtesy of Pavlik Lettinga, Juelich
Forschungszentrum).

D. Schematics of the molecular structure of

MMBA (top) and COC (bottom).
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Chapter 2

Overview of Experimental
Methods
Throughout this thesis, we measure the extensional and shear ow
properties of complex uids focussing on liquid crystalline uids. In
this chapter, we describe the experimental methods used to measure
extensional rheology, shear rheology, and liquid crystalline alignment.
Furthermore, we briey review the extensional ow properties of different classes of uids, namely Newtonian liquids, shear-thinning uids, polymer solutions, and yield-stress uids

2.1

Extensional rheology

2.1.1 Extensional viscometry
The uniaxial extensional viscosity of a uid is an important material
parameter that characterises the resistance of the uid to a stretching
deformation.

For a simple Newtonian uid, the extensional viscos-

ity is independent of strain (rate), and simply related to the shear
viscosity through a constant factor.

The ratio between the uniaxial

extensional viscosity and the shear viscosity of a Newtonian uid,

0

which is known as the Trouton s ratio, equals 3 [209].

However, for

complex uids with viscoelastic properties, the extensional viscosity
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depends on the rate of deformation as well as the total accumulated

0

strain. In this case, the Trouton s ratio will in general deviate from
3 and acquire a strain dependency. Dilute polymer solutions can for
instance exhibit an extensional viscosity that exceeds the shear viscosity by up to a factor of a thousand because the polymers undergo
a coil-stretch transition in extensional ow that is accompanied by
strong strain-stiening [48, 196].

Due to this phenomenon, exten-

sional rheology can much more sensitively distinguish branched from
linear polymers than shear rheology [29, 218].
Dierent methods have been developed over the years to measure
the response of complex uids to an extensional ow eld [165]. The
most common technique is to employ capillary pressure as the driving
force for the self-thinning of a liquid thread. This method is based on
the Rayleigh-Plateau instability, a classic uid-mechanical instability
that was rst explained theoretically by Plateau and Rayleigh [166,
199]. The most commonly used experimental geometry for studying
capillary-driven thinning is the liquid bridge geometry, which was
rst developed by Schummer and Tebel [192] and by Bazilevsky and
coworkers [14].

The basic idea is to create a liquid bridge between

two surfaces. Under the action of capillarity, the uid bridge will thin
and break-up with dynamics that are set by a balance between the
capillary pressure and the viscoelastic stresses and inertia [67, 68]. In
the middle of the necking bridge, a stagnation point is formed around
which the ow is elongational [83].

Monitoring the bridge diameter

as a function of time allows for the determination of the elongational
ow properties by comparing the data against an appropriate theoretical model. In the commercial extensional ow rheometer known
as the CaBER (Haake, Thermo Scientics), the width of the midpoint of the uid bridge radius is measured using a laser micrometer.
Alternatively, the uid bridge can be imaged with a high-speed camera and the width can be determined by image processing.
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Several alternative geometries for capillary extensional rheometry
have been proposed, such as jetting or dripping from a nozzle [30,181].
An alternative method to measure extensional ow properties is the
lament stretching extensional rheometer (FiSER) developed by Tirtaatmadja and Shridhar [7, 144, 197, 205]. In this case, a uid bridge
between two parallel plates is continuously stretched with increasing
speed in order to achieve a constant stretching rate and the transient
extensional viscosity is measured from the tensile force exerted by the
elongating liquid column using a force transducer. The CaBER and
FiSER techniques have complementary ranges of applicability.

The

CaBER technique can be applied to uids covering a wide viscosity
range of about 50 mPa

·s

up to 100 Pa

· s.

The FiSER technique is

limited to relatively high viscosity or elastic uids which can support a thread. Other techniques include capillary entrance or orice
ows [118,149], opposed jets [25,35], and two-and four-roll mills [195].
In recent years, also miniaturized extensional rheometers have been
proposed, based on rapid developments in the area of microuidics.
Advantages of such miniaturised devices are that small volumes can
be employed, which is especially advantageous when studying biological specimens, and that the uids can be observed in situ and with
high resolution by optical microscopy. Recent examples are a crossslot microchannel, where extensional rheology was combined with
uorescence microscopy [110], and a cross-slot extensional ow oscillatory rheometer, which allows extensional rheometry of microliter
samples combined with in situ birefringence measurements [99].

2.1.2 Capillary-driven uid bridge breakup
The thinning of a liquid bridge is controlled by a force balance between the capillary force that drives thinning and the inertial, viscous and elastic forces that resist thinning.
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The time evolution of

the uid bridge prole is thus determined by intrinsic properties of
the sample, specically its surface tension and its strain-dependent
viscoelastic properties.

The dominant balance of forces depends on

the relative magnitude of each physical eect, and can be estimated
by a dimensional analysis [37]. The relative importance of inertial effects with respect to viscous stresses is characterised by the Reynolds
number,

Re = ρVl/η

0,

where

V

and

l

are the characteristic velocity

and length scale for the ow of interest, and
and shear viscosity of the uid.

ρ and η

0

are the density

The relative importance of elastic

eects with respect to viscous stresses is characterised by the Weissenberg number,

Wi = λV/l,

of the viscoelastic uid.
sional viscosity

ηE

where

λ

is the longest relaxation time

To extract the apparent, transient exten-

from the measured time evolution of the bridge

radius, one needs to estimate by dimensional analysis which physical eects are dominant in the visco-elasto-capillary force balance.
When the constitutive viscoelastic equation is known, the transient
extensional viscosity can be extracted from the capillary thinning dynamics using an appropriate model. For Newtonian uids and several
classes of complex uids, including solutions of exible polymers, and
power-law and Bingham uids, models have been derived, as reviewed
elsewhere [143].

However, for uids with more complex properties,

where the viscoelastic constitutive equations are unknown, only an
estimate of the apparent extensional viscosity can be obtained from
the observed thinning dynamics during uid breakup, because several
simplifying assumptions are needed for the calculation of the apparent extensional viscosity.
If we consider an initially cylindrical uid bridge, then the extensional
strain rate



is given by [143]:

(t) = −

dR(t)
d ln(R(t))/(R )
= −2
,
R dt
dt
2

0
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(2.1)

where

R(t)

is the radius of the uid column at time t and

R

0

is the

initial radius. The total deformation of the uid after the bridge has
necked down to a radius
strain [202]:

R(t)

is given by the logarithmic or Hencky

Zt
(t0 )dt0 = 2 ln(R /R(t)).

(t) =

(2.2)

0

0

The strain rate and the Hencky strain are set by the properties of the
uid. The Hencky strain can typically reach rather large values of up
to 10, ultimately being limited by breakup of the uid into droplets.
If the bridge remains cylindrical, the expected form of the breakup
prole can be obtained from a simplied one-dimensional form of
the force balance on the thinning bridge.

Assuming that the forces

acting on the uid column select a self-similar balance, the unknown
viscous and viscoelastic stresses are in quasi-static equilibrium with
the capillary pressure, and we obtain for the apparent extensional
viscosity [143]:

ηE app =
,

σ/Rmid (t)
σ
∆τ
=
=
,
mid
mid
−2dRmid (t)/dt

where

∆τ

uid.

Here, the forces in the bridge are assumed to be caused only

is the stress dierence, and

σ

(2.3)

is the surface tension of the

by surface tension, i.e., no axial normal stresses are considered. For
a complex uid, the strain and strain rate will change as the thread
thins, which is why we refer to the viscosity as an apparent extensional viscosity.

Furthermore, the measured viscosity represents a

transient, rather than a steady-state extensional viscosity [165].
The shape of the liquid bridge provides a useful diagnostic probe of
the type of complex uid, as shown in Figure 2.1.

A uid bridge

ηs , in the abv ∼ σ/ηs . When

formed from a Newtonian uid with a shear viscosity
sence of inertia, necks down at a constant velocity,

the minimum radius is plotted against the time left to breakup on a
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log-log plot, a power-law relation with an exponent of 1 is found. For
low-viscosity uids, where inertial eects are important, power-law
thinning dynamics are also found, but with a power law exponent of
2/3. It should be noted that Newtonian uids exhibit bridge proles
that are not axially uniform and cylindrical.

By numerical calcula-

tions, it was shown that accounting for axial variations in the shape
of the uid bridge yields the following similarity solution for visco-

Rmid (t) = 0.0709( ησs )(tc − t),
tc = 14.1ηs R /σ.

capillary necking [145, 163]:
critical time to breakup

0
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where the
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Figure 2.1:

Adapted from McKinley [143]:

characteristic shapes of

uid bridges formed from dierent types of complex uids. Schematic
proles of the uid bridge together with a schematic of the functional form of the temporal evolution of the midpoint lament radius

Rmid (t) for a Bingham plastic (or yield stress uid), power law uid,
Newtonian, weakly elastic and elastic uid.

As shown in Figure 2.1, elastic uids exhibit bridge proles that are
rather dierent from those observed for Newtonian uids: they form
long, slender, and axially uniform threads that are well-approximated
as cylindrical.

An example of an elastic uid is provided by dilute

and semidilute solutions of exible polymers, which strongly strainharden once the polymers are extended in the ow [7, 8, 13, 38, 183]. In
this case, the bridge radius is governed by an elasto-capillary balance,
and decreases exponentially with time at a rate of

(3λ)−

1

, where

λ is

the elongational relaxation time. The exponential diameter decrease
reects the exponentially increasing viscosity that accompanies the
loss of entropy upon stretching of the polymers.

During breakup,

polymer solutions develop beads-on-a-string structures consisting of
a periodic pattern of beads of dierent sizes connected by slender
threads [17, 38, 161, 187, 188, 230].

Weakly elastic uids exhibit a

bridge prole shape that is intermediate between that of Newtonian
and elastic uids, forming less elongated threads than elastic uids.
A large class of complex uids, including liquid-crystalline uids, behaves in shear rheology as a power-law uid, meaning that they are
not elastic and their shear viscosity decreases with shear rate according to a power-law characterized by an exponent

n: τ = (Kγn− )γ.
1

For these uids, numerical calculations have shown that the minimum radius of a thinning uid bridge decreases with time according to a power law with the same exponent
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n

[59, 60, 171]:

Rmid
R0

=

σ
(tc −t)n , where Φ(n) is a numerical constant depending on n,
Φ(n) K
−n/
that must be found numerically. For n > 0.6, Phi(n) = 2
, which
can be written as an expansion [60]: Φ = 0.0709 + 0.2388(1 − n) +
0.5479(1 − n) + 0.2848(1 − n) + . . . , which reduces to the correct
Newtonian result when n = 1. This power-law uid behaviour has
3

2

3

been demonstrated for certain thermotropic smectic-A mesophases of
8CB [189].

In the case of a Carreau uid, for which the shear vis-

cosity at high shear rate saturates to a high-shear viscosity

η∞ ,

the

power-law thinning is ultimately cut o at high deformation rate such
that the midpoint radius ultimately goes to zero linearly in time. For
power-law uids, the shape of the bridge prole exhibits a characteristic cusp-like prole close to the pinch-o region, because the local
decrease in the eective viscosity in the neck region leads to a positive feedback eect, continuously accelerating the necking rate. As a
result, the slenderness approximation is violated when the power-law
index

n

is smaller than 2/3.

Many complex uids exhibit a yield stress, meaning that in shear
ow they require a nite stress before they begin to ow.

These

uids are generally referred to as Bingham plastics. Well-known examples are clay suspensions, toothpaste, and mayonnaise [104]. Fluid
bridges made from Bingham plastics show a characteristic shape as
shown in Figure 2.1. If the capillary pressure

σ/Rmid

is less than the

yield stress, then the capillary pressure is insucient to generate a
ow and the liquid bridge can remain stable [85, 138].

Some liquid

crystal phases, in particular smectic phases of bent-core molecular
mesogens, also have been shown to form stable liquid crystalline laments [75, 76, 109, 156].
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2.1.3 Experimental setup for uid bridge breakup
experiments
Capillary thinning dynamics experiments were performed on two
home-built uid bridge breakup setups, one stationed at the Complex
Matter Physics group of Itai Cohen (Cornell University) and one stationed at AMOLF (Figure 2.2). In both setups, the samples are contained between two concentric and parallel circular metal plates with
a diameter of 5 mm (Cornell) or 10 mm (AMOLF). The temperature
of both plates is controlled with a home-built temperature controller,

◦

and can be varied over a range from room temperature to 100 C.
Experiments on bril suspensions (Fd virus, amyloid brils, and cellulose microbrils) were all conducted at room temperature, whereas
measurements on thermotropic liquid crystals were performed over a

◦

range of temperatures between 22 and 60 C.

For the thermotropic

◦

liquid crystals, we always preheated the plates to 60 C to start out
in the isotropic phase, and then lowered the temperature to quench
the sample into a liquid crystalline state (for details, see Chapter 7).
Samples are inserted in the setup by pipetting a small volume of uid
on the bottom plate, and then lowering the top plate until the uid
touches both plates and forms a bridge.

The uid bridge is back-

lit with an LED light source (Osram), which was selected because
unlike conventional lamps it causes negligible sample heating. When
measuring on aqueous bril suspensions, the entire setup was encased
inside a humidity controlled chamber made from a glass box stued
with wet sponges to prevent water evaporation during the measurements. In the case of thermotropic uids, which have a boiling point
far above the probed temperature range, this chamber was omitted.
Before measurements, the samples were always left to equilibrate for
at least 15 minutes.

Fluid thinning is induced by a slow extension

of the bridge to a gap of around 2 mm, which is slightly beyond the
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Rayleigh-Plateau stability limit, a procedure known as the slow retraction method [24].

The subsequent thinning of the uid bridge

due to surface tension is captured by a fast camera.

On the setup

at Cornell University, we use a Phantom V6 fast camera in combination with a Nikon SLR camera lens and bellows, to obtain a pixel

µm.

resolution of 3

This camera allows time resolutions up to 36,000

fps, when the eld of view is limited to 32x600 pixels. On the setup
at AMOLF, we use a Photron SA4 fast camera with a long distance
microscope lens (Navitar 12X system), to obtain a pixel resolution up
to 1.5

µm/pixel.

This camera allows a temporal resolution of 18,000

fps at a eld of view of 768x512 pixels.

The time-lapse movies are

stored in avi-format using the accompanying software of the camera.
Typically, we obtain at least 10 consecutive measurements on each
individual sample, by repeatedly forming a bridge and monitoring its
capillary-driven breakup. We used a tensiometer (DeltaPi, courtesy
of Huib Bakker) to measure the surface tension of the uids, which
determines the capillary force that drives capillary breakup.
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Figure 2.2: A) Schematic of the uid bridge setup stationed at Cornell
University (image by Ben Nachman).

B) Drawing of the setup at

AMOLF, with in the inset a closeup of the parallel plates containing
the sample (drawing by Iliya Cerjak).

The diuser in both setups

ensures that the sample is illuminated from all angles. Both the top
and bottom plates are temperature controlled.
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2.1.4 Data analysis
To analyze the time-dependence of the capillary-driven thinning process, we extract the bridge outline with an algorithm written in Matlab (MathWorks) that uses the edge detection function.

To extract

the minimum radius of the bridge with sub-pixel accuracy, we then
t the proles with a higher-order polynomial, typically

n>

3.

To

analyse the time-dependence of capillary-driven thinning, we plot the
minimum radius as a function of the time left to breakup,

t∗

t∗ −t, where

is the time of breakup. The time of breakup occurs somewhere in

the time period between the last frame with an intact uid bridge
and the rst frame with a broken bridge.

Determining

t∗

requires

some care. We typically record at least 10 breakup events per sample
per condition and plot the data from each movie together in a log-log
plot, so we can remove the ambiguity of t* by overlaying the points
of dierent sets by adjusting the time of the last frame with an intact bridge.

In addition, we record movies at dierent frame rates

to determine the position of t* as accurately as possible, and subsequently stitch these data together to form a single breakup curve.
The curves shown throughout this thesis are representative curves for
each sample condition.

To identify scaling behaviour, we t power

laws to subsets of the data that we identify by plotting the minimum radius versus time left to breakup in a log-log plot. At least 10
movies per sample or per temperature condition are tted to ensure
reproducibility, and to obtain an average power law exponent with
errors bars representing the standard deviation.

2.2

Shear rheology

As discussed above, measuring the extensional viscosity of a complex uid is far from straightforward.
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In contrast, the resistance of

a uid to a shear deformation can be measured readily by conning
the uid between two parallel plates and measuring the shear stress
needed to move the plates relative to each other by a certain distance.
In practice, a torsional rheometer is generally used, where the uid
is contained between two concentric circular plates and one of the
plates is rotated while the other is held xed.

One can either ap-

ply a controlled torque, and measure the resultant angular displacement (usually by an optical encoder), or apply a controlled angular
displacement and measure the resultant torque (using a force transducer).

We performed shear rheology measurements on a standard,

commercial rheometer using a steel cone and plate geometry. Specifically, we used a stress-controlled MRC 501 rheometer with Rheoplus
software from Anton Paar (Graz). We used a cone with a diameter of

µm, requiring a sam-

◦

30 mm, cone angle of 1 C, and truncation of 55

µl.

ple volume of 120

The bottom plate temperature was controlled

using a Peltier element. Measurements on aqueous bril suspensions

◦

were performed at room temperature (20 C), while measurements
on thermotropic liquid crystals were performed over a range of tem-

◦

peratures between 20 and 60 C.

In case of the thermotropic liquid

◦

crystals, we always preheated the plates to 60 C, to ensure that the
samples were initially in the isotropic phase. Then, the temperature
was lowered to the desired value to quench the samples into a liquid
crystalline state. All samples were left to equilibrate for 30 minutes
at the set temperature prior to starting measurements. For the bril
suspensions, we used a hood surrounding the geometry to maintain a
humid atmosphere and prevent solvent evaporation. To measure the
steady-state viscosity of the samples as a function of shear rate, we
performed shear rate ramp tests.

Here, the shear rate was changed

−3

logarithmically and stepwise from 10

/

3

1 s to 10

/

1 s with 120 mea-

surement points with a duration of 20s per point. As described in the
thesis, all samples exhibited shear-thinning behaviour and they often
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had a nite yield stress.

To characterize these rheological features,

we tted the ow curves (stress versus shear rate) to the phenomenological Herschel-Bulkley relation [101]:

σ = σy + Kγn ,

(2.4)

σ is the shear stress, and the tting parameters are the yield
stress, σy , the consistency index, K, and the shear-thinning index,
n. To measure the linear viscoelastic shear moduli of the samples,
where

we performed small amplitude oscillatory shear measurements.

We

γ(t) = γ sin(ωt), and
measured the time-dependent stress response, σ(t). We used a strain
amplitude γ
of only 1%, to ensure that the response was linear,
meaning that σ(t) is sinusoidal according to σ(t) = σ sin(ωt + δ),
where δ is the phase dierence between the applied strain and mea∗
sured stress. The complex shear modulus G
is the ratio between
subjected the samples to a sinusoidal strain,

0

0

0

the stress and strain, and is composed of a real and imaginary com-

G∗ = G0 + iG00 . G0

ponent:
while

00

G

is the linear storage (elastic) modulus,

is the linear loss (viscous) modulus.

The ratio

G00 /G0

dened as the loss tangent, which is related to the phase dierence
by:

00

0

G /G =

tan

δ.

2

−2

Hz and 10

2.3

δ

To probe the time dependence of the viscoelas-

tic response, we varied the oscillation frequency
10

is

f = ω/2π

between

Hz.

Orientational order

To determine the orientational order of the lyotropic and thermotropic
liquid crystal samples, we imaged the birefringence of the samples by
polarising microscopy. For this purpose, we prepared glass cells from
a microscope slide and a coverslip, using glass spacers of around 1 mm
thick glued with UV-curable glue. The samples were injected with a
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pipette into the cells, which contain around 100

µl of sample.

To pre-

vent solvent evaporation, the cells were thoroughly sealed, rst with
vacuum grease, then epoxy glue, and nally with wax.

Polarising

microscopy was performed with a Leica D/M microscope equipped
with an analyser and polariser that are oriented orthogonally to each
other. We used Leica air objectives with a magnication of 2.5x and
10x. The images were recorded with a Leica DFC450C camera and
the open source microscopy software Micromanager [65]. The images
were saved in tif format and are shown throughout the thesis without
any processing.

Figure 2.3: Custom-built setup to characterize the phase behaviour
of bril suspensions as a function of their concentration. A sample in
a glass cell is placed between crossed linear polarisers and illuminated
with an LED light source, to check for birefringence signals indicating
alignment (drawing by Iliya Cerjak).

To observe the macroscopic phase behaviour of the bril suspensions,
we observed the samples by eye between crossed polarisers. For these
experiments, samples were pipetted into borosilicate glass cells from
VitroCom with inner dimensions of 1x10x40 mm.

The cells were

sealed with vacuum grease, wax, and paralm to prevent solvent
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evaporation. The samples were left upright without disturbance for
at least to 3 days and they were repeatedly observed between two
crossed polarisers (Thorlabs), using for illumination a white LED
light source (Thorlabs). The setup is depicted in Figure 2.3. Images
were recorded with a single reex camera (Sony).
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Chapter 3

Shear rheology of liquid
crystalline amyloid fibril
suspensions
We investigate the eect of liquid crystalline order on the shear rheology of hen egg white lysozyme (HEWL) amyloid bril suspensions.
Amyloid brils are semiexible rod-like colloidal particles that can
be produced by denaturing proteins in acidic solutions and at high
temperature. We study the shear rheology as a function of bril concentration, covering the isotropic and chiral nematic regime, and as
a function of bril length/diameter (aspect) ratio. Specically, we
compare two bril suspensions, one with an average aspect ratio L/D
of 414 (< L >= 1.2µm, < D >= 2.9 nm) and one with an average
aspect ratio of 162 (< L >= 0.6µm, < D >= 3.7 nm). Using polarisation microscopy we show that the threshold concentration, above
which a liquid crystalline phase is formed, is higher for the brils
with lower aspect ratio, consistent with predictions of the Onsager
theory for slender hard rods. We performed shear ow reversal tests
in an attempt to characterize the tumbling dynamics of the nematic
director, but the analysis was hampered due to the polydispersity of
the brils. When subjected to a steady shear ow, we found that the
suspensions, regardless of aspect ratio, experience shear thinning, a
feature that is attributed to shear-induced alignment. In situ birefrin38

gence measurements during steady shear for the higher aspect ratio
brils conrm that the brils ow-align. The ow curves of both bril
samples are well described by a generalised power-law uid model for
shear-thinning liquids with a consistency index, K that increases as
a power law in concentration with similar exponent (1.3-1.4) for the
low and high aspect ratio brils. Small amplitude oscillatory shear
measurements revealed that both bril types form weak viscoelastic
solids. We conclude that the shear rheology of HEWL amyloid bril suspensions is dependent on the liquid crystalline ordering of the
suspension, and a slight dependence is observed on the aspect ratio of
the brils.

3.1

Introduction

Most proteins, when (partially) denatured, have the ability to form
bril-like structures called amyloids [34]. Though implicated in dis-

0

0

eases such as Alzheimer s and Parkinson s, where these structures
are found in brain tissue or Lewy bodies [121], there are also benign amyloid brils produced for functional purposes, such as brils
secreted by bacteria that form biolms [179] and brils that act as
templates for pigment synthesis in the human eye [77]. Though held
together by weak, non-covalent interactions, amyloid brils are mechanically very strong [120], making them suitable for applications as
nanowires and templates for tissue engineering [178]. A mature amyloid bril consists of 1 to 5 protolaments that are wrapped around
each other in a helical fashion.

They are typically micron-sized in

length and a couple of nanometers in diameter. Amyloid brils tend
to be highly polydisperse in length and diameter, and also polymorphic in shape [210, 215].

A well characterised amyloid is provided

by hen egg white lysozyme (HEWL), which is a protein of inter-
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est to the food industry as well as a model amyloid [207].

When

aqueous solutions of HEWL protein are exposed to elevated temperatures and an acidic environment, the protein is hydrolysed and the
peptide fragments form amyloid brils [111]. Recently, HEWL amyloid bril networks were used as a supporting scaold for culturing
cells [178]. Suspended in an aqueous environment, HEWL brils have
been shown to form liquid crystalline phases above a threshold concentration [36, 40]. Birefringent patterns that are indicative of chiral
nematic ordering were observed.
There have been relatively few rheological studies of amyloid bril
suspensions.

Shear rheology has been performed on another food-

related amyloid forming protein, namely the beta-lactoglobulin that
is found in whey [20]. Similar to HEWL brils, betalactoglobulin brils form liquid crystalline mesophases as well as gels. Shear rheology
data were obtained on the gel phase of these bril suspensions [20].
Here, we use HEWL protein to form amyloid brils with two different average aspect (length/diameter)ratios, namely

L/D

of 216

and 414. We show that by varying the aspect ratio, the transition of
the isotropic to (chiral) nematic phase shifts; lower aspect ratio brils
form liquid crystal phases at higher concentrations than higher aspect
ratio brils, consistent with the Onsager theory.

By applying shear

deformations, we probe the viscoelastic and shear ow properties of
the HEWL suspensions as a function of their microstructure (by varying the concentration), and as function of the rod aspect ratio.

We

show that the shear rheology of HEWL amyloid bril suspension is
dependent on the liquid crystalline ordering of the suspension, and a
slight dependence is observed on the aspect ratio of the brils.
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3.2

Experimental methods

3.2.1 Fibril preparation and characterization
Amyloid brils were formed by dissolving hen egg white lysozyme
powder (HEWL, CAS Number 12650-88-3 Sigma NL Fluka) in a solution of hydrochloric acid in MilliQ water of pH 2.0 and incubating

◦

at 65 C.

A batch of long, thin brils (which we will refer to as

HEWL1) was obtained at a protein concentration of 1 mM, whereas
a batch of shorter and thicker brils (referred to as HEWL2) was obtained at 2 mM. The solutions were incubated in a 50 ml centrifuge

◦

tube (VWR) at 65 C in an incubator for a period of 1 week while
stirring with a magnetic stirring bar. To concentrate the brils and
remove residual monomers and oligomers, we centrifuged the solutions in Amicon centrifugal tubes (Millipore cat.

no.

UFC910024)

with a molecular weight cut-o of 100 kDa. The nal protein concentration was determined following a published procedure [221], where
the brils are rst dissolved with formic acid (Sigma Aldrich), and
then the absorbance of the solution is measured at 280nm.

The

concentration was computed from the absorbance according to the
Lambert-Beer relation, using the extinction coecient of lysozyme,

=

38, 000 M

−1

cm

−1

[148].

Throughout this chapter, bril concen-

trations are expressed in units of wt%, which is essentially equivalent
to vol% assuming that the mass density of lysozyme amyloid brils
is the same as for beta-lactoglobulin brils, i.e.

/

1 g mL, which is

reasonable given the highly conserved beta-sheet packing of amyloid
brils [112].
To determine the bril morphology, dimensions, and persistence length,
we imaged dilute bril suspensions deposited on a freshly cleaved
mica sheet (Muscovite Mica, Electron Microscopy Sciences) and airdried with an atomic force microscope (AFM, Veeco Dimension 3100
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Scanning Probe Microscope, Bruker) operated in tapping mode us-

/

ing a tip with a silicon cantilever (TESPA, force constant 42 N m,
Bruker). The Nanoscope 6.14 software was used to atten all images
and to determine the diameter of each bril by averaging its height
measured at three dierent spots. The lengths of the brils were determined by semi-automatically tracing them with the ImageJ plugin
NeuronJ [146].

For each sample preparation, more than 200 brils

were measured to obtain a length and diameter distribution. The persistence length was derived from the relation between contour length
and end-to-end distance, as described in the Results section.

3.2.2 Phase behaviour
To determine the liquid crystalline phase behaviour of the bril suspensions, borosilicate glass cells (VitroCom) with inner dimensions
of 10mm by 40mm were prepared, containing bril suspensions at
concentrations ranging from 0.4 to 4 wt% with steps of 0.2 wt%. To
prevent solvent evaporation during the prolonged equilibration of the
samples, the cells were sealed with vacuum grease, epoxy glue, and
nally paralm.

The glass cells were placed between two polarisers

that are orthogonal to each other and they were illuminated with a
white LED light source. Isotropic samples remain dark, whereas liquid crystalline structures are evident from their birefringence.

The

samples were stored for at least one week before measurements because of the long relaxation times of the network, to allow the liquid
crystalline phases to form. We did not observe any changes in birefringence and nematic textures over a period of 1 year. Polarisation
microscopy using a Leica microscope equipped with air ob jectives
with magnications of 2.5x and 10x was employed to obtain higher
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magnication images.

3.2.3 Dynamic light scattering measurements
Polarised (DLS) and depolarized (DDLS) dynamic light scattering
measurements on amyloid bril suspensions were performed on an
ALV setup equipped with a He-Ne laser (wavelength

λ = 632.8 nm,
0

35 mW) and avalanche photodiode detectors, in the group of Peter
Schall and Daniel Bonn at the University of Amsterdam. The samples were contained in cylindrical glass cuvettes, which were thoroughly cleaned with a detergent (Hellmanex) and with isopropanol,

◦

and then left to dry in an incubator set to 80 C.
relation functions for the scattered light intensity
as

2

g(k, t) =< I(k, t)I(k, 0) > / < I(k, 0) >

an ALV-60X0 correlator.

Here,

The autocor-

I(k, t),

dened

, were computed by

q is the scattering wave vector,

k = (4πηs /λ ) sin(Θ/2), where ηs is the solvent refractive index,
◦
and Θ is the scattering angle, which we varied between 0 and 110 .
0

We used an acquisition time of 120 seconds per measurement and
performed 3 measurements for each concentration at each angle.
The polarization of the incident light was always linear and along
the vertical (V) direction.

The linear polarization direction of the

detected scattered light intensity was chosen either parallel with the
incident light (i.e.

vertical), in DLS experiments, or perpendicular

to it (horizontal), in DDLS experiments. For spherical and optically
isotropic particles, the horizontal component,

IVH ,

is zero. However,

for rod-like particles such as amyloid brils, the anisotropy in shape
gives rise to an anisotropic polarizability tensor with eigenvectors
in the directions perpendicular and parallel to the rod axis.

The

polarized and depolarized normalized intensity autocorrelation functions,

gVV (k, t) and gVH (k, t) respectively, are related to the normal43

ized electric eld autocorrelation functions,

fVV (q, t)

and

fVH (q, t),

through the Siegert relation [15]:

2

2

gVV (k, t) = 1 + C|fVV (k, t)| , andgVH (k, t) = 1 + C|fVH (k, t)|

,

(3.1)
where C is a set-up dependent coherence factor that can take values
between 0 and 1. The normalised electric eld correlation functions
are dened as follows:

fVV (k, t) =< EVV (k, t)EVV ∗ (k, 0) > / < IVV (k) >,

(3.2)

fVH (k, t) =< EVH (k, t)EVH ∗ (k, 0) > / < IVH (k) >,

(3.3)

where

EVV

and

EVH

are, respectively, the vertical and horizontal

components of the electric eld strength, and

IVH (k) >

< IVV (k) >

and

<

represent the mean scattered intensities. The decay of the

electric eld correlation functions can be related to the translational
and rotational diusion coecients of the particles [53]. In the innite
dilution limit, where the particles are non-interacting, the polarised

fVV (kt, t) in
gvv (k, t) = exp(−k Dt t), where Dt0
autocorrelation function
2

0

the limit where

kL <

5 is:

is the translational diusion

coecient at innite dilution [204]:

Dt0

kB T
=
3πη L
0

" 
ln

L
D



where we assumed a large
glected,

kB

D
+ 0.312 + 0.565 + 0.1
L
L/D

D
L

#
2

,

(3.4)

ratio so that end eects can be ne-

is the Boltzmann constant,

the solvent shear viscosity. For



kL > 5,

T

the temperature, and

η

0

the autocorrelation function

is more complicated, due to coupling between rotational and translational diusion. For the HEWL1 rods, which have an average length

µm according to AFM, kL varies between 8.5 and 26, while for
HEWL2 rods, which have an average length of 0.6µm, kL varies

of 1.2
the
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between 4.2 and 13. Thus, we should expect in principle translationrotational coupling, which renders the DLS autocorrelation function
a more complicated function of the diusion constants.
larized autocorrelation function

fVH (k, t)

The depo-

at innite dilution is given

by a product of the q-independent orientational correlation and the
q-dependent translational correlation [15]:
2

gVH (k, t) = exp(−k Dt0 t) exp(−6Dr0 t),

(3.5)

where the rotational diusion coecient for a high aspect ratio rigid
rod at innite dilution is given by [204]:

Dr0

kB T
=
πη L
3

0

" 

3

ln

L
D



D
− 0.662 + 0.917 − 0.050
L



D
L

#
2

.

(3.6)

As the concentration of rods becomes larger, rods start interacting
and the correlation functions are expected to take more complex functional dependencies.

In this case, often a cumulant analysis is used

to extract the initial decay rate at short times.

3.2.4 Shear rheology
Shear rheology experiments were performed on an MRC 501 stresscontrolled rheometer (Anton Paar, Graz) with a steel cone and plate

◦

geometry. The cone has a diameter of 30 mm, angle of 1 , and trun-

µm,

cation of 55

µl.

requiring a sample volume of 120

After sample

◦

loading, the samples were equilibrated at room temperature (20 C)
for 30 minutes before starting rheological tests.

Shear ow curves

were obtained by shear rate ramp tests, where the shear rate was

−3

changed logarithmically and stepwise, rst from 10
then back, to test for thixotropy.
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3

to 10

/

1 s and

We used a rest period of 15 to

60 minutes between the upward and the downward step.

Measure-

ments were performed on dilute samples (with a concentration of
0.002 wt%), and on a series of dense samples with concentrations
from 0.4 wt% to 10 wt% with steps of 2 wt%.

Over the same con-

centration range, the linear viscoelastic shear moduli were measured
by small amplitude oscillatory shear measurements, using a small
enough strain amplitude (1 %) to ensure a linear response. The os2

cillation frequency was varied between 10

−2

Hz and 10

Hz. At least

3 measurements were performed for each condition, and shear ow
curves shown are representative curves.

3.3

Results

3.3.1 Characterisation of bril morphology
To characterise the dimensions and morphology of the lysozyme (HEWL)
brils, we performed AFM imaging in tapping mode of dilute samples
deposited and dried on mica substrates. Figure 3.1A shows a typical
AFM image of a diluted sample of bril batch HEWL1.

Dierent

morphologies of brils are visible. Some brils (approximately 4% of
the population) have a helical structure, consisting of several protolaments wrapped around each other. The helical pitch as determined
from height proles of such a bril, is 100

± 30 nm,

measured for all

twisting brils, and averaged over distances measured between two
peaks (Figure 3.1B). Other brils exhibit an undulating periodicity,
with a similar periodicity (240nm) and transverse amplitude (30nm)
as reported in a previous study [126](Figure 3.1B bottom).
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Figure 3.1:

A) Typical AFM image of HEWL1 brils deposited on

mica. This bril batch was prepared by incubating HEWL at a con-

◦

centration of 1 mM at pH 2 and 65 C for 1 week.

B) Top:

Height

prole of a bril with a helical twisted structure determined along
its long axis (along the black line overlaid on the image in the inset),
showing a periodicity of 100 nm. Bottom: Example of a bril exhibiting periodic transverse undulations with a periodicity of 240 nm and
amplitude of 30 nm. C) Averaged end-to-end distance

L

as a function of the contour length

(< L(E−E) >)

of the brils.

Most of the

data points fall onto a straight line (dashed line), indicating rod-like
behaviour. A small population of brils deviates from the linear relationship and has a more compact conformation, indicating that they
are either more exible or possess intrinsic curvature.

D) Length

distribution of the HEWL1 brils and (inset) diameter distribution.
The average length is 1.2
the average aspect ratio,

µm

and the average diameter is 2.9 nm, so

L/D,

is 414.

To determine the persistence length
end-to-end distance,

L(E−E)

lp

of the brils, we traced the

and the contour length,

L, for each bril.

Since amyloid brils are semiexible biopolymers, with a persistence
length that is comparable to their contour length, the persistence

L by the worm-like chain model [151]:



2lp
L
> D = 4lp L 1 −
1 − exp −
,
(3.7)
L
2lp

length is related to

< I(E−E)

L(E−E)

and

2

assuming that the brils are equilibrated before being adsorbed onto
the surface.
(

Figure 3.1C shows the averaged end-to-end distance,

< L(E−E) >),

as a function of contour length,

L,

for 246 brils. For

most of the brils, these data fall on a linear curve, indicating rod-like

lp

behaviour (

larger than

L).

A fraction of
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∼15%

of the brils has a

smaller end-to-end length than predicted by the rigid rod curve, indicating that they are either more exible or exhibit intrinsic curvature.
Figure 3.1D shows the length distribution and the diameter distribution (inset) of the 246 measured brils, showing that the lengths of
the brils range from less than 1

<L>

of 1.2

µm to 4µm, with an average length

µm, while the average diameter < D > is 2.9 nm.

the average aspect ratio

< L > / < D >= 414.
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Thus,

Figure 3.2:

A) Typical AFM image of HEWL2 brils deposited on

mica. This bril batch was prepared by incubating HEWL at a con-

◦

centration of 2 mM at pH 2 and 65 C for 1 week. B) Height prole
(bottom) of a bril with a periodic structure with a periodicity of
60 nm determined along the black line overlaid on the AFM image
(top). C) Averaged end-to-end distance
of the contour length

L

of the brils.

(< L(E−E) >)

as a function

Most of the data fall onto a

straight line (dashed line) indicating rigid rod behaviour, with only
a small population deviating from this linear relation and exhibiting
a more compact conformation. D) Length distribution of the brils
and the diameter distribution (inset). The average length is 0.6
the average diameter is 3.7 nm, so the average aspect ratio,

µm,

L/D,

is

162.

To investigate the eect of bril aspect ratio

(L/D)

on the liquid

crystalline behaviour and rheology of the bril suspensions, we also
prepared a second bril batch using a two-fold higher protein concentration during incubation which produced shorter brils.

As shown

in Figure 3.2, the brils from this batch (referred to as HEWL2)
are indeed on average shorter and thicker than the HEWL1 brils
(

< L >=0.6µm, < D >=

3.7

nm,

see Figure 3.2D). The average as-

pect ratio for the HEWL2 brils is thus

< L > / < D >=

162.

As

shown in the example AFM image in Figure 3.3A, there are again
helical brils present.

Height proles of such brils show that the

± 10 nm (Figure 3.2B). By plotting the averaged
distance, (< L(E−E) >), against the contour length, L,

average pitch is 60
end-to-end

we again nd a linear dependence indicative of rod-like behaviour.
Compared to the HEWL1 batch, fewer outliers with a more compact
conformation are present.
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3.3.2 Liquid crystalline phase behaviour of HEWL
bril suspensions
To determine the phase behaviour of the brils, glass cells lled with
suspensions of dierent concentrations were observed between crossed
polarisers. Figure 3.3 shows the birefringence of the high aspect ratio
HEWL1 bril suspensions as a function of concentration (top panel).
Below 1.2 wt%, the samples do not show any birefringence, indicating that they are isotropic.

The samples are birefringent above

a threshold concentration of 1.2 wt%.

A closer inspection using a

polarising microscope reveals a birefringence signal that is characteristic of a nematic liquid crystal, with hairy-like streaks (bottom
panel). Slightly below the threshold, at a concentration of 0.8 wt%,
very weak ber-like structures are visible with the polarising microscope (bottom panel, left frame).

According to the Onsager theory

for the isotropic-nematic transition of high aspect ratio rigid rods
that interact solely by excluded volume interactions, the phase transition volume fraction can be estimated from the aspect ratio L/D
as:

φIN = 3.34D/L

[162]. For brils with an average aspect ratio of

414, this leads to a predicted
with our observations.

φIN

of 0.81%, in rather good agreement

However, we note that this agreement may

be somewhat fortuitous, given that our brils are rather polydisperse
in length and diameter (which is expected to broaden the I-N phase
transition), charged, and semiexible.
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Figure 3.3:

Photographs of glass cells with a width of 10 mm and

height of 40 mm containing HEWL1 suspensions with dierent concentrations (specied in terms of wt%) observed between crossed polarisers (top). The arrows in the left-most panel show the orientations
of the analyser and the polariser. Bottom: polarising microscopy images of the same glass cells for HEWL1 bril suspensions with concentrations of 0.8 wt%, 2 wt% and 4 wt% taken with a 10x ob jective.
The scale bars are 1 mm.
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Figure 3.4: Photographs of glass cells containing HEWL2 bril suspensions with dierent concentrations indicated in wt% observed between crossed polarisers.
analyser and the polarizer.

The arrows show the orientation of the
B) Polarising microscopy images of the

same glass cells for HEWL2 bril suspensions with concentrations of
1.6, 2, 4 and 8 wt% taken with a 10x objective.
100

The scale bars are

µm.

The birefringence of the lower aspect ratio HEWL2 bril suspensions
as a function of concentration is shown in Figure 3.4.

The thresh-

old concentration above which birefringence is visible is 1.6 wt %, as
can be seen in Figure3.4A. This threshold concentration is somewhat
higher than the one observed for the HEWL1 brils, consistent with
the smaller aspect ratio of the HEWL2 brils. The Onsager criterion
for brils with an aspect ratio of 162 predicts a transition at a volume
fraction of 2.0 vol%. For HEWL2 suspensions with concentrations of
6 and 8 wt %, the birefringence signal is brighter compared to the
signal observed for suspensions at concentrations of 2 and 4wt%. In
addition to birefringence signals indicating nematic ordering, colours
appear, similar to observations in a previous study on liquid crystalline phases formed by HEWL brils [40].
Figure 3.4B shows higher magnication images of HEWL2 samples
with concentrations of 1.6, 2, 4, and 8 wt% taken with a polarizing microscope.

Birefringence signals indicating nematic order are

present at concentrations of 2 wt% and above, consistent with the
macroscopic observations.

At concentrations of 4 wt% and above,

we observe ngerprint textures that are indicative of chiral ordering.
At 2 wt%, ngerprint textures are also visible, though with a larger
periodicity.

At 1.6 wt%, the birefringence signal is weak and tac-

toidal structures are present, which were also observed previously for
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HEWL suspensions [40].

Figure 3.5:

Time dependence of the transient shear viscosity of

HEWL1 bril suspensions with concentrations of 8 wt% (top panel)
and 2 wt% (bottom panel) in response to a ow reversal. The sample
is initially sheared at a shear rate

+γ

(at dierent rates as indicated

in the legends), and then the shear rate is reversed to

−γ

and the

time dependence of the viscosity is monitored.

To probe if the nematic domains, which are formed above a threshold
concentration, exhibit tumbling behaviour, a characteristic behaviour
of nematic liquid crystals [58, 102], we shear the suspensions with a
constant shear rate,

γ,

and then reverse the shear rate and measure
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the viscosity response of the sample after reversal. These experiments
are inspired by earlier experiments on chiral nematic fd suspensions,
where it was shown that ow reversals provide information on transitions between tumbling, wagging, and ow-aligning regimes [132].
Figure 3.5 shows the viscosity response as a function of dimensionless
time,

γ · t, after a ow reversal for HEWL1 suspensions at concentra-

tions of 8 wt% (top) and 2 wt% (bottom) for several dierent shear
rates.

For the 8 wt% suspension, the viscosity after the reversal is

/

rather at when the shear rate is 32 1 s.

For smaller shear rates of

/

8 and 16 1 s, the viscosity initially experiences an overshoot, which
is followed by a drop, which is in turn followed by a regime where
oscillations with a small amplitude are present.

At a concentration

/

of 2 wt%, we nd at lower shear rates, between 0.125 and 2 1 s, an
increase in the viscosity after ow reversal, which is damped almost
immediately.

56

Figure 3.6:

Time dependence of the transient shear viscosity of

HEWL2 bril suspensions with concentrations of 8 wt% (top panel)
and 2 wt% (bottom panel) in response to a ow reversal. The sample
is initially sheared at a shear rate
is then reversed to

−γ

+γ(see legends), and the shear rate

and the time dependence of the viscosity is

monitored.

For HEWL2 samples at a concentration of 8 wt%, we likewise observe
a viscosity peak upon ow reversal, which immediately attens out at

/

all the probed shear rates of 0.01 to 0.5 1 s (Figure 3.6). At the lower
concentration of 2 wt%, we do not observe this initial peak in the viscosity at these same shear rates. Instead, the viscosity rises initially
after the ow reversal and then stabilises. Thus, unlike the previous
measurements on liquid crystalline suspensions of fd virus rods [132]
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(see Chapter 6, Figure 6.2A), we do not observe clear damped oscillations that can be t in order to extract the dynamics of tumbling,
wagging, and ow-aligning. There are several dierences between the
amyloid brils and fd virus rods that may account for the dierence
in the response upon ow reversal.

The amyloid brils have larger

L/D =

aspect ratios (414 and 162) compared to fd (

133 [11]), and,

perhaps more importantly, the amyloid brils are markedly polydisperse in length and diameter whereas the fd virus rods are virtually
monodisperse.
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Figure 3.7: A) Polarised (VV) electric eld autocorrelation functions

◦

measured by DLS at a scattering angle of 90 C for HEWL1 bril suspensions with concentrations of 2, 4, and 7 wt%. Data are averages
with standard deviations for 3 measurements. Inset shows the initial
decay of the autocorrelation function measured at a bril concentration of 4 wt% and at a scattering angle of 90 degrees, together with
a t to the function:

fVV = A exp{−Γ t − Γ t },
2

2

shown by the red

line. The average is taken over 3 measurements with resulting error
bars.

B) Decay rate,

Γ,

as a function of the wave factor squared,

quantifying the initial decay of the polarised and depolarised electric
eld autocorrelation functions for 4 wt% HEWL1 sample. C) Decay
rate as a function of the wave factor squared, quantifying the initial
decay of the depolarised scattering functions for HEWL1 suspensions
with concentrations of 2, 4, and 7 wt%. D) Comparison between the
initial decay rates of the depolarised scattering functions of HEWL
1 and HEWL2 samples, both with a concentration of 2 wt%.

Since the amyloid brils have a large aspect ratio, we anticipate that
the chiral nematic suspensions at the highest densities may exhibit
slow and even potentially glassy dynamics in light of earlier observations for dense suspensions of charged colloidal rods [113]. To test
this possibility, we measured the translational and rotational diusivities of the brils by polarized and depolarised dynamic light scattering (abbreviated as DLS and dDLS, respectively).

Examples of

polarised electric eld autocorrelation functions are shown in Figure3.7A for HEWL1 suspensions at concentrations of 2,
wt%, all well above the isotropic-nematic transition.

4 and 7

The correla-

tion functions fully decay to zero, indicating that the brils are not
immobilized. To estimate the diusion constants, we tted the initial
decay of the correlation functions (as illustrated in the inset for a 4
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wt% sample) to a single exponential tting function:

2

G = A exp (−Γ t − Γ t ),

(3.8)

2

where A is a constant,

Γ

the initial decay rate, and

Γ

2

the second

cumulant to account for polydispersity [53]. As shown in Figure 3.7,
the initial decay rate (where the tting range is chosen such that it
provides the best t by eye with equation 3.8 of the polarised (DLS)
autocorrelation functions) decreases with increasing bril concentration, indicating that interactions slow down diusion. The decay rate
at each concentration is approximately linear in

k

2

. The data extrap-

olate to the origin, which implies that the DLS autocorrelation functions are dominated by translational diusion, and that rotational
diusion negligibly contributes. This conclusion is supported by the
comparison between the initial decay rates of the correlation functions determined by DLS and dDLS for samples with concentrations
of 4 wt% (Figure 3.7C) and 2 wt% (Figure 3.7D): we nd a negligible dierence between the DLS and dDLS decay rates, which again
suggests that the decay is in both cases governed by translational diffusion and that the rotational diusion of the brils is too slow to be
measured on this time scale with dynamic light scattering. Assuming
that the initial decay rate is governed by translational diusion only,
we nd the eective translational diusion coecient for the HEWL1
suspensions by nding the slope of linear ts to the decay rates as a
function of wave vector squared,

k

2

, for each measured concentration,

as shown in Figure 3.8.
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Figure 3.8: Eective translational diusion coecient extracted from
linear ts to the initial DLS decay rates as a function of

k

2

(see

gure 3.7C), versus bril concentration for HEWL1 suspensions. The
calculated translational diusion coecient at innite dilution is 2.3
10

−12

m

2

/s,

based on the average bril length of 1.2

·

µm.

Comparing these values to the translational diusion coecient calculated for non-interacting rigid rods [204] with dimensions corre-

L/D = 414, Dt = 2.3 ·
−
(L/D = 162, Dr = 3.9 · 10
m /s),

sponding to those of the HEWL1 brils (
10

−12

m

2

/s)

and HEWL2 brils

12

2

we nd that the translational diusion coecient is 3 order of magnitudes lower in the liquid crystalline phase compared to non-interacting
rods.

For comparison, earlier diusion measurements for fd in the

nematic phase showed that the translational diusion parallel to the
director slows down approximately 4 times, and perpendicular to the
director around 28 times, compared to the translational diusion at
innite dilution [132].

In our case, we nd much stronger slowing-

down, which may perhaps be attributed to the longer L/D compared
to fd, and/or to partially unscreened electrostatic repulsions. Based
on the (d)DLS data, we conclude that the diusivity of the amyloid brils in the liquid crystalline suspensions is substantially slowed
down by particle interactions, but the suspensions still behave like a
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uid at long times.

3.3.3 Shear rheology of HEWL bril suspensions
To characterise the viscoelastic properties of the HEWL1 and HEWL2
bril suspensions, we perform small amplitude oscillatory shear rheology experiments. Figure 3.9 shows the frequency-dependent linear
viscoelastic moduli of the HEWL1 bril samples, specically the viscous modulus
gent,

G00 /G0

G00 (top), elastic modulus G0 (middle), and the loss tan-

(bottom).

−1

For oscillation frequencies between 10

Hz

and 10 Hz, we nd that the suspensions for bril concentrations of 0.4
wt% and above behave like weak solids, with

G0

larger than

G00

by

a about a factor 3. The elastic modulus ranges from 0.2 Pa (for 0.4
wt%) to 5 Pa (for 7 wt%) and is nearly frequency-independent. This
solid-like behaviour is consistent with the DLS results, which indicate
that stress relaxation by rotational diusion of the rods occurs on a
time scale that is longer than the maximum time scale probed by oscillatory shear rheology. However, the most dilute suspension, which
has a bril concentration of 0.002 wt%, behaves like a viscous liquid,
with a loss modulus
0.01 Pa

·s

to 1 Pa

·s

G00

that increases linearly with frequency, from

over a frequency range from 4 Hz to 15 Hz. For

the HEWL2 bril suspensions, we observe a similar rheological response: a solid-like response for bril suspension with concentrations
above 0.4 wt%, as shown in Figure 3.10. Compared to the HEWL1
bril suspensions, the elastic modulus is roughly a factor 2 smaller
at the same bril concentration. The most dilute suspension behaves
as a uid, with

G00

increasing linearly with frequency from 0.04 Pa at

3 Hz to 8 Pa at a frequency of 50 Hz.
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Figure 3.10: Frequency dependence of the linear viscoelastic moduli
of HEWL2 suspensions determined by small amplitude oscillatory
shear.

Top:

loss tangent,

viscous modulus.

00

Middle:

0

G /G .
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elastic modulus.

Bottom:

To probe the shear ow properties of the bril suspensions, we perform shear rate ramp tests. As shown in Figure 3.11, the shear viscosity of HEWL1 suspensions decreases with increasing shear rate,
indicating a shear-thinning response. For the most dilute suspension,
with a bril concentration of 0.002wt%, the viscosity reaches a highshear plateau value of 0.001 Pa

· s,

equal to the solvent viscosity. In

contrast, the viscosity of the more concentrated suspensions does not

/

reach a plateau level at the highest applied shear rate of 1000 1 s.
The viscosity at the lowest applied shear rate of 10
from 8 Pa

·s

−3

at a concentration of 0.4 wt% to 200 Pa

·s

/

1 s increases
at 7 wt%.

By performing shear ramp tests from high shear rates to low shear
rates and reverse, we observe that the shear stress is not the same

−1

when measuring in both directions at shear rates below 10

/

1 s, as

can be seen in Figure 3.12. Regardless of the rest period between the
upwards and the downwards measurements, which is increased between 15 minutes up to 60 minutes, this behaviour is still observed,
indicative of hysteresis.
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Figure 3.11:

Steady-shear viscosity as a function of shear rate for

HEWL1 suspensions at dierent concentrations as indicated in the
legend.
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Figure 3.12: Shear rate ramp tests with shear rates going from high
shear rates to lower shear rates (downwards) and vice versa (upwards)
for HEWL1 sample at a concentration of 7wt% (left) and HEWL2
sample at a concentration of 4wt% (right).

Shear-thinning behaviour is commonly observed for suspensions of
rod-like particles and is usually explained by shear-induced bril
alignment [127].

To test whether shear-induced alignment occurs

for the HEWL1 suspensions, we image the uids between crossed
polarisers while shearing in a quartz cone and plate geometry (CP251 geometry on an Anton Paar MCR302 rheometer; measurements
performed by Loredana Völker-Pop, Anton Paar).
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Figure 3.13:

Polarising microscopy images of a HEWL1 suspension

at a concentration of 7 wt% obtained for a sample in a CP25-1 coneplate geometry viewed between crossed polarisers while applying a
steady shear. The brightness indicates birefringence. The shear rate

/

is rst gradually decreased from 1000 1 s to 10

−3

/

1 s (left column,

/

from top to bottom), and then ramped back up to 1000 1 s (right

/

column). Note that the nal birefringence at 1000 1 s is higher than

/

the initial birefringence when shearing was started at 1000 1 s. Data
were obtained using an Anton Paar MCR302 rheometer by Loredana
Völker-Pop, Anton Paar, Graz.
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Figure 3.13 shows a series of images obtained for a HEWL1 suspension at a concentration of 7 wt% at dierent shear rates.

The top

left image shows the birefringence signal of the sample at a shear

/

rate of 1000 1 s, and reveals a clear cross, indicative of bril alignment. When the shear rate is reduced, the cross remains visible, but
the birefringence signal becomes weaker. When the shear rate is in-

/

/

creased again from 0.001 1 s to 1000 1 s, the sample has a stronger

/

birefringence signal at 1000 1 s compared to the initial signal that was

/

observed when the sample was sheared at a strain rate of 1000 1 s.
The in situ polarisation microscopy imaging thus conrms that shear
induces bril alignment, which is the likely cause of the shear-thinning
behaviour.

Figure 3.14:

Steady-shear viscosity as a function of shear rate for

HEWL2 suspensions at dierent concentrations as indicated in the
legend.

For HEWL2 suspensions, we likewise observe shear-thinning behaviour,
as shown in Figure 3.14. As in the case of HEWL1, the most dilute
HEWL2 sample with 0.002 wt% brils reaches a plateau viscosity at
high strain rates of 0.001 Pa

· s,

equal to the solvent viscosity.
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The

more concentrated samples do not reach a plateau at the highest ap-

/

plied shear rate of 1000 1 s.
the viscosity is 10 Pa

·s

At a bril concentration of 0.4 wt%,

−3

at the lowest shear rate probed of 10

/

1 s,

similar to the low-shear viscosity of the HEWL1 suspensions at the
same concentration.

/

0.002 1 s.

At high shear rates, the viscosity decreases to

At the highest concentration of 7 wt%, the viscosity de-

creases from 100 Pa

·s

/

/

at a shear rate of 0.001 1 s strain to 0.01 1 s

/

at 1000 1 s. For suspensions with concentrations of 4 and 7 wt%, the

/

viscosity curve shows a small inection at a shear rate of 0.7 1 s.
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Figure 3.15: Shear stress re-plotted as a function of strain rate (same
data as Figure 11 and 13) for (A) HEWL1 suspensions, and (B)
HEWL2 suspensions, with ts (grey dashed lines) to a general powerlaw uid model:

σ = Kγn

. The resulting t parameters are (C) the

shear-thinning index n and (D) the consistency index K. Note that
the units of K depend on n.

Black dashed lines in panel (D) show

power-law ts with exponents as indicated in the graph.

By replotting the same data in terms of shear stress versus the shear
rate, we observe that the HEWL1 and HEWL2 suspensions have no
apparent yield stress:

the shear stress extrapolates to zero at zero

shear rate. The data for both HEWL1 (Figure 3.15A) and HEWL2
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(Figure 3.15B) can be well tted by the phenomenological relation
for a power-law uid:

σ = σy + Kγn .

The corresponding tting

parameters, the shear-thinning index n (Figure 3.15C) and the consistency index K (Figure 3.15D), are comparable for HEWL1 and
HEWL2 brils. For both types of bril suspensions, K increases with
concentration as a power law, with an exponent of 1.3 for HEWL1
and 1.4 for HEWL2. The shear-thinning index n decreases strongly
with concentration, from 1 to 0.45 for HEWL1 and from 1 to 0.55 for
HEWL2.

3.4

Discussion and conclusions

By preparing two batches of HEWL bril suspensions with dierent
aspect ratio of the brils, we could measure the shear rheology of
amyloid bril suspensions as a function of microstructure, by varying
the concentration as well as the bril morphology.

We found that

the longer aspect ratio brils contained a population of brils with
a helical twist, as well as a population of brils with a wavy like
structure, which was also earlier reported [126].

The lower aspect

ratio brils do not have this wavy structure. Both bril batches form
liquid crystalline structures above a threshold concentration.

We

observe isotropic-to-nematic threshold concentrations that are consistent with the Onsager prediction for long slender rods, with an
inverse dependence on bril aspect ratio. Using dynamic light scattering, we nd that the dynamics of the brils are greatly reduced
in the liquid crystalline phase, though the suspensions do behave as
a uid.

This observation is consistent with the shear rheology re-

sults, where we nd weak solid-like behaviour in oscillatory shear
tests and power-law shear-thinning in steady shear tests This rheological behaviour is similar to that observed for suspensions of betalactoglobulin amyloid brils, where the elastic modulus was reported
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to be 4-fold higher than the viscous modulus for a suspension of
2 wt% and an ionic strength of 100 mM, which was identied as a
gel [20].

Unfortunately, we could not obtain parameters describing

the tumbling, wagging and ow aligning regimes of the director from
shear ow reversal experiments, as was previously done for chiral nematic fd suspensions [132]. However, shear ow curves showed that
both HEWL1 and HEWL2 bril suspensions exhibit shear thinning,
similar to nematic fd-suspensions, which is characteristic for owinduced alignment. By combining shear rheology with birefringence
measurements, we could conrm the alignment of (HEWL1) brils
at high shear rates.

The shear-thinning behaviour of both HEWL1

and HEWL2 suspensions at all concentrations was well described by
a generalized power-law uid model.

The consistency parameter K

following from the ow curves increased with bril concentration as
a power law with a comparable exponent (1.3-1.4) for both bril
types. Qualitatively, we only observed one minor dierence between
the ow curves of HEWL1 and HEWL2 brils: for the lower aspect
ratio HEWL2 brils, the shear viscosity as a function of strain rate

/

showed a kink in the slope at a shear rate of 0.5 1 s for bril concentrations of 4 wt% and above, which was not observed for the higher
aspect ratio HEWL1 brils.

We conclude that the shear rheology

of HEWL amyloid bril suspension is dependent on the liquid crystalline ordering of the suspension, and a slight dependence is observed
on the aspect ratio of the brils.
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Figure 3.9:

Frequency dependence of the linear viscoelastic moduli

of HEWL1 suspensions determined by small amplitude oscillatory
shear.

Top:

loss tangent,

viscous modulus.

00

Middle:

0

G /G .
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elastic modulus.

Bottom:

Chapter 4

Extensional rheology of
amyloid fibril suspensions
In this chapter we investigate the rheological behaviour of amyloid
bril suspensions under a uniaxial extensional deformation. Due to
their rod-like shapes, the brils form liquid crystalline mesophases,
including chiral nematic ordering. Here we study how the liquid crystalline order aects the extensional rheology of the suspensions. As a
model system, we use aqueous suspensions of hen egg white lysozyme
amyloid brils with two dierent length/diameter ratios (173 and
419) and covering a concentration range from an isotropic liquid to a
chiral nematic liquid (10 wt%). We probe the extensional rheology by
forming a cylindrical liquid bridge between two parallel disks and measuring the surface tension-driven thinning and breakup of the bridge
with a high-speed camera. We show that the thinning dynamics of the
suspensions display power law behaviour with dierent exponents that
depend on the phase behaviour of the suspension under static conditions. Isotropic uids exhibit a single power law thinning regime with
an exponent that increases from close to 2/3 to 1 with increasing bril
concentration. Weakly chiral nematic and chiral nematic suspensions
exhibit thinning dynamics that are tted with two distinct power-law
regimes. The exponents are 1.5 and 0.5 for the weakly chiral nematic
suspensions and 2 and 0.5 for the chiral nematic suspensions. Changing the aspect ratio of the brils from 414 to 162 does not change the
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power law exponents, but it does change the shape of the liquid bridge
proles from a thin, cylindrical thread to a more cusp-shaped thread.
In conclusion, we observe transitions between distinct breakup regimes
that coincide with the phase transitions of the bril suspensions under
static conditions.

4.1

Introduction

The extensional rheology of liquid crystalline threads is relevant in
biological contexts such as the spinning of silk bers from liquid crystalline precursor solutions by spiders [6, 177] as well as in applications
such as electrospinning of microbers [74], or the formation of liquid crystalline microdroplets inside microuidic devices [95].

The

relation between the microscopic structure and the macroscopic ow
properties is complex due to the coupling of the director of the liquid
crystal with the direction of the ow eld.

Capillary models were

developed to describe the stability, structure and shape of nematic
threads [175].

Though only considering static congurations of ne-

matic bers, these studies predict peristaltic and chiral shapes of
the nematic uid thread arising from the interplay between elastic
forces and the anchoring of the nematic at the surface of the thread.
Models of the breakup of nematic threads also predict interesting
morphological transitions arising from the competition of bulk and
surface elasticity [86].

However, molecular simulations of nematic

threads suggest that the breakup dynamics of nematic threads are
qualitatively similar to the dynamics of Newtonian uids [227]. Only
quantitative dierences were found, where the nematic ordering suppresses the formation of capillary waves, and thus slows down the
breakup process.
There have been relatively few experimental studies of the extensional
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ow properties of liquid crystals. Capillary breakup experiments have
so far focused on thermotropic (molecular) liquid crystals that form
a nematic phase [136, 167].

Interestingly, the thinning dynamics of

the uid could not be described by a single power law, but two power
regimes were distinguished [167]. In contrast, a smectic thermotropic
liquid crystal, did exhibit thinning dynamics that was well described
by a single power law, with an exponent related to the shear thinning
index [189].
Here we investigate the thinning dynamics of colloidal suspensions
of long, thin rod-like particles, using as a model system hen egg
white lysozyme (HEWL) amyloid brils.

Aqueous suspensions of

HEWL brils are known to exhibit liquid crystalline order at high
enough concentrations [36, 40].

Using polarisation microscopy, we

showed in Chapter 3 that the brils form distinct phases at dierent
concentrations:

the suspensions are isotropic below 0.4wt%, bire-

fringence signals indicating nematic order appear between 0.8 and
3.6wt%, and ngerprint patterns indicative of chiral nematic order
above 3.6wt%.

Here we study how the phase behaviour of the sus-

pensions aects the extensional rheology.

We compare brils with

two dierent length/diameter ratios (162 and 414) and covering a
concentration range from an isotropic liquid to a chiral nematic liquid
(10 wt%). We probe the extensional rheology by measuring the surface tension-driven thinning and breakup of cylindrical liquid bridges
with a high-speed camera. We show that the colloidal dimensions of
the brils combined with the aforementioned ordering of the brils
into liquid crystalline phases leads to interesting capillary thinning
dynamics.
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4.2

Experimental methods

In the capillary breakup experiments, we use the same amyloid bril suspensions as described in Chapter 3.

Briey, we prepare two

batches of hen egg white lysozyme (HEWL) brils with dierent bril
dimensions. The rst batch has an average length
diameter

D

of 2.9 nm, and aspect ratio

L of 1.2µm, average

L/D = 414

(HEWL1), while

the second batch (HEWL2) consists of brils with an average length
of 0.6

µm, average diameter of 3.7 nm and L/D = 162.

Both HEWL1

and HEWL2 brils form liquid crystals above a threshold concentration, which is 0.8 wt% for HEWL1 and 1.6 wt% for HEWL2.
We sub ject the bril suspensions to an extensional deformation by
forming a liquid bridge of the suspension between two parallel plates
in a home-built capillary breakup extensional rheometer, as described
in Chapter 2. To recap, a drop of 15

µl

of the sample is pipetted be-

tween two circular glass plates with a diameter of 5mm, such that
the uid touches both the bottom and the top plate. The resulting
bridge prole is backlit with an LED light source (Osram).

Using

the slow retraction method [24], the bridge is slowly stretched to a
gap of around 2mm.

Subsequently, the time evolution of the liquid

bridge prole as it thins and nally breaks due to surface tension is
captured by a Phantom V6 fast camera with a pixel resolution of
2.9

µm

and a time resolution up to 36,000 frames per second.

For

each protein concentration, at least 10 breakup events are measured.
Some events are recorded by imaging the whole bridge with a lower
time resolution of 5,000 frames per second, while others are recorded
by imaging a smaller region (32 by 600 pixels) so breakup can be
recorded at a higher time resolution (36,000 frames per second) to
resolve the dynamics close to breakup.

Bridge proles are analysed

with a custom-written image processing algorithm in Matlab, which
uses edge detection to nd the prole in each frame and compute the
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minimum radius.

By tting the edges with a higher order polyno-

mial, subpixel resolution is obtained.

To visualize the birefringence

of the uids during breakup, as an indication of bril alignment, we
included crossed polarisers in the setup and took photographs using a
single-lens reex camera (Nikon). All measurements were performed
at room temperature.

The apparent extensional viscosity is com-

puted from the time evolution of the minimum radius as described
in Chapter 2.

4.3

Results

4.3.1 Eect of bril concentration on capillary thinning and breakup dynamics
To determine the eect of liquid crystalline order on the extensional
rheology of aqueous suspensions of amyloid brils, we perform capillary breakup experiments on HEWL1 bril suspensions with concentrations ranging from the dilute regime, below 0.8wt%, to concentrations where birefringence indicative of nematic ordering is observed in
bulk conditions, 0.8- 3.6wt%, and nally up to concentrations where
the suspensions show ngerprint textures in their birefringence, indicative of chiral nematic ordering,

> 4wt%.

We measure the exten-

sional rheology by recording the surface tension-driven thinning and
breakup of liquid bridges between two parallel circular plates with a
high-speed camera. As shown in Fig. 1A, dilute samples with a bril
concentration of 0.002wt% thin and break up in a similar manner as
water: the bridge prole starts out with two parabolic shapes (time
points labeled t1 up to t4) and develops into two thinning regions at
the top and bottom.

Finally, the thinning regions break to form a

satellite drop. Figure 4.1B shows the corresponding minimum radius,

Rmin ,

of the liquid bridge, plotted against the time left to breakup,
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t∗ − t, on a log-log-scale.

From right to left, the curve reveals a short

roll-o regime at the start of the breakup event followed by a power
law scaling regime, with a power law exponent close to 2/3.

This

exponent is characteristic of the inertia-dominated capillary thinning
of a low-viscosity Newtonian uid [68, 133, 194].

Indeed, the shear

viscosity of the dilute bril suspension is comparable to that of water
(see Chapter 3).
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Figure 4.1: A) Still images showing side views of the liquid bridge for
HEWL1 bril suspensions with dierent concentrations, as indicated
in the right-most panels, showing gradual thinning as time evolves.
Note that time increases from right to left. The panels correspond to
times left to breakup labeled t1, t2, t3, and t4 in the plots in panel
B). The rst two columns show images taken just before and just
after breakup. The diameter of the circular top and bottom plates is
5 mm. B) Time evolution of the minimum radius of the liquid bridge,

Rmin ,

plotted against the time left to breakup,

t∗ − t,

for HEWL1

suspensions with concentrations of 0.002, 2, 4, and 8 wt %.
that time again increases from right to left.

Note

The dilute suspension

shows a single power-law thinning regime, whereas the nematic (2%)
and chiral nematic (4 and 8%) samples show two distinct powerlaw thinning regimes. In all cases, the curves show an initial roll-o
regime.

When the bril concentration is raised to 2wt%, the bridge proles
are rather dierent in shape (Fig. 1A): the bridge (panel t4) develops into a uid thread (panel t3) that gradually becomes longer and
thinner (panel t2).

From time point t2 onwards, where the thread

µm, the thread does not lengthen anymore,

has a radius of around 20

but just thins while exhibiting undulations (panel t4), until nally
breaking at a single point.

The long and thin thread-like shape is

characteristic of highly viscous uids, consistent with the high shear
viscosity of the nematic bril suspensions, which is 105 Pa

·s

at low

shear rates. Instead of one power law regime, the minimum radius decreases with time with two distinct power law regimes (Figure 4.1B).
The roll-o regime present at the start of the breakup event rst
transitions into a power law regime with an exponent of 1.5 At time
point t2, when the minimum radius of the liquid bridge approaches
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20

µm,

this power law regime crosses over into a second power law

regime with a smaller exponent of 0.5, which ends when the bridge
breaks up. The two exponents are independent of concentration for
all bril suspensions with concentrations between 0.4 and 3.6wt%
(Figure 4.2).

Figure 4.2: Power law exponents as a function of bril concentration
characterizing the capillary thinning dynamics of HEWL suspensions,
determined by tting two distinct power laws to the time-dependent
minimum radius,

Rmin

versus

t∗ − t

plots.

HEWL1 bril samples

are denoted by blue symbols and HEWL2 bril samples are denoted
by red symbols. Nematic samples exhibit two power law regimes, as
indicated by the circles (corresponding to the regime further away
from breakup) and the triangles (corresponding to the regime closest
to breakup).

For the most concentrated samples (4wt% and above), which have
birefringence patterns indicating a chiral nematic phase with visible

83

pitch at rest, we observe a qualitatively similar breakup behaviour as
for the weakly chiral nematic samples, as illustrated for 4% and 8%
samples in Figure 1A. The uid again forms a thin thread. However,
the still images taken directly after the breakup show that the two
ends of the uid thread continue to bend to the sides after breaking,
indicative of elastic behaviour.
quantied by

Rmin

versus

∗

The capillary thinning dynamics as

t −t

again show two distinct power law

regimes, but the rst power law regime has a larger exponent, close
to 2, compared to the exponent observed for nematic samples (Fig.
1B). For bril concentrations between 4 and 8 wt%, the exponent is
close to 2, independent of concentration (Figure 4.2). The exponent
characterising the second power law regime closest to breakup is 0.5,
indistinguishable from that observed for weakly chiral nematic samples. We note that the power law behaviour is consistent for repeat
experiments, though the range of the data (less than a decade) is not
large enough to conclusively determine the power law nature of the
regime.
Figure 4.2 summarises the observed thinning behaviour of the HEWL1
suspensions (blue symbols) as a function of bril concentration in
terms of the exponents characterizing the power law thinning regimes
identied in the time dependence of the minimum radius. For dilute
suspensions with concentrations below 0.4wt%, corresponding to an
isotropic bulk phase, we nd a single power law regime with an exponent that increases with increasing bril concentration, from a value
close to 2/3, consistent with inertia-dominated capillary thinning, to
a value close to 1, consistent with viscous-dominated capillary thinning [68, 133, 194]. For suspensions with bril concentrations ranging
from 0.4 to 3.6wt%, where bulk samples at rest exhibit birefringence
that indicates nematic ordering, we nd capillary thinning dynamics
characterised by two distinct power law scaling regimes, one regime
with an exponent of 1.5 further from breakup, which crosses over
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to a second power-law scaling regime with an exponent of 0.5 close
to breakup.

For suspensions with protein concentrations of 4 wt%

and above, where birefringent ngerprint textures characteristic of
a chiral nematic were observed by polarisation microscopy in bulk,
similar breakup behaviour is observed with two power law regimes.
The regime close to breakup is characterized by an exponent of 0.5,
similar to the nematic samples, but the regime further from breakup
is characterised by a larger exponent, close to 2.

Thus, the uid

breakup dynamics show a direct correlation with the phase boundaries identied in bulk samples under quiescent conditions.

4.3.2 Eect of bril aspect ratio on capillary thinning and breakup dynamics
To test the inuence of bril aspect ratio on the elongational rheology
of the bril suspensions, we compare the breakup behaviour of the
HEWL1 samples composed of high aspect ratio brils (

L/D =

419)

with that of HEWL2 samples composed of brils with a 2.4-fold

L/D =

smaller aspect ratio (

173).

Images of the bridge proles of

the HEWL2 samples during capillary thinning reveal dierences in
prole shape compared to the proles of the HEWL1 samples at the
same protein weight fraction: instead of forming a long, thin thread,
the HEWL2 samples form markedly shorter and thicker threads (Figure 3A at time t3).

The threads thin in the middle (as exemplied

by still images at times labeled t1 and t2) until nally breaking. The
breakup event itself is also dierent for HEWL1 compared to HEWL2
samples, as illustrated in Figure 4.4 for samples that both have a bril weight fraction of 8 wt%.

In both cases, the bridge breaks at a

single point, but the bridge shapes are markedly dierent. Whereas
a long thin thread is formed in the case of the HEWL1 sample, for
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the HEWL2 sample a very ne thread is formed connecting the two
cusps at the top and bottom of the bridge just before breakup.
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Figure 4.3:

A) Still images showing self-thinning of liquid bridges

formed from 8 wt% samples of HEWL1 (top) and HEWL2 (bottom)
brils at times t1, t2, t3, t4, and t5 (all before pinch-o ), corresponding to the times as indicated in the plots in panel B. Note that time
runs from right to left. B) Corresponding plots showing the time evolution of the minimum bridge radius,
left to breakup,

∗

t − t,

Rmin , as a function of the time

for 8wt% samples of HEWL1 (blue squares)

and HEWL2 (red circles) brils. Inset shows similar plots measured
at concentrations of 4 and 6wt% for the two dierent bril batches.
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Figure 4.3B compares the minimum radius versus the time left to
breakup for both bril samples in one plot, where the blue squares
represent the HEWL1 sample and the red circles the HEWL2 sample.

The breakup occurs faster for the HEWL2 samples than for

the HEWL1 samples for the probed bril concentrations of 8 wt%
(main plot) and 4 and 6 wt% (inset).

Interestingly, we again nd

a crossover between two distinct power law regimes when the minimum radius reaches 20

µm.

The exponent characterizing the power

law thinning further away from breakup is smaller than the corresponding exponent observed for HEWL1 samples at the same bril weight fraction, whereas the exponent characterizing the second
power law thinning regime closest to breakup coincides with that
found for HEWL1. In Figure 4.2, the power-law exponents observed
in breakup experiments with liquid crystalline HEWL2 samples (red
symbols) are compared with those observed for HEWL1 samples at
the same concentration(blue symbols). Similar to the HEWL1 samples, two power law regimes are identied in the uid bridge thinning
dynamics of HEWL2 samples, with two power law exponents that are
independent of bril concentration. The power-law exponent is close
to 1.5 further from breakup, while the exponent closest to breakup is
0.5.
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Figure

4.4:

Bridge

proles

of

HEWL1

sample

(top

panel)

and

HEWL2 sample (bottom panel), both with a bril concentration of
8 wt%, just before and immediately after breakup.

Note the thin

thread that forms in the center of the liquid bridge in between the
two cusp-shaped halves in case of the HEWL2 sample.

4.3.3 Extensional viscosity
From the capillary thinning dynamics of the uids, the apparent extensional viscosity,

ηE app
,

and total Hencky strain,

puted as described in Chapter 2.
shown as a function of



,

can be com-

For HEWL1 samples,

ηE app
,

is

for several bril concentrations between

0.002 wt% and 8 wt% in Figure 4.5(top).
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Figure

4.5:

The

apparent

extensional

viscosity

versus

the

total

Hencky strain computed from the rate of capillary thinning of the
liquid bridges (see chapter 2 for details), for HEWL1 samples (top)
and HEWL2 samples (bottom) for various protein concentrations.
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For the most dilute sample with a protein concentration of 0.002 wt%,

ηE app
,

quickly drops from 60 Pa

plateau value of 0.02 Pa

·s

·s

at zero strain to a high-strain

at a Hencky strain of 2.

Surprisingly,

the extensional viscosity at high strain is a factor 20 larger than the
shear viscosity at high strain reported in Chapter 3, which is close
to the viscosity of water (0.001 Pa

· s).

For a Newtonian uid, the

extensional viscosity is expected to be equal to three times the shear

0

viscosity, as expressed by the Trouton s ratio,

T r = ηE /ηS = 3

[209].

Thus, in extensional ow, the dilute amyloid bril suspension exhibits non-Newtonian behaviour and the high strain extensional viscosity is higher than that of water (3 mPa
viscosity is comparable to that of water.

· s)

even though the shear

The more concentrated

samples, with bril concentrations of 2 wt% and higher, show a different strain-response, that varies little with concentration:

ηE app
,

is

· s at small strain, slightly decreases, with increasing strain, then
increases to reach a maximum value of 20 Pa · s at a Hencky strain of
3 Pa

5, and nally decreases again. In contrast, the strain dependence of
the apparent elongational viscosity of HEWL2 samples depends on
concentration. At the highest concentration of 8 wt%, the viscosity
response is similar as for the nematic HEWL1 samples:

ηE

is close

· s at small strain, peaks at a Hencky strain of 4 to a value
· s, and then decreases at even higher Hencky strains (Figure

to 0.8 Pa
of 1 Pa

4.5 bottom).

Instead, at concentrations of 4 and 6 wt%, the elon-

gational viscosity decreases with Hencky strain, showing a minimum
at a strain of 3, and then slightly increases at even higher strain. A
direct comparison between the extensional viscosities of HEWL1 and
HEWL 2 samples at the same concentrations is shown in Figure 4.6.
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Figure 4.6: A comparison of the apparent extensional viscosity versus
the total Hencky strain between HEWL1 and HEWL 2 samples for a
bril concentration of 4 wt% (top panel) and 8 wt% (bottom panel).

This comparison clearly illustrates that the HEWL1 and HEWL2
samples show a similar response at a concentration of 8 wt%, with a
viscosity peak at a Hencky strain of 4 for HEWL2 and 5 for HEWL1,
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whereas they show an opposite strain response at a concentration of
4 wt%.

4.3.4 Bridge prole shapes
We prepared in total 6 batches of HEWL1 samples, and found that
the thinning dynamics as quantied by the power law exponents was
highly reproducible. However, for one batch we observed a peculiar
behaviour close to breakup at bril concentrations of 4 wt% and
higher.
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Figure 4.7: A) The minimum radius versus time left to breakup for a
HEWL1 suspension with a bril concentration of 10 wt%. The inset
shows still images of the liquid bridge at time points t1, t2, t3, and
t4. Undulations in the thread width are evident in the still images at
time points t1 and t2 and from the oscillations exhibited by the timedependent minimum radius. B) Still images of the bridge proles in
the time interval close to breakup that is indicated in panel A) by
the rectangular box. The height of the image is 360
interval between the images is 209

µs.

µm, and the time

Overall, the bridge proles (inset Figure 4.7A) are similar in shape as
those shown in Figure 4.1A with a long, thin thread, but, upon closer
inspection, we see that the bridge develops pronounced undulations
not seen in more dilute suspensions.

Figure 4.7B shows a sequence

µs

of still images of the bridge with time intervals of 209

taken over

the time interval indicated by the black rectangular box in Figure
4.7A. The bridge forms a thread that develops a region in the middle that alternately shrinks and grows in diameter. We do not think
that this behaviour is the formation of beads on a string, since for
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beads on a string it would not break in the middle of the thick part
as shown in Figure 4.7B. We nd this behaviour reminiscent of a ribbon that twists, although we cannot denitively conclude this since
the bridge was only viewed straight-on.

Alternatively, the undula-

tions may provide an example of peristaltic capillary instabilities that
have been theoretically predicted for thin nematic liquid crystalline
bers [32, 33, 175]. As shown in Figure 4.7A, the minimum radius as
a function of time to breakup shows the same two power law regimes
discussed above, but in addition its value starts to uctuate when

µs.

the time left to breakup reaches 2000

However, we must note that

this phenomenon, although observed consistently for samples with
concentrations ranging from 4 to 10 wt%, in a total of more than
200 times, was only seen for one specic HEWL1 bril batch during
one specic week. At this point in time, the batch was 15 weeks old.
After this week, the undulations were no longer observed, but the
breakup dynamics as quantied by the time dependence of the minimum radius and the power law exponents remained identical for at
least 36 weeks. We prepared 5 batches of HEWL brils with identical
assembly conditions as the original HEWL1 batch, which resulted in
comparable bril length and diameter distributions.

The thinning

dynamics as characterized by the power-law exponents was indistinguishable from that of the HEWL1 batch, but no undulations were
observed in the liquid bridge.

AFM images of the lysozyme brils

clearly show that they are rather polymorphic in terms of morphology (e.g. twist periodicity) and number of constituent protolaments
(see Chapter 3).

This is a well-documented feature of amyloid b-

rils [210, 215]. We cannot exclude that subtle dierences in the distribution of dierent polymorphic bril forms between batches prepared
under apparently identical conditions may inuence the shape of the
liquid bridge. Furthermore, it is possible that subtle changes in bril
morphology occur during storage, given that the brils are composed
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of beta-sheet structures held together by noncovalent interactions.
Amyloid brils formed from dierent (poly)peptides dier in thermodynamic stability, indicating a complex relation between peptide
sequence and bril stability [23].
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Figure 4.8: A) The minimum radius versus time left to breakup for
uid bridge breakup event of
tion.

α-synuclein

sample of 1mM concentra-

The still images in the inset are representative bridge proles

of the bridge at the indicated times t1 to t4. B) Representitive still
images of the uid bridge near the breakup event with time interval
550

µs.

Preliminary experiments with another amyloid forming protein,
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α-

synuclein with a concentration of 1 mM (courtesy of Vinod Subramamian, Arshdeep Sidhu, AMOLF / UTwente), surprisingly shows
similar uid bridge thinning behaviour.

This protein, implicated in

0

Parkinson s disease [34], forms amyloid brils with a clear twist with
an average periode of 1057 nm. In Figure 4.8A the minimum radius
of the uid bridge is plotted against the time left to breakup with
representative still images of the bridge at the indicated time points
t1 to t4. The small time interval between

t∗ − t =

10

5

to 2

· 10 µs,
5

the capillary thinning dynamics is tted with a power law with a
slope of 1.80.1, a result of more than 10 breakup events.

As with

the HEWL1 sample, the bridge forms a long, thin thread that thins
until just before the breakup event, when it start to form undulations
in the thread.

At a closer look, as can be seen in Figure 4.8B, the

undulations give the thread a helical shape, indicative of twisting. In
addition to the twist, the bridge also tilts.

Figure 4.9: The minimum radius versus time left to breakup plotted
on a log-lin scale for the uid bridge experiments on HEWL1 10wt%
with twist (left) and

α-synuclein

1mM (right). The time points indi-

cated by t1 to t4 correspond to the still images in Figure7 for HEWL1
and Figure 8 for

α-synuclein.
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Since both HEWL1 and the alpha synuclein uid breakup dynamics
show such a small region where a power law can be tted, we plot
the minimum radius versus time left to breakup on a log-lin plot to
see whether an exponential decay describes the data better.

Figure

4.9 shows the plot for HEWL1 (left) and alpha synuclein (right) with
the time points t1 to t4 on both plots corresponding to the same time
points in the log log plots with the same still images. An exponential
decay is tted in the interval between time t3 and t4 for both samples,
and appears to hold over a larger time interval than the time interval
for the power law t. Between t3 and t4, the uid bridge forms a long
thread that becomes longer, and thins. The time between t3 and t2
is the interval where the thread apparently does not grow in length,
but thins. From t2 to t1, undulations are visible in the thread.

4.4

Discussion and conclusion

By measuring the extensional rheology of HEWL bril suspensions
by capillary breakup measurements over a broad range of concentrations, we found that the capillary thinning dynamics is characterized
by power law dynamics that are dierent in the isotropic, nematic,
and chiral nematic state.

Dilute samples exhibit capillary breakup

dynamics that are characteristic of Newtonian uids, with one power

/

law regime with an exponent that increases from 2 3 for the most
dilute samples to 1 for the least dilute samples, consistent with an
increasing viscosity.

At a concentration of 2 wt%, which coincides

with the bulk isotropic-to-nematic phase transition, we nd a transition to dierent capillary breakup dynamics, characterized by two
distinct power law regimes. The two characteristic power law exponents are 1.5 further from breakup and 0.5 closer to breakup over the
whole nematic range, from 2 to 4 wt%. At a concentration of 4 wt%,
which coincides with the transition from nematic-to-chiral nematic
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phase behaviour, the rst exponent increases from 1.5 to 2, whereas
the second exponent stays close to 0.5. Thus, we nd that the capillary breakup dynamics are correlated with the phase behaviour of
the bril suspensions observed under static, bulk conditions.

This

was not a priori expected, since shear forces may induce alignment
of the brils when the samples are pipetted on the bottom plate and
contact with the top plate is made and thus change the orientational
order compared to samples left to equilibrate at rest.

Furthermore,

it is likely that during bridge thinning, the uniaxial elongational ow
induces bril alignment.

To relate the microstructure of the uid

with the macroscopic uid breakup behaviour, we performed preliminary measurements where liquid bridges formed from HEWL1
samples were observed between crossed polarisers for bril concentrations of 2, 4 and 10 wt%.
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Figure 4.10:

Fluid bridges imaged with a single-lens reex camera

between two crossed polarisers for HEWL1 samples with concentrations of 2, 4 and 10 wt% during capillary self-thinning at early (left)
and late (right) times. Unfortunately, the exact time point in relation
to the time left to breakup could not be recorded due to the limited
temporal resolution of the camera.
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As shown in Figure 4.10, we observe a birefringence signal both early
and late during breakup, which indicates bril alignment.

Unfortu-

nately, the single-lens reex camera that we used to capture images
is not fast enough to capture the full evolution of the bridge. In addition, the birefringence signal is too weak to observe when the bridge
is very narrow.

Thus, we cannot observe any structural changes in

the network with increasing Hencky strain. To overcome these problems, faster recordings with a high-speed camera are required, which
also requires a more powerful light source to visualise the birefringence. An alternative approach would be to perform down-sized uid
breakup experiments in a microuidic device, which would allow for
simultaneous measurements of the extensional ow behaviour and direct visualization of ow-induced changes in the bril orientations in
the thinning uid thread by optical microscopy.

The feasibility of

this approach was recently demonstrated with suspensions of uorescently labeled DNA molecules in microuidic channels [106, 110].
When comparing the breakup dynamics of two bril batches diering
in bril aspect ratio (419 versus 173), we observed markedly dierent
breakup proles.

For the samples with higher aspect ratio brils, a

long thread is formed before breaking up.

In contrast, for the sam-

ples with lower aspect ratio brils, two cusps are connected by a very
thin thread, which nally breaks. Yet, the dynamics are in both cases
characterized by two distinct power law regimes, and the characteristic power law exponents are comparable in both cases. The strain
dependence of the apparent extensional viscosity diers between the
two bril batches: we observe strain-thickening independently of concentration for the high aspect ratio brils, whereas the low aspect
ratio brils show strain-thickening only at 8 wt% whereas they show
strain-thinning at lower concentrations.

The capillary-thinning dy-

namics are more complicated than anticipated simply on the basis of
the shear rheology.

As shown in Chapter 3, both the HEWL1 and
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HEWL1 suspensions behave in shear ow as shear-thinning uids
that can be phenomenologically described as power law uids with
a viscosity

η ∼ γn ,

where

γ

is the shear rate and n a shear-thinning

exponent, which is around 0.6 for the HEWL suspensions.

Contin-

uum models of capillary thinning of power-law uids predict that the
dynamics of capillary thinning near pinch-o will exhibit a power
law with an exponent that is directly related to the shear-thinning
index [59, 60, 172].

This description evidently does not apply to the

bril suspensions, suggesting that the internal microstructure aects
the elongational ow properties. Various factors, which are dicult
to disentangle, may play a role: the uids behave as yield stress uids
exhibiting a nite elastic modulus at rest, the brils display orientational ordering that will likely evolve during capillary thinning, and
capillary-driven thinning of the uid bridge eventually connes the
brils to a length scale that becomes comparable to the structural
length scales in the system.

The brils have micron-scale lengths,

and they form nematic domains that may have a size comparable to
the bridge thickness. In this context, it is striking that we always observe a transition between two distinct power law regimes when the

µm, irrespective

bridge radius reaches 20

of the bril concentration.

We conclude that the capillary breakup behaviour of HEWL amyloid
bril suspension is dependent on the protein (bril) concentration,
and thus the liquid crystalline ordering of the suspension, as well as
on the aspect ratio of the brils.
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Chapter 5

Extensional rheology of
colloidal dispersions of
cellulose microfibrils
In this chapter we study the extensional rheology of cellulose microbril dispersions by capillary breakup experiments. Specically, we tune
the attractive interactions between the brils with an adsorbing polymer and probe the eect on network structure and extensional ow
behaviour. We show by using a combination of confocal and polarisation microscopy with video particle tracking microrheology that the
network structure strongly depends on the particle interactions. In
the absence of a stabilising polymer, the cellulose brils form heterogeneous networks of bundles due to strong attractions mediated
by hydrogen-bonding and Van der Waals interactions. This structural heterogeneity is also apparent in the capillary thinning dynamics: the uid bridge proles assume dierent shapes with each experiment and the power law characterizing the thinning dynamics has
exponents ranging from 0.5 to 5. In contrast, when the attractive interactions are screened by a charged, adsorbed polymer, more homogeneous networks with nematic domains are formed and the capillary
thinning dynamics are highly repeatable. For these dispersions, we observe bridge proles with a shape characteristic of a yield stress uid
that thins according to a power-law with time with an exponent of
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1, which is characteristic of a Newtonian viscous uid. We conclude
that the extensional ow properties of cellulose microbril dispersions
are strongly dependent on the interparticle interactions.

5.1

Introduction

Cellulose is the most abundant and renewable biopolymer in nature,
being the main load-bearing constituent of the cell walls of plants and
trees, green algae, and some marine animals such as tunicates [41].
Cellulose microbrils have a complex hierarchical structure.

The

molecular building block is cellulose, which is a linear, sti, and chiral
macromolecule consisting of repeating D-glucose units.

During cel-

lulose biosynthesis, the cellulose polymers bundle through strong hy-

∼ 3 − 5 nm) and crystalline elementary brils

drogen bonds into thin (

that assemble into microbrils, which in turn assemble into macroscopic bers. The microbrils have alternating regions of amorphous
and crystalline cellulose. Some bacteria also produce cellulose in the
form of dense networks of helical, ribbon-like microbrils, which serve
as a biolm [180].

Unlike cellulose from wood and plants, bacterial

cellulose (BC) is chemically pure and does not contain lignin or other
biopolymers.
In view of its natural abundance, cellulose is widely regarded as a
promising biomaterial [69, 93, 119].

However, cellulose is dicult to

dissolve or disperse in water and common organic solvents, due to
extensive hydrogen bonding between its hydroxyl groups, making it
hard to process cellulose.

It was recently shown that cellulose can

be completely dissolved in ionic liquids, allowing processing by for
instance ber spinning ( [98] and references therein).

Alternatively,

cellulose bers are often disintegrated by (partial) hydrolysis with
sulfuric acid or hydrochloric acid, which dissolves the amorphous re-
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gions and liberates nanocrystalline cellulose (NCC) rods, with typical lengths of 100-1000 nm and lateral dimensions ranging from 3-50
nm [93, 139, 147, 173, 193].

The nanorod dispersions are stable be-

cause of the presence of negative charges on the surface of the rods.
Mechanical deagglomeration of cellulosic bers yields microbrillated
cellulose, consisting of entangled brils with typical lengths of several micrometers and lateral dimensions of 5-20 nm [212].

Recently

a new procedure was demonstrated to obtain dispersions of BC microbrils based on a high-pressure mechanical deagglomeration procedure [124, 212].

0

These BC brils are very sti, with a Young s

modulus close to 80 GPa [92, 203].
Cellulose is widely recognized as a valuable biomaterial for diverse
industrial applications, ranging from food-related products [160] to
coatings, thin lms, and membranes, and more advanced materials
such as photovoltaic and exible memory devices [153, 228] and soft
cellulose-based motors [82].

Due to their high tensile strength and

large aspect ratio [4, 9, 50, 70, 150], cellulose microbrils also lend
themselves well as llers to reinforce high-performance nanocomposites [107, 225].

In view of its biocompatibility, cellulose also holds

promise for biomedical applications,

for instance as a scaold or

implant for tissue engineering and as a material for wound dressings [61, 164]. BC is particularly suitable for these applications, due
to its chemical purity [44, 100].
In view of all these applications, the rheological properties of nanocrystals, and microbrils have been studied quite extensively.

However,

the emphasis so far has been on shear rheology, whereas there are few
studies of the extensional ow behaviour. Extensional ows are relevant in many industrial processes such as printing, ber spinning, extrusion, coating, and spraying. Recent capillary breakup experiments
showed that the extensional ow properties of molecular cellulose solutions in ionic liquids are consistent with the behaviour expected
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for solutions of semiexible chains [98].

Both dilute and semidilute

solutions exhibited an elastocapillary thinning regime prior to uid
breakup with strain-hardening and a single exponential decay of the
midpoint diameter of the bridge, which are all characteristics of polymer solutions.
Due to its chirality, cellulose molecules and their chemical derivatives
can form chiral liquid crystalline mesophases

5.2

Experimental methods

Bacterial Cellulose (BC) microbrils with and without adsorbed sodium
carboxy methyl cellulose (CMC) were provided and prepared by Sandra van Veen and Anke Kuijk (Unilever R&D, Vlaardingen). The microbrils were obtained by ultra-high-energy mechanical deagglomeration of Nata de Coco pellicle cubes (Sari Kelapa Murni, PT Menacoco Sari) following a recently proposed protocol [124]. These pellicles are secreted by the bacterium Gluconacetobacter Xylinus [123].
To remove water-soluble sugars and other additives, the cubes were
cut using a hand blender (Braun 4185545) and subjected to several
washing steps.

The dispersion was rst rinsed over a vacuum lter

and the residue was re-dispersed in demineralised water using the
hand blender. Then, the dispersion was processed using a microuidizer (Microuidizer M 110S (MF), Microuidics) at a pressure of

µm.

1200 bar, and passed through a Z-chamber with a diameter of 87

The volume fraction of the dispersions was determined by drying 20g

◦

of dispersion in a vacuum oven at 40mbar and 40 C for 3 days [124].
The bril dispersions with cellulose concentrations of 0.8 wt% and

◦

varying weight ratios of CMC to BC were stored at 4 C before use.
Given a mass density of 1.5 g/ml [200], this BC weight fraction corresponds to a volume fraction of 0.5%. In the absence of CMC, the BC
microbrils were previously shown to form a percolating gel above a
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threshold volume fraction of 0.25% [124].
Mixtures of BC and CMC were prepared by adding dierent amounts
of CMC (Ashland Blanose Aqualon, 99.5% pure, 9M31XF,
50000

g/mol,

Mw =

degree of polymerization of 1100, degree of substitu-

tion (DS) of the carboxymethyl groups of 0.8) and nanopure water
and mixing with a Sylverson mixer (L4RTA) for 5 min at 3600 rpm.
These samples were passed once through a Microuidizer (M110S,
Microuidics) with a z chamber of 87

µm

at a pressure of 1200 bar.

Dilutions were made from the obtained stock solutions by dilution
with nanopure water [212].

To determine the bril morphology, di-

lute samples were imaged with scanning electron microscopy (SEM)
on a Jeol 6340 eld-emission electron microscope by Sandra van Veen.
To determine the liquid crystalline phase behaviour, polarising microscopy was performed with a polarized light microscope (Leica)
with Leica air objectives with magnications of 2.5x, 10x and 20x.
The bril dispersions were imaged inside glass cells prepared from a
microscope slide topped with a coverslip with glass spacers yielding a

µm.

depth of over 200

The BC dispersions were injected into the cells

with a pipette. The cells were immediately sealed with a mixture of
vacuum grease, epoxy glue and wax, and were left to rest for 1 day
before imaging.

Complementary images of the network microstruc-

ture were obtained with a confocal microscope by Sandra van Veen,
using samples stained with Congo red, a dye with a strong anity
for cellulose.
In order to perform video particle tracking microrheology on the bril dispersions, polystyrene beads (PolySciences Inc) with a diameter
of 1 micron were passivated with Pluronic F127 (Sigma) according
to the swelling/deswelling method [117] to prevent adhesion to the
cellulose. Beads were added to the BC dispersions so the nal bead
concentration is 1%v/v, and carefully mixed by repetitive pipetting
to ensure an even distribution of the beads throughout the sample.
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The samples were left to rest for one day before imaging. The thermal
motions of the beads were captured using a bright eld microscope
(Nikon TE) equipped with a fast camera (Photron SA4) operating at
a frame rate of 250 fps, using a 100x oil immersion ob jective at a magnication of 0.20

µm

per pixel. One minute movies were recorded as

a multipage tif le with close to 50 beads in each eld of view. The
particles were tracked with subpixel accuracy with an image analysis algorithm written in IDL [43].

The extensional rheology of the

microbril dispersions was determined by uid bridge breakup experiments, as described in Chapter 2. Briey, a volume of 200

µl

of the

sample was deposited with a pipette between two parallel, circular
glass plates with a diameter of 50 mm. By lowering the upper plate,
a uid bridge was formed. After a rest period of 15 minutes, the upper plate was manually raised until the bridge became unstable. The
evolution of the bridge as a result of capillary thinning was captured
with a fast camera (Photron SA4) operating at a frame rate of either
5,000fps or 10,000 fps. The movies were saved in avi format for data
analysis. All experiments were conducted at room temperature, with
10 measurements per condition per frame rate.

The bridge proles

were tracked as described in Chapter 2.

5.3

Results and discussion

5.3.1 Cellulose microbril dispersion: heterogeneous brous networks
To understand the eect of attractive interactions between chiral rodshaped particles on their structural organisation, we use cellulose
brils modied with the charged polymer sodium carboxymethylcellulose (CMC) to tune the interparticle interactions [212].
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Figure 5.1: Transmission electron microscopy (TEM) images of BC
microbrils, courtesy of Sandra van Veen (Unilever R&D, Vlaardingen). The scale bar in the left image is 2

µm

and in the right image

500 nm.

As shown in Figure5.1, the brils are long ribbons with lengths over
10

µm

and an average width of 60nm [124].

The TEM image shows

that the brils cluster together to form heterogeneous networks (Figure 5.1).

This clustering is a result of the attractive interactions

between the cellulose microbrils due to hydrogen-bonding and Van
der Waals interactions.
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Figure 5.2: : Polarising microscopy images of bacterial cellulose (BC)
bril dispersions with dierent amounts of the stabilising polymer
carboxymethylcellulose (CMC), as indicated by the CMC/BC weight
ratios in the upper left corner of each image.

The images were ob-

tained with a 2.5x air ob jective. The scale bars are 1 mm. The arrows
in the rst image denote the crossed orientations of the analyzer and
polarizer.

Figure 5.2 shows polarising microscopy images of the cellulose dispersions without and with CMC, viewed between crossed polarisers.
The dispersions are clearly birefringent, which indicates that the brils are aligned into clusters in all cases, though we note that the
microbrils are also birefringent by themselves.
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For the cellulose

dispersions with higher amounts of CMC, the birefringent signal is
stronger, indicating an overall alignment instead of formation of clusters. This interpretation is conrmed by uorescence confocal images
of the dispersions, where fewer bundles are observed for dispersions
with increasing amounts of CMC (Figure 5.3).
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Figure 5.3:

Fluorescence confocal microscopy images of BC disper-

sions with CMC, uorescently stained with Congo Red.
is 75

µm.

Scale bar

The images were kindly provided by Sandra van Veen

(Unilever R&D, Vlaardingen).

As an alternative probe of the heterogeneity of the networks, we
perform passive video particle tracking microrheology,

embedding

micron-sized tracer beads and measuring their thermal uctuations.
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Figure 5.4:

Particle trajectories of passivated beads embedded in

BC microbril dispersions without CMC (left) and in dispersions of
stabilized microbrils with a [BC]/[CMC] ratio of 0.19.

Figure 5.4 shows the trajectories of the individual beads inside a BC
dispersion without CMC and inside a dispersion with a

[BC]/[CMC]

weight ratio of 0.19. The beads in the BC dispersion without CMC
exhibit larger displacements than the beads in the dispersion of stabilized BC microbrils, and they are less caged. The ensemble-averaged
mean squared displacement (MSD) of the particles is plotted as a
function of lag time on a log-log scale in Figure 5.5.
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Figure 5.5: Ensemble-averaged MSD as a function of lag time measured for BC dispersions with varying ratios of CMC/cellulose, as
indicated in the legend.

The dashed line displays the MSD for the

BC without CMC, while the short solid line shows a power-law slope
of 1 expected for a Newtonian viscous uid for reference.

The MSD in the dispersion without CMC has a power-law slope close
to 1, which indicates diusive behaviour. By contrast, all dispersions
of BC brils stabilized with CMC show subdiusive behaviour. The
ensemble-averaged response gives insight into the average mechanics
of the material, but hides the heterogeneity of the network.

There-

0

fore, the MSD s of all individual beads are plotted in Figure 5.6 as
a function of lag time, for bril networks with varying amounts of
CMC.
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Figure 5.6:

Individual MSD curves as a function of lag time for

polystyrene beads embedded inside bacterial cellulose dispersions
with varying amounts of CMC, as indicated by the CMC/BC ratios in the upper left corner of each graph.

There are close to 50

curves for each condition.

These graphs reveal large variations in particle mobility from bead
to bead. For bril dispersion without CMC, the beads reach higher
MSD values of up to tens of

µm

2

at a lag time of 10s compared to

beads in dispersions with CMC, where the maximum MSD is around
1

µm

2

for the same lag times. A likely explanation of this dierence

is that the beads, which are passivated to avoid adhesion to cellulose,
probe larger solvent pockets in between bundles of brils in case of

0

BC dispersions without CMC. Another indication of the networks

heterogeneity can be obtained by observing the shape of the Van
Hove correlation functions (Figure 5.7) [211].
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We observed no anisotropy between the x- and y-

The dashed lines indicate Gaussian ts to the central

portion of each correlation function.

For BC networks without CMC, the ensemble-averaged van Hove
function follows more or less Gaussian statistics, indicated by the
dashed line. This likely reects that the beads predominantly probe
the solvent in the pockets in between large bril bundles, and thus
experience the same local diusion coecient. By contrast, the van
Hove correlation function measured for beads in the BC dispersion
stabilized with CMC deviates from the Gaussian shape, indicating
that the beads sample dierent local environments, consistent with
a brous network structure.

The distribution is narrower than for

the dispersion without CMC, consistent with the smaller ensemble-
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averaged MSD shown in Figure5.5.

Figure 5.8: The loss modulus
gent

00

0

G /G

G00 ,

storage modulus

as a function of frequency

f,

G0 ,

and loss tan-

calculated from the mea-

sured ensemble-averaged MSD of beads embedded in BC microbril
dispersions with varying amounts of CMC as shown in the legend.

Assuming a generalized Stokes-Einstein law, the ensemble-averaged

0

MSD s also give us information about the overall viscoelastic response
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of the network [219]. In Figure 5.8 the apparent viscous (loss) modulus

G00 ,

tangent

the elastic (storage) modulus

00

0

G /G

G0 ,

and the corresponding loss

are plotted as a function of frequency,

f.

The BC

dispersions with and without CMC are predominantly viscous in the
measured frequency range of 0.4 to 100 Hz.
out CMC shows an increase in

00

G

The dispersion with-

with frequency from 0.002 Pa to

around 0.2 Pa, which is roughly 10 times higher than

G0 .

The BC

dispersions stabilized with CMC all exhibit a loss modulus of around
0.5 Pa to 1 Pa and a storage modulus that is slightly lower.

These

observations are in contrast to macrorheology measured by S. van
Veen [182], where it was found that the dispersions are predominantly
elastic, with elastic moduli ranging from 700 Pa to 1500 Pa at a strain
amplitude of 0.1% strain and a frequency of 1 Hz. A likely explanation is that the beads mostly probe the solvent and thus experience
a local predominantly viscous environment.

To test this interpre-

tation, we can compare the viscosity measured with microrheology
with that of the background uid, obtained by removing the brils
by centrifugation, measured by macroscopic rheometry. The viscosity of the background uid measured by macrorheometry is around
0.002

− 0.004 Pa · s, which is two- to four-fold higher than the viscosity

of water due to the presence of dissolved CMC [182]. The apparent
viscosities of the cellulose dispersions measured by microrheology are
comparable, being around 0.003 Pa

·s ,

thus supporting the interpre-

tation that the beads mostly sample the background uid in the voids
between brils.
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Figure 5.9:

Zoomed out view of the bridge proles of cellulose mi-

crobril dispersions with

[CMC]/[BC]

ratios of 0.19 (left) and 1/4

(right) before the upper plate is raised. The image is a 3.5 mm high.

5.3.2 Extensional rheology
To investigate the eect of the attractive interaction between the
BC microbrils on the capillary thinning and breakup behaviour of
the dispersions, uid bridge experiments are conducted.

At a rst

glance, the dispersions look rather heterogeneous from their bulky
appearance, as can be seen in Figure 5.9, which shows a zoomedout image of the bridge before moving up the upper plate for BC
dispersions with

[BC]/[CMC]

ratios of 0.19 and 1/4.
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Figure 5.10:

Representative examples of capillary thinning exper-

iments of bacterial cellulose microbril dispersions stabilized with
adsorbed CMC polymer at dierent CMC/BC ratios.

The still im-

ages were taken at dierent times, labeled t1 to t4, corresponding
to the time points indicated in Figure5.12.
with

[CMC]/[BC] = 1/16

Note that the sample

breaks in two places resulting in the for-

mation of a satellite drop, whereas the other samples form a thread
that is thinner at larger CMC/BC ratios.

The bridge proles are

asymmetric, which is typically seen for yield stress materials such as
mayonnaise and hair gel [104, 143].

Figure 5.10 shows still images of the uid bridge acquired during
capillary thinning and breakup for dispersions with a xed cellulose
bril concentration of 0.8 wt% and with an increasing CMC/cellulose
weight ratio (from top to bottom) at dierent times t1, t2, t3 and t4,
where t1 is closest to breakup and t4 furthest away from breakup.
For the dispersion with the lowest CMC/cellulose ratio, the bridge
breaks sooner compared to the dispersions containing more CMC,
since at t1 the bridge is already broken, whereas the bridge is still
present for the other dispersions. Moreover, the uid bridge for the
dispersion with the lowest CMC/BC ratio breaks at two points and
a satellite drop is formed, whereas the uid bridge for the dispersions with more CMC forms a long tube that continues to thin. At
a [CMC]/[BC] ratio of 3/16 and higher the thinning tube has an irregular shape. The bridge proles are asymmetric, which is typically
seen for yield stress materials [143]. The proles indeed look highly
reminiscent of the asymmetric shapes observed for other yield stress
uids such as acrylic paint, hair gel, and mayonnaise [104].

For all

these dispersions of BC microbrils with adsorbed CMC, the thinning and breakup dynamics are highly repeatable.
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Figure 5.11:

A) Still images of the uid bridge proles measured

for bacterial cellulose microbril dispersions without the stabilising
CMC polymer. The rows show three dierent repeat experiments exp
1, exp2 and exp 3, with labels corresponding to the graphs in panel
(B). B) Capillary thinning dynamics as quantied by the minimum
bridge radius versus time left to breakup for dierent samples of the
same stock dispersion of cellulose dispersions without CMC.

In contrast, the pure BC dispersions show markedly variable thinning
and breakup dynamics during repeat experiments. This behaviour is
illustrated in Figure 5.11A, which shows three representative examples of still images of the uid bridge during breakup for a pure
BC dispersions resulting from three repeat experiments on dierent
samples from the same stock.

Even though the conditions for each

experiment are the same, the breakup behaviour varies strongly from
experiment to experiment. Not only the time it takes for the bridge
to break varies, but also the proles are remarkably dierent. Sometimes we observe breakup behaviour reminiscent of water (Exp 1),
where the bridge breaks fast and at two points, creating a satellite
drop, whereas at other times we observe bridge proles evolving into
a long-lived, thin thread characteristic of a highly viscous uid before
snapping (Exp 2 and Exp 6). Figure 5.11B shows the minimum radius versus the time left to breakup corresponding to the illustrative
examples shown in Figure 5.11A, where the times indicated by t1
to t4 correspond to the still images.

We observe markedly dierent

dynamics in the dierent experiments.
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Figure 5.12:

Capillary thinning dynamics of cellulose bril disper-

sions stabilised with the CMC polymer in dierent CMC/cellulose
weight ratios as indicated in the legend, as quantied by the minimum bridge radius versus time left to breakup. The indicated times
t1, t2, t3, and t4 correspond to the still images in gure 5.10.

In contrast, the breakup dynamics for all dispersions with CMC are
highly reproducible (Figure 5.12). Furthermore, the breakup dynamics are minimally inuenced by the CMC/cellulose ratio.

The thin-

ning dynamics obey a power law scaling behaviour over nearly one
decade in time, whereas for the pure BC samples we observe a much
shorter (putative) power law regime.

The power law exponents ex-

tracted from the power law ts are summarised in Figure 5.13 as a
function of the [CMC]/[BC] ratio.
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Figure 5.13: Apparent power law exponents characterising the capillary thinning dynamics of cellulose bril dispersions as a function
of the CMC/BC ratio, derived as the slope of power law ts of the
minimum radius versus time left to breakup.

For the dispersions without CMC we nd variable apparent exponents
ranging between 0.5 and 5, whereas all dispersions with CMC show
an exponent close to 1 characteristic of visco-capillary breakup of a
Newtonian uid.
From the capillary thinning dynamics, we can compute the apparent
extensional viscosity as a function of Hencky strain, as explained
in Chapter 2.

We used a surface tension of 75 mN

· m,

based on

surface tension measurements of CMC solutions [129]. For pure BC
dispersions, the strain dependence of the viscosity varies in between
experiments, as shown in Figure 5.14.
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Figure 5.14:

The apparent extensional viscosity versus the Hencky

strain computed from the time evolution of the minimum radius of
capillary bridge proles measured for several cellulose samples without CMC.

In cases where the bridge proles resemble those observed for water
(exp 1), the viscosity declines from ca.
constant value of 0.2 Pa

·s

2 Pa

·s

at low strain to a

for Hencky strains of 4 and above.

The

viscosities of the dispersions that show a long thread formation (exemplied by exp 2 and exp 6) initially decreases from 2 Pa
2) or 50 Pa

·s

(exp6) to 0.3 Pa

·s

·s

(exp

at a Hencky strain close to 2, and

then increases to a value of 1 Pa at a Hencky strain of 8.
In case of the CMC-stabilised BC microbril dispersions, we observe
a steady decrease of the extensional viscosity with Hencky strain
(Figure 5.15).
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Figure 5.15:

The apparent extensional viscosity versus the Hencky

strain computed from the time evolution of the minimum radius of
capillary bridge proles for cellulose microbril dispersions stabilised
with CMC in dierent CMC/BC ratios as shown in the legend.

The low-strain viscosity varies between 1 and 100 Pa
monotonic dependence on the CMC/BC ratio.
cosity (at a Hencky strain of 2) is 0.1 Pa

·s

·s

with a non-

The high strain vis-

for all samples, except

for samples with a CMC/BC ratio of 1/8, which are less viscous.
This could be due to a slight dierence in the concentration of the
BC in the dispersion with CMC/BC ratio of 1/8 (0.9wt% instead of
0.8wt%).
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5.4

Conclusion

We have studied BC microbril dispersions with a xed BC concentration of 0.8 wt% and with varying amounts of added CMC to screen
the attractive interactions between the microbrils. We showed that
these dispersions form liquid crystalline domains, especially with an
increasing amount of added CMC, using light microscopy. Mechanical
properties obtained from the microrheology data, showing predominantly viscous behaviour, are in contrast with previous macrorheology data [182], which showed that the dispersions are predominantly
elastic. The viscosities obtained from microrheology are comparable
to the viscosity of the background solvent, which indicates that the
beads primarily probe the solvent in the voids between microbrils.
Dispersions of unstabilised BC microbrils are highly heterogeneous,
consisting of a network of thick bundles of microbrils. This heterogeneity results in highly variable capillary thinning dynamics.

The

uid bridges formed by pure BC dispersions show irregular breakup
behaviour with varying bridge proles during thinning, resulting in
a varying apparent extensional viscosity.

By contrast, dispersions

of BC microbrils stabilised with CMC show reproducible, Newtonian extensional thinning behaviour, where the thinning dynamics
shows a power law regime with an exponent of 1, characteristic for
breakup in the visco-capillary regime. A possible explanation for this
behaviour is that the dispersions are gel-like, as shown by previous
macrorheology data, causing the network to contract under exten-

0

sional ow, which would result in the solvent s viscous behaviour to
dominate during breakup.

For pure solvent, we would expect an

extensional viscosity that is 3-fold larger than the shear viscosity,
i.e.

ca.

of 0.1 Pa

0.009 mPa

· s,

· s.

We nd a high-strain extensional viscosity

which is about 10-fold larger than the viscosity of the

background solvent, indicating that there are still cellulose microb-
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rils present in the uid bridge during capillary thinning. The shape
of the bridge proles was characteristic of that of a yield stress uid,
reecting the gel-like properties of the samples at rest.

5.4.1 Acknowledgements
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Chapter 6

Extensional flow
behaviour of chiral
nematic suspensions of
model rod-shaped particles
In this chapter, we study the extensional rheology of aqueous suspensions of the bacteriophages fd and M13 in the chiral nematic phase,
using the uid bridge method. Both bacteriophages are semiexible,
rod-like colloidal particles with identical persistence length (2.2µm),
contour length (880 nm), and diameter (6.6 nm), diering only in
their surface charge. We probe the chiral nematic suspensions at two
dierent concentrations, 17 mg/ml and 40 mg/ml. We nd that the
uid bridge proles at the two concentrations are similar during the
initial stage of capillary-driven bridge thinning, with the formation of
a cylindrical column whose radius decreases as a power law in time.
The power law exponent is almost the same for both concentrations
(1.5 ± 0.3 versus 1.7 ± 0.2). Once the minimum radius reaches a
value of 10µm (at 17 mg/ml) or 20µm (at 40 mg/ml), the thinning
dynamics shows a transition to a second power law regime for both
concentrations while the bridge proles start to deviate. While the
more dilute sample breaks at two points, creating a satellite drop,
the denser suspension continues to thin and it forms several beads,
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before snapping in one point. In both cases, the thinning dynamics
still follows a power-law, but with exponents that are dierent for the
two concentrations (0.5 versus 0.8). The apparent extensional viscosity calculated from the thinning dynamics is approximately fourfold higher for the denser sample compared to the more dilute sample
at small Hencky strain. The strain dependence of the viscosity differs between the two cases, increasing at large Hencky strain for the
denser sample while showing a peak at a strain of 4 for the more dilute sample. We end by comparing our observations to previous shear
rheology measurements on fd-virus suspensions in the chiral nematic
phase, which demonstrated a shear-thinning response that was less
and less pronounced when the rod concentration was raised from 10
to 25 mg/ml. Our extensional rheology data are qualitatively consistent with these trends, but more direct comparisons of the shear and
extensional rheology at the same rod concentration will be needed to
draw a rmer conclusion.

6.1

Introduction

Ever since the seminal paper of Lars Onsager dating back to 1949
[162], the entropy-driven isotropic-to-nematic phase transition of suspensions of hard rod-like particles has received widespread attention.
There have been numerous experimental studies using inorganic as
well as biologically-derived colloidal particles to test the Onsager theory and its extensions [47, 216].

The fd-virus system has become

a particularly popular model system to study transitions from the
isotropic to the nematic and smectic liquid crystalline states [54, 125].
Due to the production of fd via DNA replication, the particles are
highly monodisperse, with a xed contour length of 880 nm, diameter of 6.6 nm, and persistence length of 2.2
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µm

(Figure 6.1A). An-

other unique advantage of a biologically derived colloid like fd is that
one can employ genetic methods to alter its properties.

The vari-

ant Y21M-fd, which has a single point mutation in the ma jor coat
protein with a tyrosine replaced by a methionine, for instance has a
much larger persistence length (9.9

µm) compared to wild type fd [10].
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Figure 6.1: A) Fluorescence microscopy image of a single uorescently
labeled aggregate of multiple fd-virus rods that aggregated head to
tail, which serves to illustrate the semiexible polymer character of
fd. The scale bar is 5

µm.

The length of a single fd-virus rod is 880 nm

(image courtesy of Pavlik Lettinga, Juelich Forschungszentrum). B)
Concentration dependency of the chiral nematic pitch in wild type
fd suspensions, with in the inset a polarising microscopy image of an

/

fd-virus suspension at a concentration of 80 mg ml forming a chiral
nematic phase.

The scale bar is 50

µm.

Images were taken from a

paper of Barry and co-workers [10]. C) Confocal microscopy images
of the left-handed cholesteric helix in M13 virus suspensions, at a

/

concentration of 49 mg ml and an ionic strength of 110 mM. The sequence of images follows the virus director, represented by red arrows,
through the sample. One M13 virus out of 104 has been labeled with
a uorescein dye.

The scale bar indicates 50

µm.

Image taken from

a prior study [206].

Various experimental studies have demonstrated that the phase behaviour of fd-virus rods is in quantitative agreement with theoretical
predictions for hard rods provided that the ionic strength is high
enough to screen the electrostatic surface charge.

With increasing

density, nematic, smectic, columnar, and crystalline phases have been
observed [55, 56, 90, 152, 168, 201].

When the surface charge on the

particles is not fully screened, in solutions with ionic strengths below
100 mM, the isotropic-nematic phase transition shifts to higher rod
concentrations in a manner consistent with theoretical predictions for
charged semiexible rods [168, 169].

The nematic phase of fd has a

left-handed helical twist, in spite of the right-handed helicity of the
virus itself, meaning that it should be classied as a chiral nematic
phase [56] (see Figure 6.1B and 6.1C). The microscopic origin of the
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chirality is still not fully understood [90, 206]. Intriguingly, the stier
Y21M-fd mutant has a right-handed helical twist, opposite to that of
wild type fd [10].

Figure 6.2:

Illustrative shear rheology data for chiral nematic fd-

virus suspensions,

taken from the study of Lettinga et al. [132].

A) Shear ow reversal curves, which reveal tumbling behaviour of
the liquid crystalline domains.

/

at 11.5 mg ml.

The concentration is kept constant

B) Flow curves of fd-virus suspensions, revealing

concentration-dependent shear-thinning behaviour.

In parallel with studies of the phase behaviour of fd, there have also
been a few shear-rheological studies of fd-virus suspensions. Most of
these studies focused on the dilute and semidilute regimes [2, 87, 191],
but recently there have been two rheological studies of chiral nematic
fd suspensions [132, 186]. By shear ow reversal tests (Figure 6.2A),
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it was show that chiral nematic fd-virus suspensions show a transition from a tumbling regime to a wagging regime, and from wagging to ow-aligning, as a function of shear rate.

This behaviour is

consistent with theoretical models for nematic liquid crystals, which
predict that the nematic director can tumble or ow-align [58, 102].
Steady-shear measurements revealed that chiral nematic fd-virus suspensions are strongly shear-thinning (Figure 6.2B). At a concentra-

/

tion of 11.5 mg ml, the viscosity versus shear rate curves exhibited

/

a small bump at a shear rate of 10 1 s, which moved to higher shear

/

rates when the rod concentration was increased to from 13 mg ml

/

to 16 mg ml. The shear-thinning behaviour became less pronounced
when the rod concentration was raised, until at the highest concentra-

/

tion measured of 25 mg ml, almost no shear-thinning was observed
and some shear-thickening occurred at high strain rates.
Meanwhile, the extensional ow properties of chiral nematic suspensions of fd-virus rods have hardly been studied.

To the best of our

knowledge, there is only one published report of the extensional rheology of fd suspensions [37]. In this study, the particles were grafted
with a steric stabiliser and dispersed at a concentration of 7.78 wt%
in a high-viscosity medium of Tris buer and glycerol. The suspension was observed to be shear-thinning with a shear-thinning index of
0.41, and the capillary thinning dynamics showed power-law dynamics.

Another recent study showed the microfabrication of complex

structures using a capillary tip of diameter 1

µm to form a nanosized

dynamic uid bridge out of liquid crystalline fd suspensions in close
proximity of a substrate [159].

By evaporation of the solvent, the

liquid bridge could be solidied with surface undulations resulting
from an interplay between Rayleigh-like instabilities and eect of the
anchoring energy of the liquid crystal in creating an anistropic interfacial tension, in accordance with theoretical predictions for nematic
liquid-crystalline laments [32, 175].
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Here we investigate the uniaxial extensional ow behaviour of chiral nematic suspensions of rod-like viruses, using a capillary thinning
uid bridge setup. We compare two dierent bacteriophages, namely
wild type fd and wild type M13. Fd and M13 are two strains that are
structurally and biologically almost identical; M13 diers from fd by
the replacement of one negatively charged Aspartate residue with a
neutral Asparagine in the major coat protein [18, 141]. The two bac-

Lc = 880 nm), diameter
(lp = 2.2µm), and dier only

teriophages have an identical contour length (
(D = 6.6 nm), and persistence length

in surface charge. The replacement of the charged Aspartate residue
by the neutral Asparagine residue makes that M13 has an approximately 30% lower surface charge compared to fd [57].

Both fd and

M13 particles form left-handed chiral nematic phases [10, 206].

6.2

Experimental Methods

/

Bacteriophage fd (abbreviated as fd-wt) at a concentration of 40 mg ml
was kindly prepared and provided by Pavlik Lettinga (aliated with
the Juelich Forschungszentrum and the KU Leuven), while the bac-

/

teriophage M13-wt at a concentration of 17 mg ml was from Prerna
Sharma and Zvonimir Dogic (Brandeis University). The viruses were
prepared according to standard biological protocols [185].

The par-

ticles were cleaned by multiple centrifugation steps and nally redispersed in TRIS-HCl buer (20 mM,

pH8.0)

without added salt.

In

this buer, the isotropic-to-nematic phase transition occurs at a bacteriophage concentration of around 10 mg/ml and the transition to a
smectic phase occurs at around 70 mg/ml [186]. Both bacteriophages
are composed of approximately 2700 ma jor coat proteins helically
wrapped around the phage genome of a single-stranded DNA [141].
The coat proteins are negatively charged, so the particles are stable
in low salt aqueous solutions [134, 229]. M13 and fd dier by a single
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amino acid in the ma jor coat protein, such that M13 has one negative
charge less per subunit than fd. Thus, the linear surface charge density is around 9-10 e-/nm for fd and 7e-/nm for M13 at pH 8.2 [96].
To probe the extensional rheology of the samples, capillary breakup
experiments were performed using the home-built setup in the group
of Itai Cohen at Cornell University described in Chapter 2 (in case of
fd M13-wt), and using a commercial CaBER extensional rheometer
(Haake) in the group of Christian Clasen at the University of Leuven
(in case of f d-wt). In both cases, a uid bridge is formed by pipetting the sample onto a bottom plate, and lowering a concentric top
plate until it contacts the uid. The top plate is then slowly raised
such that the gap is approximately 2 mm, just beyond the RayleighPlateau instability point, after which the uid bridge thins due to
the surface tension.

The uid bridge is backlit with an LED light

source and imaged with a fast camera, using a frame rate of 3,000
fps with a Photron SA4 camera with a magnication of 2

µm/pixel

(at Leuven University) or a frame rate of up to 29,000 fps with a
Phantom V6 camera with a magnication of 2.9
nell University).

µm/pixel

(at Cor-

We recorded at least 10 movies per condition.

To

determine the bridge prole and the minimum radius as a function
of time, the time-lapse movies were analyzed with a custom-written
Matlab routine as described in Chapter 2. To calculate the apparent,
transient extensional viscosity as a function of Hencky strain from
the thinning dynamics, we used the theoretical framework described

/

in Chapter 2, using a value of 55.2 mN m for the surface tension [37].

6.3

Results

We investigate the behaviour of chiral nematic fd-virus suspensions
under extensional ow. We used two closely related bacteriophages:
1) wild type fd-virus (abbreviated as fd-wt) at a concentration of
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/

40 mg ml, and 2) wild type M13 (abbreviated as M13-wt) at a con-

/

centration of 17 mg ml.
length

lp

Lc

of 880 nm, diameter D of 6.6 nm, and persistence length

µm.

of 2.2

Both variants have an identical contour

The replacement of one amino acid in the coat protein

alters the surface charge by approximately 30% [57]. Both particles
form left-handed chiral nematic phases above a threshold concentra-

/

tion, which lies around 10 mg ml in 20 mM Tris-HCl pH 8.2 in the
absence of added salt [10, 206].
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Figure 6.3:

A) Still images of uid bridge proles during capillary-

driven thinning (panels I through IV) and breakup (left-most images),
for suspensions of M13-wt virus rods at a concentration of 17 mg/ml
and for fd-wt virus rods at a concentration of 40 mg/ml. Both samples are in the chiral nematic phase. B) The minimum radius versus
time left to breakup for M13-wt and fd-wt suspensions of 17 and
40 mg/ml.

The points indicated by Roman numbers correspond to

the still images in A). The dashed lines indicate two distinct powerlaw ts, with average exponents (and standard deviations therein)
indicated in the graph.

Figure 6.3A shows representative still images of the uid bridge proles at dierent stages during capillary-driven thinning. The proles
for both concentrations are similar in the rst stages of thinning
(panel II, III, and IV), during which a cylindrical thread is formed.
However, the uid bridges are dierent in panel I, where the thinning occurs at the top and bottom of the thread for the more dilute

/

M13-wt sample (having a concentration of 17 mg ml), whereas the
thread has a uniform thickness for the more concentrated fd-wt sam-

/

ple (40 mg ml). The frame just before breakup shows a continuation

/

of thinning at the top and bottom for the 17 mg ml M13-wt sample,

/

followed by a breakup that creates a satellite drop. For the 40 mg ml
fd-wt sample, beads are formed on the thread, and the thread breaks
at one point.
To quantify the dynamics of uid bridge thinning, we plot the minimum radius versus the time left to breakup for the two suspensions

/

in Figure 6.3B, using blue squares for the 17 mg ml M13-wt sample

/

and red circles for the 40 mg ml fd-wt sample.

Both curves have a

similar shape, although the breakup time for the more dilute sample
is shorter.

In both cases, two regimes can be distinguished, which
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/

can both be tted with a power law. For the 17 mg ml M13-wt sample, the regime further away from breakup has a power law exponent
of 1.5
0.5

± 0.3

± 0.2.

while the regime closest to breakup has an exponent of

/

For the 40 mg ml fd-wt sample, the exponents are 1.7

further away from breakup, and 0.8

±0.2 closest to breakup.

± 0.2

Although

the regime furthest away from breakup does not span a decade, the
power law tting is reproducible between repeat experiments.

The

points indicated with I, II, III and IV correspond to the still images
shown in Figure 6.3A. The transition between the two power law
regimes occurs roughly at point II, which is the point where the min-

/

imum radius of the uid bridge is 10 for the 17 mg ml M13-wt sample

µm

and around 20

/

for the 40 mg ml fd-wt sample.

Looking back at

the still images, this moment also coincides with the moment where
the bridge proles of the two samples start to deviate from each other.
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Figure 6.4: The apparent extensional viscosity as a function of apparent Hencky strain, calculated from the time evolution of the minimum
radius of the uid bridge under the action of capillary thinning. The

/

concentrations of the fd-virus suspensions are 17 mg ml (M13-wt)

/

and 40 mg ml (fd-wt).

Figure 6.4 shows the apparent extensional viscosity of the two suspensions, calculated from the thinning dynamics. We see that, although
the thinning dynamics are qualitatively similar in shape, the apparent extensional viscosity as a function of Hencky strain diers for the

/

samples. The viscosity for the 17 mg ml M13-fd sample is 0.1 Pa

·s

at small strain, decreases slightly at a Hencky strain of 1, exhibits a
peak of 0.5 Pa

· s at a Hencky strain of 4,

and nally decreases again.

/

The 40 mg ml fd-wt sample has a larger initial apparent viscosity of
3.1 Pa

· s,

which drops to 0.7 Pa

steadily increases to 7 Pa

·s

·s

at a Hencky strain 2, and then

at a Hencky strain of 10.
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6.4

Discussion and conclusion

To the best of our knowledge, the measurements presented here are
the rst capillary thinning experiments on fd-virus suspensions in
the chiral nematic phase. We probed two dierent fd-variants, with
equal length, diameter, and persistence length, but diering in surface charge due to a single amino acid that is dierent in the coat
protein. Unfortunately, due to time constraints, we could only probe
each sample at a single concentration, and the concentrations of the
fd-wt and M13-wt samples were dierent.

However, in both cases,

the samples were in the chiral nematic phase.

We found that the

bridge proles under capillary thinning were initially similar, being
characterized by the formation of a cylindrical uid column.

This

initial thinning regime was well-described by a power law decrease
of the minimum radius of the uid bridge with time, with exponents
that were similar for both samples (1.5 for M13-wt versus 1.7 fdwt).

The thinning dynamics then transitioned into a second power

law regime, where the two samples showed dierences, both in their
bridge proles and in the power law exponents (0.5 M13-wt versus
0.8 fd-wt). Whereas the more dilute suspension broke at two points,
creating a satellite drop, the more concentrated suspension formed a
couple of beads on the thread, and nally broke up in one point.
The fact that we observe a concentration dependence of the extensional ow properties is consistent with earlier observations that shear
rheological properties of chiral nematic suspensions of fd-virus rods
also depend on concentration [132]. It was shown that fd-virus sus-

/

pensions at a concentration of 16 mg ml or less displayed a shearthinning response, with a small bump in the viscosity at high strain
rates.

/

For a higher concentration of 25 mg ml, however, the shear-

thinning behaviour was almost absent and instead shear-thickening
and a clear peak in the viscosity was observed.
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Unfortunately, we

do not have shear rheology data on suspensions with a concentra-

/

tion of 40 mg ml, to verify that this shear ow behaviour also occurs

/

at concentrations that are higher than the reported 25 mg ml.

On

a qualitative level, the extensional ow behaviour seems consistent
with the previously reported shear ow behaviour: the apparent extensional viscosity also increases with increasing Hencky strain for
the denser sample, whereas the more dilute sample shows overall a
slight decrease of the apparent viscosity with increasing strain.

It

would be interesting to somehow probe the changes in rod orientations that underlie the strain-dependence of the extensional viscosity.

In shear rheology, one has access to the tumbling dynamics of

the chiral nematic structure of the fd suspensions by ow reversal
experiments.

In capillary thinning experiments, such ow reversals

are unfortunately not possible. However, such an experiment may be
possible in a recently developed cross-slot extensional ow oscillatory
rheometer, which moreover allows simultaneous in situ birefringence
measurements [99].
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Chapter 7

Shear and extensional
flow of chiral molecular
liquid crystals
To compare lyotropic chiral nematic liquid crystals studied in the
preceding chapters with their thermotropic counterparts, we investigate in this chapter the shear and extensional rheology of two different chiral molecular liquid crystals. We use the chiral molecular
compound cholesteryl oleyl carbonate (COC), which forms a chiral
nematic liquid crystal at room temperature, and the achiral compound N-(4-Methoxybenzylidene)-4-butylaniline (MBBA), which only
forms chiral nematic liquid crystals when small amounts of the chiral
dopants Canada balsam or cholesteryl benzoate are added. By observing the samples with polarisation microscopy, we nd that COC
and doped MBBA liquid crystals have dierent defect textures. COC
has focal conic domains, while doped MBBA shows oily streaks. Both
textures are characteristic of a chiral nematic, though with dierent
surface anchoring. We probe the response of the samples to shear
ow by steady and oscillatory shear rheometry. We nd that the two
types of chiral nematic uids also behave dierently under shear ow.
COC and MBBA uids both show shear-thinning behaviour, but doped
MBBA behaves like a Maxwell uid whereas COC has a more complex frequency-dependent rheology. We observe in capillary breakup
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extensional rheometry experiments that the uids also dier in their
capillary thinning dynamics. The shape of the uid bridge proles
of COC is characteristic of a power law uid, consistent with the
small yield stress found with steady shear rheometry. The capillarythinning dynamics follows a power law with time with an exponent of
1. Both left-handed and right-handed chiral doped MBBA uids show
bridge proles with a cylindrical column, and the thinning dynamics
are composed of two distinct power law regimes, one with an exponent
of 1.5 further from breakup, and another regime with an exponent that
increases from 0.5 to 1 with increasing doping concentration closest
to breakup. Interestingly, the thinning dynamics of the doped MBBA
uids can also alternatively be described by an exponential decay, reminiscent of the thinning dynamics of a polymer uid. This could be a
reection of the oily streak defect texture, which may potentially act
like a polymer network. In conclusion, thermotropic liquid crystals
show non-universal shear and extensional ow properties, which are
probably governed by their defect structures.

7.1

Introduction

Molecular liquid crystals are used extensively in modern day display technologies,

which rely on switching of the optical proper-

ties of liquid crystals conned in small cells by an external electric
eld.

In contrast to lyotropic liquid crystals, which are composed

of colloidal-sized particles dispersed in a solvent, molecular liquid
crystals are solvent-free and composed of nanometer-sized molecular constituents.

As a result, the phase behaviour of molecular liq-

uid crystals is governed by temperature, in contrast to lyotropic liquid crystals, whose phase behaviour is primarily governed by the
volume fraction of particles.

Consequently, the term thermotropic
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is used to refer to molecular liquid crystals.

The molecular con-

stituents of thermotropic liquid crystals have an anisotropic shape,
which allows them to form orientationally ordered phases.

When

the molecules are rod-like, they can form a nematic phase, characterised by molecules oriented in the same direction but without any
positional order. When the molecules have a chiral centre, they can
form chiral nematic phases, where the molecules form layers whose

p that is
(p 6 0.1µm). How-

director changes direction in a helical fashion with a pitch
normally much larger than the molecular size

ever, also achiral molecules can form chiral mesophases when chiral
guest molecules are dissolved in them. The rotation angle from one
layer to the next increases with temperature, so the pitch
slightly with increasing temperature.

p decreases

The temperature dependence

of the pitch of chiral molecular liquid crystals causes a temperaturedependent change in color due to selective Bragg reection of visible
light, which has been utilized for digital thermometry and thermosensitive membranes [27, 73, 220]. When the temperature is changed,
membranes with absorbed liquid crystals show a steep increase in
their permeability, a feature that makes them an interesting candidate for drug delivery systems. Especially sterol derivatives such as
cholesteryl oleyl carbonate (COC) are interesting for such applications due to their biocompatibility [27, 72, 88, 94]. Chiral liquid crystals have also been used for electrospinning of microbers [74, 130]
and for encapsulation into microdroplets [16, 95, 157].
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Figure 7.1:
motropic

A) Schematic of the molecular structure of the ther-

liquid

crystal

compound

Cholesteryl

Oleyl

Carbonate

(COC). B) Schematic phase diagram of COC, showing a transition

◦

temperature from an isotropic to chiral nematic phase at 36 C, from

◦

a chiral nematic to smectic phase at 22 C and a smectic to solid phase

◦

at 0 C [128].

C) Photograph of a bottle of COC at room tempera-

ture, showing gleams of blue and purple that indicate a chiral nematic
structure.

D) Polarising light microscopy image of COC in a glass

chamber with a thickness of 1 mm at room temperature. The defect
lines and colours reveal focal conic domains, which are characteristic
of a chiral nematic structure. Scale bar is 100
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µm.

All of these applications require a good understanding of the rheological properties of thermotropic liquid crystals so that the processing
parameters can be controlled in a predictable manner.

Especially

the extensional ow properties are relevant to understanding how to
control dispensing, spraying, coating, printing, and spinning.

The

shear rheology of thermotropic liquid crystalline uids has been extensively studied and is relatively well-understood in terms of the
Leslie-Ericksen and Landau-de Gennes models [28, 49, 174], but the
extensional rheology is less studied, especially for chiral nematic liquid crystals.
Capillary breakup experiments on the achiral nematic liquid crystalline materials 4-cyano 4-octylbiphenyl (8CB) and 4-cyano 4-pentylbiphenyl
(5CB) revealed extensional strain-thinning similar to that of a generalized power-law uid in the nematic phase, whereas the isotropic
phase showed inertia-viscous breakup characteristic of a low-viscosity
Newtonian uid [167].

For 8CB in the smectic-A phase, again ex-

tensional strain-thinning behaviour typical of a power-law uid was
observed [189].

However, the relation between the strain-thinning

response to extensional and shear ow is still unclear.

For smectic

8CB samples, the same power-law thinning exponents were found in
shear and extensional ow, whereas for nematic 8CB and 5CB the
exponents were dierent. The ow properties of chiral nematic uids
are expected to be even more complex than those of nematics due to
the helical director. Under shear, chiral nematic such as cholesteryl
myristate [127, 184] and cholesteryl oleyl carbonate (COC) demonstrate shear-thinning behaviour, which has been attributed to the
shear-induced disruption of the liquid crystalline structure. The extensional ow properties of chiral nematics have to the best of our
knowledge not been tested yet.
Here we investigate the shear and uniaxial extensional ow properties of chiral molecular liquid crystal compounds in dierent phases,

152

which we access by varying the temperature.

We compare two dif-

ferent thermotropic liquid crystal model systems.

The rst model

system is the chiral nematic liquid crystal Cholesteryl Oleyl Carbonate (COC, molecular structure shown in Figure 7.1A). COC exhibits
several distinct phases as a function of temperature [128, 224]. When
the material is heated and then cooled down, it undergoes a transition

◦

from an isotropic to a chiral nematic phase around 36 C, followed by a

◦

transition from chiral nematic to a smectic-A at 22 C, nally followed

◦

by crystallization at 0 C (summarised in Figure 7.1B). Conveniently,
the liquid crystal phase can thus be probed at room temperature.
The chiral nematic phase of COC at room temperature is evident
when samples are observed with the naked eye from the blue/purple
gleam they exhibit (Figure 7.1C, left). Polarising microscopy images
reveal focal conic textures that are also characteristic of a chiral nematic (Figure 7.1C, right). The second model system we employ is N(4-Methoxybenzylidene)-4-butylaniline (MBBA, see Figure 7.9A for
molecular structure). Unlike COC, MBBA forms an achiral nematic,
but it can be doped with small chiral dopants such as Canada balsam
or cholesteryl benzoate, to create a chiral nematic [22]. MBBA forms

◦

◦

a nematic liquid crystal between 22 C and 47 C (Figure 7.9C).
We determine the ow properties of COC in dierent phases, by performing shear and extensional rheology measurements over a temperature range covering the solid, nematic, and isotropic regimes. In
addition, we determine the ow properties of pure and doped MBBA
at room temperature, where the uids are in the nematic state. Oscillatory shear experiments are performed to characterize the viscoelastic behaviour, while steady shear ow experiments are performed to
measure the viscosity as a function of shear rate.

We nally com-

pare the shear viscosity with the extensional viscosity determined by
capillary breakup rheometry, using a liquid bridge geometry.
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7.2

Experimental methods

Chemicals were obtained from Sigma Aldrich and were used without
further purication. Cholesteryl oleyl carbonate (COC) was obtained
in crystal form (CAS No 17110-51-9), and N-(4-Methoxybenzylidene)4-butylaniline (MBBA, CAS No26227-73-6) in uid form.

Prior to

each experiment, a small amount of the COC crystal was transferred

◦

to a glass vial and melted for 15 minutes in an incubator set to 65 C.
MBBA was mixed with small volume fractions of cholesteryl benzoate
or Canada Balsam (0.5%, 1% or 2%) by pipetting up and down, to
induce chiral order.
Shear rheology and extensional ow (capillary breakup) experiments
were performed with the experimental setups described in Chapter 2.
Shear rheology experiments were performed on a Physics MCR 501
stress-controlled rheometer (Anton Paar) with a steel cone and plate

◦

geometry, using a cone with a diameter of 30 mm, an angle of 1 C,

µm.

and a truncation of 55

A sample of volume 120

µl was pipetted on

◦

the plate. The rheometer was preheated to 60 C in the case of COC,
to ensure that the samples were initially in an isotropic state. After
lowering the top cone, the temperature was lowered to the desired
temperature and the sample was equilibrated for 15 minutes. Shear
ow curves were obtained by shear rate ramp tests, where the shear
rate was changed logarithmically and stepwise from 10

◦

−3

to 10

◦

3

/

1 s.

◦

Measurements were performed at temperatures of 60 C, 50 C, 40 C
and a more close-spaced range of measurements was taken between

◦

◦

◦

30 C and 20 C with steps of 1 C. Over the same temperature range,
the linear visco-elastic shear moduli were measured as a function of
frequency ranging from 10

3

−2

Hz to 10

Hz, by applying a sinusoidally

oscillating strain with a small enough strain amplitude (1 %) to ensure a linear response. Data shown are averages of at least 3 repeats
with error bars representing the standard deviations.
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Extensional rheology experiments for COC were performed at tem-

◦

◦

◦

◦

◦

◦

peratures of 60 C, 50 C, 40 C, 35 C, 25 C and 20 C. The two plates

◦

were preheated to 60 C, to ensure that the samples were initially in
an isotropic state. The temperature was then lowered to the desired

µl

temperature. A sample of 120

was pipetted on the lower plate. A

uid bridge was formed by lowering the upper plate until the sample
fully covered both plates. After equilibration at the desired temperature for 15 minutes, the upper plate was manually raised just until
the uid bridge became unstable. Then, the bridge proles were imaged with a Photron SA4 camera with a range of frame rates of 5,000
fps to 20,000 fps and saved in avi format for data analysis. All measurements were repeated at least ten times at each frame rate. Extensional rheology experiments for doped and undoped MBBA samples

◦

were performed at room temperature (20 C).

The apparent exten-

sional viscosity and Hencky strain were calculated from the measured
capillary thinning dynamics as explained in chapter 2, using surface

/

/

tension values of 38.8 mN m for COC and 30 mN m for MBBA [1].

7.3

Results

7.3.1 Shear rheology of COC
To probe the viscoelastic response of COC as a function of its phase
state, we performed small amplitude oscillatory shear measurements

◦

at dierent temperatures ranging between 20 and 60 C.
shows the resulting elastic and viscous shear moduli,

δ = G00 /G0 .
G00 /G0 is close to 1

0

G

Figure 7.2

and

G00 , and

◦

the corresponding loss tangents, tan

At 60 C, corre-

sponding to the isotropic state,

and only weakly

dependent on frequency, indicating an equal elastic and viscous contribution across the probed frequency range.

◦

When the tempera-

ture is reduced to 35 C, which is the transition temperature from an
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isotropic phase to a chiral nematic,

G00 /G0 becomes more strongly fre-

quency dependent, being less than 1 (indicative of elastic behaviour)
below

f = 0.5 Hz

and larger than 1 (indicative of viscous behaviour)

at higher frequencies. When the temperature is reduced further, the
samples are predominantly uid-like (

G00 /G0 >

1) across the entire

◦

frequency range. The sample in the isotropic phase (at 60 CC) has

−1

the lowest elastic modulus of 10

Pa. At the transition temperature,

the elastic modulus is maximal, consistent with prior measurements
on COC [224].
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Figure 7.2: Small amplitude oscillatory shear measurements of COC
samples at dierent temperatures corresponding to solid, chiral nematic, or isotropic phases, showing the frequency dependence of the

G00 ), elastic modulus (middle panel, G0 ), and
00
0
tangent (bottom panel, tan delta = G /G ).

loss modulus (top panel,
the corresponding loss

As indicated in the legend, measurements were performed at temper-

◦

◦

atures of 20 C (solid-to-chiral nematic phase transition), 25 C (chiral

◦

nematic phase), 35 C (close to the chiral nematic-to-isotropic phase

◦

transition), and 60 C (isotropic phase).

A pure chiral liquid crystal should behave as a uid when sheared
along the layers [226]. The existence of a nite elastic modulus signies either that the layers are unfavorably aligned relative to the
shear direction or that there is a defect texture present [170, 226]. It
is indeed likely that defects are present, since the samples were prepared by quenching from the isotropic state [39]. In contrast to two
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earlier studies of a chiral nematic uid prepared by doping a nematic
of cyanobiphenyls with a chiral dopant [170, 226], we do not observe
Maxwell-uid like behaviour for COC.
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Figure 7.3: A) Steady shear viscosity as a function of shear rate for

◦

◦

COC samples at temperatures of 60 C (isotropic), 35 C (close to

◦

the isotropic-to-chiral nematic transition temperature), 25 C (chiral

◦

nematic) and 20 C (around the chiral nematic to solid transition temperature). B) Same data replotted in the form of an Arrhenius plot,
showing the natural logarithm of the shear viscosity as a function of
inverse temperature.

Viscosity values were taken at low shear rate

/

/

(0.01 1 s, black symbols) and in the high shear rate plateau (100 1 s,
red symbols). Solid lines indicate power law ts with exponents that
correspond to the apparent activation enthalpy (average with error
bars from 3 measurements).

To probe the nonlinear response of COC to an imposed shear ow, we
measured ow curves using shear rate ramp experiments. As shown
in Figure 7.3A, the samples exhibit shear-thinning behaviour for all

◦

temperatures probed between 20 and 60 C.
the steady state viscosity
lowest shear rate (10

−3

η

Moreover, in all cases,

does not reach a plateau value at the

◦

/

1 s). At the melting temperature of 20 C,

η

shows a complex dependence on shear rate, with initially a small decline, followed by a plateau that starts at a shear rate of 10

−2

/

1 s and

extends for almost 2 decades in shear rate, which is nally followed

/

by another decline above a shear rate of around 40 1 s. For tempera-

◦

tures above 20 C ,

η

always decreases monotonically with increasing

shear rate, until it reaches a plateau value at a characteristic shear

/

◦

◦

/

rate of 10 1 s at 25 C, and 0.1 1 s at 60 C.

At the transition tem-

perature from the isotropic to chiral nematic phase, at
the viscosity is more than 10
to a value of 1 Pa

·s

3

Pa

·s

T =

◦

35 C ,

at low shear rates, and decreases

at the highest shear rates, without reaching a

plateau.
To test whether the observed shear-thinning behaviour can be at-
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tributed to ow-induced alignment, we obtained images of the COC
liquid crystal in a parallel plate geometry made of quartz viewed
between crossed polarisers (data courtesy of Anton Paar, measured
with an MRC302 rheometer equipped with a polarising microscopy

◦

unit) at a temperature of 25 C.

Incident light was polarized along

the ow direction, and the analyzer was aligned perpendicular to the
ow direction.

As shown in Figure 7.4A, we observe birefringence

patterns characteristic of nematic order, which become stronger with
increasing shear rate, indicating ow-induced alignment, consistent
with the notion that the structure of cholesteric liquid crystalline uids is easily perturbed by an applied shear. The samples are initially
likely to contain many defects because they are prepared by quenching from the isotropic state, leading to a high viscosity, a yield stress,
and a nite elastic modulus.
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Figure 7.4:

◦

A) COC at 25 C observed between crossed polarisers

while shearing at dierent shear rates as labeled, in the cone-plate
geometry of an Anton Paar MCR302 stress-controlled rheometer
equipped with a cone plate geometry with a diameter of 25 mm and

◦

cone angle of 1 .

The, measurements were performed by Loredana

Völker-Pop (Anton Paar, Graz).

◦

B) COC at 60 C observed while

/

shearing at a strain rate of 1000 1 s.

Similar apparent yield stress behaviour has been reported based on
steady-shear measurements on 8CB, where the yield stress was reduced when defects were removed by large amplitude shearing [39,
81, 103].

During steady (or oscillatory) shear, these defects are re-

moved, causing global alignment accompanied by shear-thinning. By
contrast, we do not observe any birefringence for COC in the isotropic

◦

state at 60 C, even at high strain rates. We do not know the origin
of the shear-thinning behaviour in the isotropic state.
To test whether the temperature dependence of the viscosity obeys
the Arrhenius law expected for activated molecular processes, we
plot the natural logarithm of the low-shear viscosity (measured at
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/

/

0.01 1 s) and high-shear viscosity (measured at 100 1 s) as a function
of inverse temperature (Figure 7.3B). In the temperature regime of

◦

◦

20 C to 30 C, where COC is in the chiral nematic phase, ln

/T

linear in 1

η is indeed

for both low and high shear rate. The apparent activa-

/

tion enthalpy that follows from the slope is 7.5 kJ mol at both shear
rates. One prior shear rheology study of COC reported larger values

/

] from measurements
performed at a shear rate of 0.1 1/s, and 70.3 kJ/mol at a shear rate of
25 1/s [224]. However, we note that the phase transition temperatures
for the activation enthalpy, namely 109 kJ mol

◦

in that study were reported to be 15 C from solid to liquid crystal and

◦

31 C for liquid crystal to isotropic. These temperatures are slightly
dierent from those reported for our sample, likely reecting the presence of impurities [46, 88, 154]. Close to the transition temperature,
we nd that the low-shear viscosity displays a pronounced peak, consistent with prior investigations of cholesteric molecular liquid crystals including COC [224] and other cholesteryl derivatives [155]. To
further characterise the shear-thinning behaviour of the COC samples at dierent temperatures, we can replot the shear ow data in
terms of shear stress versus shear rate, as shown in Figure refCOC5.
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Figure 7.5:

Shear ow behaviour of COC samples as a function of

temperature compared with the phenomenological Herschel-Bulkley
law for shear-thinning uids.
shear rate,

γ,

A) Shear stress,

σ,

as a function of

at dierent temperatures as indicated in the legend

(same data as Figure 7.3). The gray dashed lines represent ts to the
Herschel-Bulkley law:

σ = σ +Kγn .
0

The temperature dependence of

the tting parameters is shown in (B) yield stress,

σy

(B), (C) shear-

thinning index, n, (D) consistency index, K. Note that the units of
K are not shown since they depend on n.

We can t the data with the Herschel-Bulkley model, which provides
a commonly used phenomenological description of a shear-thinning
uid with a yield stress [101]:

σ = σ + Kγn ,
0
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where

σy

is the yield

stress (in units of Pa), n is the shear-thinning index, and K is the
consistency index (in units that depend on n). The temperature dependence of the three t parameters is plotted in Figure 4B, C and

◦

D. For temperatures above 25 C,

n=

1.

When the temperature is

◦

◦

decreased below 25 C, n rapidly decreases. At 35 C, which is close to
the isotropic-chiral nematic phase transition, the shear-thinning response is markedly dierent, with

n=

0.88. The consistency index,

K, which can interpreted as a measure of the viscosity of the uid, is

◦

approximately 2, and 0.2 for temperatures of 25, and 60 C, respectively.

Since the shear-thinning index is close to 1, these K-values

are comparable to the high shear plateau values of the shear viscosity (see Figure 7.3A). Close to the transition temperature, there is
a peak in K, consistent with the low-shear viscosity peak shown in
Figure 7.3. We nd a small apparent yield stress,

σy , which decreases

as the temperature is raised, from around 1 Pa for the chiral nematic

◦

◦

phase at 25 C, to 0.006 Pa for the isotropic phase at 60 C. The existence of a yield stress is consistent with the viscoelastic behaviour
observed by oscillatory shear rheology.

At the transition tempera-

◦

ture between the solid phase and chiral nematic phase (at 20 C), the
Herschel-Bulkley law also gives a good t with

n=

0.7 and

K=

3,

and a zero apparent yield stress.

7.3.2 Extensional rheology of COC
Figure 7.6A shows representative examples of the temporal evolution
of the uid bridge proles for COC measured at several temperatures
corresponding to dierent phases, in the form of still images taken at
selected times. In all cases, the bridges develop a long, thin cylindrical neck. The neck elongates and cusp-shapes appear at the top and
bottom.

Qualitatively, the shapes of these bridge proles are remi-

niscent of experimental observations and calculations for a power law

165

uid [143].
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Figure 7.6:

Capillary thinning dynamics of COC samples at dier-

ent temperatures. A) Representative examples of still images of the
uid bridge at selected times indicated by t1, t2, t3, t4 and t5 in
panel (B) for dierent temperatures, corresponding to the solid-to-

◦

◦

chiral nematic phase transition (20 C), chiral nematic (25 C), chiral

◦

nematic-to-isotropic phase transition (35 C), and the isotropic phase

◦

(60 C). Note that the apparently constant bridge radius of 4

µm

for

◦

the 20 C data set close to breakup is caused by the limited spatial
resolution (around 4 micron/pixel) of our setup. The other data were
obtained at higher magnication (2micron/pixel). B) The minimum
radius of the uid bridge as a function of the time left to breakup,

◦

◦

◦

◦

t*-t, at temperatures of 20 C, 25 C, 35 C and 60 C.

Inset shows

the exponents (slopes, black symbols) of the power law that is tted
onto the curves.

The red symbols show the exponents of the power

law ts to the regime closer to breakup, which we measured at three
selected temperatures by imaging with high spatial resolution.

To quantify the capillary thinning dynamics, we plotted the minimum
radius of the bridge,
where

t∗

Rmin ,

against the time left to breakup,

t∗ − t,

is the time of breakup (Figure 7.6B). For all curves, a roll-

o regime is distinguishable during the initial stage of the breakup

t∗ − t). This regime is followed by a power law regime,
which lasts until Rmin reaches a value of around 3µm, which is close
to the pixel resolution of our setup (3µm). Once the minimum ra(i.e. at high

dius reaches values close to the resolution limit, we cannot reliably
track the radius decrease with time and the radius appears to remain

◦

constant until the bridge breaks up. At a temperature of 60 C, the
power-law exponent of the breakup prole in the power law regime is
close to 1.5, which is steeper than the exponent observed for the chiral
nematic phase (exponent of approximately 1) and close to the melt-
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◦

ing temperature (exponent of 0.8 at a temperature of 20 C). Thus,
breakup in the isotropic phase is faster than in the nematic phase,
consistent with the lower viscosity observed by steady shear experiments. The inset of Figure 7.6B shows a summary of the power law
exponents as a function of temperature, showing a gradual decrease
in the exponent with decreasing temperature.

At temperatures of

◦

25, 35 and 60 C, we can even distinguish a second thinning regime
close to breakup, which is also tted with a power law (red symbols
in inset).

Figure 7.7:

Apparent extensional viscosity of COC samples calcu-

lated from the capillary thinning dynamics, plotted as a function of
apparent Hencky strain.

Data are shown for COC at temperatures

◦

of 20, 25, 35 and 60 C, as indicated in the legend.

From the time evolution of the minimum neck radius, an apparent
extensional viscosity,

ηE app ,
,

can be calculated.
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Figure 7.7 shows

resulting calculations for

.

ηE app
,

as a function of the Hencky strain,

The COC samples are least viscous in the isotropic phase (at

◦

◦

60 C) and most viscous at the melting temperature (at 20 C).

In

◦

the isotropic and chiral nematic state (at temperatures above 20 C),
the viscosity shows a slight increase with increasing Hencky strain.

◦

At 20 C, which is close to the phase transition temperature between
the solid and chiral nematic state, a slight decrease in viscosity is
observed, from 40 Pa

·s

to 10 Pa

· s,

over the whole strain range.

Closer inspection of videos of breakup events revealed small perturbations in the thinning neck at times close to the point of breakup

◦

for samples at a temperature of 30 C. Figure 7.8A shows
ted vs

∗

t −t

Rmin

plot-

◦

for several dierent measurements conducted at 30 C.

The inset shows corresponding still frames of the thinning neck just
before breakup. Due to the placement of the light source behind the
uid bridge in the experimental setup, the uid bridge acts a lens for
the light source. This is visible on the camera images as a white spot
(which saturates the camera) in the middle of the bridge throughout

µm,

the whole breakup event. When the bridge radius reaches 8

the

intensity of this white spot diminishes as the bridge becomes thinner. This probably reects the presence of less material in the bridge.

µm

When looking at a xed spot on the bridge once a radius of 4

is

reached, the pixel intensity uctuates. A bright area appears in the
middle of the thread and propagates towards the ends of the thread.
As the dimensions of the thinning neck approach the pixel resolution
limit, we cannot accurately measure the uctuations in neck width.
Instead, we analyse the uctuations in the intensity of the neck in a
xed pixel spot as a function of time (Figure 7.8B).
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Figure 7.8:

Fluctuations in the shape of the bridge prole during

◦

capillary thinning of COC at a temperature of 31 C, which is close
to the chiral nematic-to-isotropic phase transition. A) The minimum
radius versus time left to breakup, with still images of the uid bridge
at the time intervals indicated by the blue lines. Note that the appar-

µm at times close to breakup reects

ently constant bridge radius of 4

the limited spatial resolution of the setup. B) Intensity of one pixel
in the middle of the uid bridge at times close to breakup, plotted
against time left to breakup, with a zoom in the inset.

Far from breakup, the pixel intensity value saturates the camera so
it appears to be constant.

Near breakup, where perturbations are

visible in the still images, the intensity value of this spot uctuates
in time, as can be seen in the inset. We only observe these intensity

◦

uctuations for samples held at a temperature of 30 C. These uctuations may reect an instability, as predicted by theoretical models of
liquid crystals [175]. However, we note that it is dicult in our setup
to guarantee a constant temperature across the entire sample, since
only the top and bottom plates are held at a constant temperature.

7.3.3 Rheology of doped chiral liquid crystals
To compare the breakup behaviour of a fully chiral nematic liquid
crystal with the breakup behaviour of an induced chiral nematic liquid crystal, we use the chemical compound N-(4-Methoxybenzylidene)4-butylaniline (MBBA), which forms a nematic liquid crystal at room
temperature, and we add small amounts of chiral dopants.
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Figure 7.9:

A) Schematic of the molecular structure of the ther-

motropic nematic liquid crystal MBBA. B) Polarising microscopy
image of pure MBBA, scale bar is 1 mm.

The ake-like structure

is characteristic of thermotropic nematic liquid crystal samples.

C)

Expected phase diagram of MBBA [51].

◦

As shown in Figure 7.9B, MBBA is expected to be solid below 22 C,

◦

◦

nematic between 22 and 47 C, and isotropic above 47 C [214]. Adding
chiral dopants may slightly lower these temperatures. To form a chiral nematic with a left handed twist, we use cholesteryl benzoate,
while we obtain a chiral nematic with a right handed twist by doping
with Canada balsam [22].
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Figure 7.10:

Polarising light microscopy images of a nematic phase

of pure MBBA and of chiral nematic phases of MBBA doped with
dierent concentrations of cholesteryl benzoate (0.5 and 1%v/v) and
Canada balsam (0.5, 1, 2%v/v), which create a left-handed or righthanded chiral nematic phase, respectively. Images are taken at room
temperature. The scale bars are 1 mm.

Figure 7.10 shows polarising microscopy images of pure MBBA and
MBBA with dierent dopant concentrations.

The pure MBBA ex-

hibits ake like structures typical for a nematic liquid crystal (Figure
7.9B and 7.10) [214].The doped MBBA samples exhibit oily streak
type defects, which resemble the defects typically observed for molecular chiral liquid crystals [170]. The density of these streaks is highest
when the dopant concentration is 0.5 %v/v for both dopants.

The

defects seem stable, since they do not coarsen over time (observed
within a time frame of weeks).
Figure 7.11 shows representative examples of still images of the uid
bridge during capillary thinning and breakup for pure MBBA and

◦

for doped MBBA at room temperature (20 C).

All bridge proles

initially look similar, with the formation of a long cylindrical thread.
However, the samples dier in their breakup behaviour.
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For pure

MBBA, a satellite drop is formed after breakup, whereas the doped
samples break at a single point. MBBA doped with 0.5%v/v Canada
balsam develops an exceedingly thin region that breaks. For MBBA
doped with larger amounts of Canada balsam or with cholesteryl benzoate, a very thin thread of approximately 550
before breaking.
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µmin length is formed
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Figure 7.11:

Still images of the uid bridge of pure MBBA and of

MBBA samples doped with chiral dopants, showing from left to right:
the bridge just after breakup, before breakup, and at times t1, t2, and
t3 during capillary thinning as indicated in Figure7.12.

The white

arrows point out a thin thread which forms for the doped samples,
but not for pure MBBA or for MBBA doped with 0.5 %v/v Canada
balsam.
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Figure 7.12: Capillary thinning dynamics of nematic MBBA samples
and of chiral nematic samples of MBBA doped with chiral dopants.
A) The minimum radius against time left to breakup for pure MBBA
and doped MBBA. B) Comparison between the thinning dynamics of
doped chiral nematic samples of MBBA, doped with either 0.5%v/v
cholesteryl benzoate or Canada balsam, with the corresponding dy-

◦

namics of a chiral nematic sample of COC at 25 C.
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The minimum radius of the uid bridge is plotted versus the time
left to breakup in Figure 7.12A for the pure and doped MBBA samples.

The still images in Figure 7.11 correspond to the proles at

times indicated by t1, t2, and t3 in the plot. Two scaling regimes are
distinguishable in the log-log plot, with a crossover when the minimum radius is around 10 micron. This crossover point occurs closer

t∗ − t = 300µs) for
∗
samples (t − t =1000µs).

to the breakup time (

pure MBBA than for the

doped MBBA

The doped MBBA uids

all show similar thinning behaviour, except that the MBBA sample
with 0.5%v/v Canada balsam has a larger minimum radius near the
breakup event than the other doped samples.

As a result, the ap-

parent power-law regime closest to breakup has a lower exponent for
MBBA with 0.5%v/v Canada balsam (0.5) than for the other doped
samples (0.8).

All MBBA uids show the same initial power law

thinning regime, with a scaling exponent of 1.5, as summarized in
Figure 7.13. This exponent is consistent with exponents observed in
capillary breakup experiments on the thermotropic nematic materials
8CB and 5CB [167, 189].

Although the pure MBBA sample breaks

up faster than the doped MBBA samples, the power law exponents
are comparable.
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Figure 7.13: Power law exponents characterising the capillary thinning dynamics of nematic MBBA at room temperature (0% chiral
doping fraction) and chiral nematic samples of MBBA with dierent
concentrations of chiral dopants as indicated in the legend.

Circles

correspond to the power law scaling regime of the thinning dynamics
furthest from breakup, while squares correspond to the second power
law thinning dynamics regime closest to breakup.

We do observe a dierence between doped and undoped MBBA samples when we replot the

Rmin

vs

t∗ − t data in a log-lin plot in Figure

7.14. Again, the times indicated by t1, t2 and t3 correspond to the
proles shown in Figure 7.10.

For doped MBBA samples, a single

exponential decay describes the data well in the region of
500 to around 2500

µs,

t∗ − t from

whereas for pure MBBA this is not the case.

A single exponential decay is characteristic of polymeric uids, reecting the entropic elasticity of the polymer chains when they are
stretched [188].
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Figure 7.14: Capillary thinning dynamics of nematic MBBA samples
and chiral nematic doped MBBA samples in terms of the minimum
radius versus time left to breakup, replotted on a log-lin scale to
test for an exponential thinning regime characteristic of polymeric
uids. The dashed line shows an exponential t, which ts the data
for doped MBBA samples well over nearly a decade in time.
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Figure 7.15: Apparent extensional viscosity of doped MBBA samples
plotted as a function of apparent Hencky strain, calculated from the
measured capillary thinning dynamics.

Figure 7.15 shows the apparent extensional viscosity of the doped
MBBA samples as a function of Hencky strain calculated from the
measured capillary thinning dynamics. Since the thinning dynamics
was minimally aected by the presence of dopants, we also observe
a minimal inuence on the apparent extensional viscosity.

A small

decline in the viscosity is observed from 0 to 2 strain units, followed
by a peak with a viscosity value of 0.9 Pa

·s

when the strain reaches

4 to 6, and a decrease in viscosity to around 0.4 Pa
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· s.

7.3.4 Comparison between the ow properties of
chiral and doped chiral liquid crystals
To compare the thinning dynamics of the doped chiral nematic samples with that of the fully nematic COC, we plot in Figure 7.12B the
minimum radius versus time left to breakup for MBBA doped with
either 0.5%v/v Canada balsam or cholesteryl benzoate and for COC

◦

at 25 C. Although the uids are all in the chiral nematic phase, their
breakup behaviour diers greatly.

The shape of the bridge proles

is dierent and the thinning dynamics are dierent.

We clearly ob-

serve two power law scaling regimes for the MBBA samples, where
movies were recorded with a pixel resolution of 1.4 um.

µm,

we recorded movies with a pixel resolution of 3
able to observe one scaling regime.

For COC

so we are only

Even the power law exponents

for the COC sample and the doped MBBA samples dier, with COC

◦

showing an exponent of 1 at 25 C, while the doped MBBA samples
show exponents around 1.5 (Figure 7.13).
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Figure 7.16:

Shear rheology of nematic MBBA samples and chiral

nematic doped MBBA samples.

A) Loss modulus as a function of

angular frequency for pure MBBA (crosses) and doped MBBA (open
squares, see legend).

B) Storage modulus as a function of angular

frequency for pure MBBA (stars) and doped MBBA (solid symbols).
C) Combined plot showing both the loss modulus,

G0 (ω)

bols), and the storage modulus,

G00 (ω) (open sym-

(solid symbols), for a chiral

nematic MBBA sample doped with 1%v/v Canada Balsam. The inset
shows corresponding data for pure MBBA with crosses symbols for

G00 and stars for G0 .

D)

G00 (ω) (open symbols) and G0 (ω) (solid sym-

bols) for chiral nematic MBBA sample doped with 1%v/v cholesteryl
benzoate. The solid lines in panels C and D show ts to power-laws

G00 (ω) and a slope of 2 for G0 (ω), consistent with

with a slope of 1 for

predictions for a Maxwell uid. The crossover frequency corresponds
to a characteristic relaxation time

τ = 1/ω.

Since the extensional rheology of the doped MBBA liquid crystals
is so dierent from the extensional rheology of COC liquid crystals,
we also measure the shear rheology of the doped MBBA samples.
The linear loss and storage moduli of the MBBA samples are more
or less the same for doped and undoped samples and independent of
dopant type or dopant concentrations (Figure 7.16A and B). Doped
MBBA samples have loss modulus of 10
of 10

−1

/

−2

Pa at an angular frequency

rad s, which increases to 10 Pa at 10

−2

modulus is only 10

2

/

rad s.

The storage

/

Pa and therefore rather noisy below 1 rad s,

/

and increases to 100 Pa at 100 rad s.

Contrary to COC, the doped

MBBA samples behave as a Maxwell uid, characterized by terminal
uid behaviour with
viscosity

η = 36 mPa

G0 = ητω

2

and

G00 = ηω,

with an eective

and a single characteristic relaxation time

τ=

44 ms. Flow curves show that the shear viscosity of the doped MBBA
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reaches a plateau value of 0.04 Pa

·s

at shear rates above 10

−1

/

1 s,

which is almost two times higher than the shear viscosity of pure
MBBA (Figure 7.17A). When plotting the shear stress against strain
rates, the curves are well described by the Herschel-Bulkley model

σ = σy + Kγn

(Figure 7.17B), with a near-zero yield stress,

shear-thinning index
of 0.025 Pa

·s

n

equals 1 in all cases, and

for pure MBBA and 0.04 Pa

·s

K

The

assumes a value

for the doped MBBA,

corresponding to the high-shear plateau viscosities.
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σy .

Figure 7.17:

Shear rheology of pure and doped MBBA liquid crys-

talline samples compared with the Herschel Bulkley model for yield
stress uids.

A) Steady-shear viscosity for pure MBBA and doped

MBBA samples, as indicated in the legend. B) Same data replotted
in terms of shear stress as a function of strain rate. The dashed lines
indicate ts to the Herschel Bulkley model with a zero yield stress
and tting parameters n in C) and K in D).

7.4

Discussion and conclusion

We characterized both the shear and the extensional rheology of the
molecular liquid crystal material COC at dierent temperatures, corresponding to a solid, chiral nematic, or isotropic phase. We showed
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that in shear ow, the samples behave as a Bingham uid with a small
yield stress in the chiral nematic phase, and as a shear-thinning uid
in the isotropic phase. Oscillatory shear measurements revealed that
both nematic and isotropic COC samples exhibited a weak elastic
component in their viscoelastic response. Consistent with the shear
rheology, the samples exhibited capillary thinning dynamics characteristic of a power law uid in the extensional rheology measurements.
To compare the magnitude of the shear and apparent extensional vis-

0

cosity, Figure 7.18 shows the Trouton s ratio, which is the ratio of the
extensional viscosity to the shear viscosity, as a function of strain rate
for COC at dierent temperatures, noting that the extensional strain
rate

=

√

γ,

3

where

◦

γ

is the shear rate.

For COC in the isotropic

0

phase (60 C), the Trouton s ratio increases from around 2 to 4 with

0

increasing strain rate. These values are close to the Trouton s ratio
of 3, expected for a Newtonian uid. This is consistent with the high
strain rate in the capillary breakup experiments, which is governed
by the viscosity and surface tension of the uid.

The extensional

/

strain rate is 500 1 s and higher, so the samples are in a high strain
rate regime where the molecules are likely maximally aligned.

In

0

the chiral nematic phase, the Trouton s ratio is initially 3 and increases somewhat with increasing strain rate, again consistent with
Newtonian-like behaviour. Close to the transition to a smectic phase

◦

0

(20 C), the Trouton s ratio is slightly larger, around 5 at a strain rate

/

of 30 1 s and decreasing slightly to 4.5 with increasing strain rate.
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0

Figure 7.18: Trouton s ratio, dened as the ratio of extensional over
shear viscosity, of COC samples as a function of equivalent strain rate

◦

for temperatures of 20, 25, 30 and 60 C as indicated in the legend.
A ratio of 3 is characteristic of a Newtonian uid, while ratios larger
than 3 are expected for non-Newtonian uids.

We conclude that the elongational viscosity at the strain rates accessible in capillary breakup experiments is consistent with a Newtonianlike response.

Elastic properties, which are apparent in shear rhe-

ology since smaller strain rates can be achieved, only inuence the
shape of the bridge proles during capillary thinning.

At temper-

atures close to the isotropic to chiral nematic phase transition, we
observe uctuations in the intensity of the uid bridge, which may
reect an instability. However, we note that it is dicult in our setup
to guarantee a constant temperature across the entire sample, since
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only the top and bottom plates are held at a constant temperature.
For comparison, we also measured the capillary breakup dynamics
of MBBA, a molecular liquid crystal that forms an achiral nematic
liquid crystal. By adding so called chiral dopants in small amounts, a
chiral nematic structure was introduced. Comparing polarising light
microscopy images of COC and doped MBBA samples, we noticed
that the defect structures are dierent for these two chiral liquid
crystals.

Whereas COC shows focal conic domains, doped MBBA

shows oily streaks.

Both defect structures are signatures of chiral

nematics. We found that the shape of the bridge proles for MBBA
was markedly dierent compared to those observed for COC. Furthermore, the power-law thinning dynamics of the two chiral liquid
crystals were characterized by dierent power law exponents.

The

extensional rheology of the left-handed doped chiral nematic MBBA
was indistinguishable from that of the right-handed doped chiral nematic MBBA. For the doped MBBA, we observed that the thinning
dynamics can also be described by a single exponential decay, spanning the entire time interval where the uid bridge assumes a cylindrical thread shape. This behaviour is similar to the thinning dynamics
of a polymer uid [38, 188, 217], where the exponential decay is a result of the entropic strain-stiening response of the polymers when
they are stretched. The exponentially decaying regime is followed by
a steep decrease closer to breakup, where a very ne thread is formed
prior to breaking. We did not observe blistering patterns on the ne
thread, which are observed for polymeric liquids [188].

In order to

understand the exponential thinning behaviour, we also performed
shear rheology measurements on the doped MBBA. We found that
the doped MBBA uids show Maxwell-like behaviour over an angular

/

frequency range of 2 to at least 100 rad s. The oscillatory data hints
that the elastic modulus
below

0

G

exhibits a plateau at angular frequencies

ω = 1 rad/s, and that below this frequency G0
190

may exceed

G00 ,

an indication that the uid is solid-like, but the data is too noisy to
draw a denitive conclusion. Previous studies of chiral nematic liquid
crystals showed a similar rheological response, which was attributed
to the elasticity of the oily streak defect network [170, 226]. The elasticity of the oily streaks could be an explanation for the apparent
exponential decay of the midpoint diameter of the uid bridges during capillary thinning, where the oily streaks are being stretched as
an analogue to the polymer stretching in a polymer uid during uid
capillary thinning.
In conclusion, thermotropic liquid crystals show non-universal shear
and extensional ow properties, which are probably governed by their
defect structures.

The defect structures may be dependent on the

chemical nature of the molecules and they depend on the temperature and deformation history. To obtain further insight in the relation
between macroscopic ow behaviour and the underlying evolution of
solution structure, it will be necessary to measure the defect structure and alignment of the molecules in situ using polarising light microscopy or small angle neutron scattering.

Furthermore, it will be

interesting to generalize theoretical models [28, 49, 174] and numerical
simulation schemes [62, 140] for the shear rheology of thermotropic
liquid crystalline uids to describe extensional ow behaviour.
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Summary
To investigate how liquid crystalline ordering aects the ow behaviour of a uid, we studied the ow behaviour of lyotropic as well
as thermotropic liquid crystals.

We chose model systems that con-

sist of biological brillar structures that form liquid crystalline structures when the concentration is high enough, and molecular compounds that form liquid crystals at a certain temperature. Another
common feature of the samples is that the constituents of the samples are chiral, and they can form chiral nematic structures when
in equilibrium.

We used polarisation microscopy to detect birefrin-

gence that indicates alignment of the particles, and shear rheology
to characterise the visco-elastic behaviour of the uids. To probe the
behaviour under an extensional deformation, we formed a uid bridge
of the sample between two parallel plates and observed the thinning
behaviour of the uid due to capillarity. The uid bridge proles and
the thinning dynamics are summarised in Figure 1.
In Chapter 3 we characterised amyloid bril suspensions formed by
hen egg white lysozyme.

Two dierent samples were prepared with

dierent average bril aspect ratios:
HEWL2 with

L/D =

162.

HEWL1 with

L/D =

414 and

Both samples are birefringent above a

threshold concentration and exhibit shear-thinning behavior as a result of shear-induced bril alignment.

Chapter 4 shows the exten-

sional rheology of both samples. We showed that the bridge proles
dier greatly between the samples:

for HEWL2, with the lower as-

pect ratio brils, the bridge develops two cusps that are connected
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by a thin uid thread that ultimately breaks.

For HEWL1, where

the brils have a higher aspect ratio, the uid bridge forms a long
column, and thins at one spot before breaking.

At very high bril

concentrations, we observed that after breaking, the ends of the uid
bridge tend to keel over, indicative of elastic behaviour. The thinning
dynamics, however, do not dier greatly (see Figure 1, top panel).
Two regimes are distinguished that can be tted with a power law.
For both HEWL1 and HEWL2 we found that the regimes closest to
breakup has an exponent of 0.5, and further from breakup

∼ 1.5.

For

HEWL1 at very high concentration, which coincides with the concentrations where ngerprint textures in the birefringence are found
in equilibrium, we found that the second exponent is 2.
In Chapter 5 we studied a system consisting of another biological
bril-like structure:

the cellulose microbril.

When xing the cel-

lulose concentration, and varying the concentration of the adsorbed
polymer carboxy methyl cellulose (CMC), the interaction between
the microbrils is tuned. With higher amounts of CMC, the attraction between the microbrils is decreased, resulting in less aggregated microbrils. Here we found that when CMC is not present, the
capillary-thinning of the uid bridge is erratic:

the bridge proles

dier greatly when we performed multiple repeat measurements on
one and the same sample, and the thinning dynamics do not give reproducible power law exponents. In contrast, the samples with CMC
show breakup behaviour that is highly reproducible and the thinning
dynamics are similar, regardless of the amount of CMC: a power law
can be tted with an exponent of

∼1

(see Figure 1, second panel).

The above mentioned model systems all deal with biological brils
that are polydisperse. In Chapter 6 we show a study with the fd-wt
and the M13-wt virus particles, which are monodisperse. We showed
uid bridge experiments of the suspensions at a concentration at
which chiral nematic structures are formed under static conditions.
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The bridge proles for both fd-wt and M13-wt are similar, where
a uid column is formed and breaks either at one point, or at two
points, creating a satellite droplet. The thinning dynamics show similar behaviour, where two regimes can be distinguished that are tted
with a power law, with similar exponents, see Figure 1, third panel.
Finally, we have studied two dierent molecular liquid crystals: cholesteryl
oleyl carbonate (COC) that forms chiral nematic structures at room
temperature, and MMBA, a nematic liquid crystal, doped with small
substances of either canada balsam or cholesteryl benzoate to render
it chiral. We observed that COC under capillary thinning forms two
cusp-like forms connected by a thin uid thread and breaks in the
middle.

The thinning dynamics can be described by a power law

with exponent

∼ 1.

Upon increasing the pixel resolution of the cam-

era, we found a second regime close to breakup with an exponent of

∼

0.5.

Doped MMBA also forms chiral nematic structures at room

temperature, though the birefringence signal is dierent from COC:
The birefringence pattern of COC at room temperature showed focal conic domains, whereas doped MMBA showed oily streaks. Both
patterns are signs of chiral nematic ordering, but with dierent anchoring.

The uid bridges formed by doped MBBA do not form

cusps, but a uid column is observed.

A very ne thread is formed

just before breakup, and the thinning dynamics show two regimes,
which were tted with a power law with exponents
to breakup and

∼

0.5

− 0.8

close

∼ 1.5 further from breakup (Figure 1, bottom panel).

We found that the thinning dynamics can alternatively be tted with
an exponential decay, similar to capillary thinning of polymer uids,
though we do not have an explanation for this exponential decay in
the case of chiral nematic uids.
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Figure 1:

An overview of bridge proles of all experimental model

systems studied in this thesis: from top to bottom the bridge proles,
capillary thinning dynamics and exponents of the power laws tted
to the thinning dynamics for, from top to bottom, HEWL amyloid
bril suspensions, bacterial cellulose microbril samples, rod-like fd
virus suspensions, and molecular chiral nematic liquid crystals.

As can be seen in Figure 1, the thinning dynamics of the various
chiral nematic uids we studied diers from system to system, and a
common behaviour is not found. For the biological (lyotropic) samples, a chiral nematic structure is formed under static conditions,
and the time scale in which the structure is formed is far longer than
the time scales of the thinning dynamics.

Therefore, it is uncertain

whether the chirality of the particles, and the chiral structures that
they can form in equilibrium, aect the thinning dynamics.

To in-

vestigate the interplay between the microstructure of the uid and
the thinning dynamics, the evolution of the microstructure and the
thinning of the bridge should be observed simultaneously. This could
be done by combining polarising microscopy with droplet formation
in microuidic devices.
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Samenvatting
Om te onderzoeken hoe vloeibaar kristallijne structuren het vloeigedrag van een vloeistof beinvloeden, hebben we het vloeigedrag van
lyotropische en thermotropische vloeibare kristallen bestudeerd. We
hebben voor modelsystemen gekozen die bestaan uit biologische vezelachtige
structuren die bij een hoog genoege concentratie een vloeibaar kristal
vormen, en moleculaire bestanddelen die een vloeibaar kristal vormen bij een bepaalde temperatuur. Een andere eigenschap die deze
stoen delen is dat de deeltjes chiraal zijn, en ze kunnen chiraal nematische structuren vormen in een evenwichtssituatie.

We hebben

polarisatiemicroscopie gebruikt om dubbelbreking op te sporen dat
een indicatie is van het oplijnen van de deeltjes, en afschuifspanningsreologie om de viscoelasticiteit van de vloeistoen te bepalen.
Om het gedrag onder een extensionele deformatie te onderzoeken,
hebben we een vloeistofbrug gevormd tussen twee parallelle platen
en vervolgens het dunner worden van de brug, veroorzaakt door capillariteit, geobserveerd.

De proelen van de vloeistofbruggen en de

dynamica van het dunner worden zijn samengevat in Figuur 1.
In Hoofdstuk 3 hebben we suspensies van amyloide vezels, gemaakt
van lysozyme uit kippeneiwit, gekarakteriseerd.

Twee verschillende

monsters zijn bereid met een verschillend gemiddelde aspectratio:
HEWL1 met

L/D = 414 en HEWL2 met L/D = 162.

Beide monsters

zijn dubbelbrekend boven een bepaalde drempelconcentratie en laten
afschuifverdunningsgedrag zien resulterend van het oplijnen van de
deeltjes door afschuiving.

Hoofdstuk 4 laat de extensionele reologie
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zijn van de twee monsters. We hebben laten zien dat de brugproelen sterk verschillen ten opzichte van elkaar: voor HEWL2, de vezels
met een lagere aspect ratio, ontwikkelt de brug twee cuspsvormen
die verbonden zijn met een dunne draad die uiteindelijk breekt. Voor
HEWL1, het monster met de vezels met een hogere aspectratio, vormt
de brug een lange kolom, en wordt dunner op Ã©Ã©n plek voordat
het breekt. Bij hele hoge vezelconcentraties hebben we geobserveerd
dat de eindstukken van de vloeistofbrug omvallen na het breken, wat
een indicatie is van elastisch gedrag.

Echter, de dynamica van het

uitdunnen verschillen niet veel van elkaar (zie Figuur 1, bovenste
paneel).

Twee regimes zijn gevonden die get kunnen worden met

een power law.

Voor zowel HEWL1 als HEWL2 hebben we gevon-

den dat de regimes dichtstbij het moment van breken een exponent
heeft van 0.5, en verder weg van het breekmoment is het

∼

1.5. Bij

hele hoge concentratie van HEWL1, wat samenvalt met concentraties
waar vingerafdruktexturen zijn geobserveerd in evenwichtstoestand,
hebben we een tweede exponent van 2 gevonden.
In Hoofdstuk 5 hebben we een systeem bestudeerd bestaande uit
een ander biologisch vezelachtig structuur:

de cellulose microvezel.

Wanneer de celluloseconcentratie niet gevarieerd wordt, maar de concentratie van een geadsobeerd polymeer carboxy methyl cellulose
(CMC), wordt de wisselwerking tussen de vezels afgestemd.

Bij

grotere hoeveelheid van CMC, wordt de aantrekking tussen de vezels
minder, wat resulteert in minder aggregraten van vezels. We hebben
gevonden dat zonder CMC, het uitdunnen door capillariteit van de
vloeistofbrug grillig is: de brugproelen verschillen sterk van elkaar
wanneer we meerdere herhaalmetingen uitvoeren op een en hetzelfde
monster, en de dynamica van het uitdunnen leveren power laws met
exponenten die niet overeenkomen. In tegenstelling laten de monsters
met CMC wel reproduceerbaar gedrag zien en zijn de uitdundynamica vergelijkbaar, ongeacht de hoeveelheid CMC: een power law kan
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get worden met een exponent

∼1

(zie Figuur 1, tweede panel).

De bovengenoemde modelsystemen betreen biologische deeltjes die
polydispers zijn. In Hoofdstuk 6 laten we een studie zien van fd-wt
en M13-wt virusdeeltjes, die monodispers zijn. We hebben vloeistofbruggen laten zien van de suspensies met een concentratie waarbij een
chiraal nematisch structuur is gevorm bij statische omstandigheden.
De brugproelen voor fd-wt en M13-wt zijn vergelijkbaar, waarbij
een vloeistofkolom is gevormd en breekt op ofwel 1 punt, ofwel op
2 punten, waarbij een satellietdruppel ontstaat.

De dynamica van

het uitdunnen laten vergelijkbaar gedrag zien, waarbij twee regimes
gevonden zijn die get kunnen worden met een power law met vergelijkbare exponenten, zie Figuur 1, derde paneel.
Tot slot hebben we twee verschillende moleculaire vloeibare kristallen
bestudeerd:

cholesteryl oleyl carbonate (COC) dat een chiraal ne-

maat vormt bij kamertemperatuur, en MBBA, een nemaat, waarbij
kleine hoeveelheden substanties, ofwel canada balsam ofwel cholesteryl
benzoate, zijn toegevoegd om het chiraal te maken. We hebben gezien
dat onder het uitdunnen door capillariteit COC twee cuspen vormt
verbonden door een draad die in het midden breekt.

De dynamica

van het uitdunnen kunnen worden beschreven met een power law met
een exponent van

∼ 1.

Door het verhogen van de pixelresolutie van de

camera, hebben we een tweede regime gevonden dichterbij het breekmoment met een exponent van

∼

0.5.

De chiraalgemaakte MMBA

monsters laten ook chiraal nematische structuren zien bij kamertemperatuur, hoewel het dubbelbrekingssignaal verschilt van COC: het
dubbelbrekingspatroon van COC bij kamertemperatuur laat focal
conische domeinen zien, terwijl daarentegen chiraalgemaakte MBBA
oliestrepen laat zien.

Beide patronen zijn signalen van chiraal ne-

matische structuren, maar met een andere ankering.

De vloeistof-

bruggen gevormd door chiraalgemaakte MBBA vormen geen cuspen,
maar een vloeistofkolom is gezien.

199

Een heel jne draad is gevormd

net voordat het breekt, en de dynamica laat twee regimes zien, die
get zijn met een power law met exponenten
het breekmoment en
1, onderste paneel).

∼

∼

0.5

− 0.8

dichtstbij

1.5 verderweg van het breekmoment (Figuur

We hebben gevonden dat de uitdundynamica

ook get kunnen worden met een exponentieel verval, vergelijkbaar
met het uitdungedrag van polymeervloeistoen, alhoewel we hiervoor
geen verklaring hebben in het geval van chiraal nematische vloeistoffen.
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Figure 7.18:

Figuur 1.

Een overzicht van de brugproelen van alle

experimentele modelsystemen die onderzocht zijn in dit proefschrift:
van boven naar onder, de brugproelen, de dynamica van het uitdunnen en de exponenten van de power laws die get zijn aan de dynamica voor, van boven naar onder, HEWL amyloidevezelsuspensies,
bacteriele cellulose microvezel monsters, staafachtige fd virussuspensies en moleculaire chiraal nematische vloeibare kristallen.

Zoals gezien kan worden in Figuur 1 zijn de uitdundynamica van
de onderzochte chiral nematische vloeistoen verschillend van systeem tot systeem, en een gemeenschappelijk gedrag is niet gevonden.
Voor de biologische (lyotropische) monsters, is een chiraal nematisch
structuur gevormd onder statische omstandigheden, en de tijdschaal
waarop dit gebeurt is veel groter dan de tijdschaal van het uitdunnen.

Hierdoor is het niet zeker of de chiraliteit van de deeltjes, en

de chirale structuren die zij kunnen vormen in evenwicht, een eect
hebben op de dynamica van het uitdunnen.

Om de wisselwerking

tussen het microstructuur van de vloeistof en de dynamica van het
uitdunnen te onderzoeken, zou de evolutie van het microstructuur en
het uitdunnen van de brug tegelijkertijd geobserveerd moeten worden. Dit zou kunnen door het combineren van polarisatiemicroscopie
met druppelformatie in microuidic apparaten.
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