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Abstract 

 

Probing micro-/nano-sized surface conformations, which are ubiquitous in biological 

systems, by using liquid crystal droplets, which change their ordering and optical appearance in 

response to the presence of more than ten times smaller cellulose based micro/nano fibers, 

might find new uses in a range of biological environments  and sensors. Previous studies 

indicate that electrospun micro/nano cellulosic fibers produced from liquid crystalline solutions 

could present a twisted form [1]. In this work, we study the structures of nematic liquid crystal 

droplets threaded by cellulose fibers prepared from liquid crystalline and isotropic solutions as 

well as droplets pierced by spider-made fibers [2]. Planar anchoring at the fibers and planar and 

homeotropic at the drop surfaces allowed probing cellulose fibers different helical structures as 

well as aligned filaments.  

 

Keywords: Droplets, cellulose, micro/nano fibers, anchoring, conformation 
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Resumo 

 

A existência de conformações na superfície dos materiais à micro/nano escala são 

ubíquas em sistemas biológicos e complexos. Neste contexto, esta tese pretende desenvolver 

um método simples de visualização e quantificação deste tipo de conformações por meio da 

utilização de gotas de cristal liquido e da sua intrínseca capacidade de alterar a organização 

molecular e consequente alteração da sua aparência ótica aquando da presença micro/nano 

imperfeições periódicas suaves ou modulações presentes nas fibra.  

Estudos anteriores evidenciam que micro/nano fibras de celulose produzidas através 

da técnica de electrofiação a partir de soluções na fase liquidas-cristalina podem apresentar 

uma forma helicoidal. Neste trabalho, são estudadas as estruturas das gotas de cristal liquido 

nemático quando perfuradas por fibras de celulose preparadas por soluções tanto na fase 

liquida cristalina, como na fase isotrópica, assim como gotas perfuradas por sistemas 

altamente complexos, como o caso das teias de aranha.  

A ancoragem planar induzida junto à fibra e ancoragem planar ou homeotrópica 

promovida na superfície da gota permite a deteção de variações morfológicas na superfície da 

fibra devido a alterações detetáveis nas estruturas da gota, nomeadamente quantificação da 

quiralidade induzida pela fibra.  

 

Palavras-chave: Gotas, celulose, micro/nano fibras, ancoragem, conformação  
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Abbreviations 

 

3D   Three dimensional 

5CB   4'-n-pentyl-4-cyanobiphenyl 

CA   Cellulose acetate 

DMac   Dimethylacetamide 

DS  Average of degree of substitution 

HPC   Hydroxypropylcellulose 

LC(s)   Liquid crystal(s) 

NI  Nematic to isotropic 

POM   Polarizing optical microscopy 

SEM   Scanning electronic microscopy 
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Symbols  

 

A  Area of the bounding surface 

F   Free energy 

Fs  Free energy from the surface confinement  

Fv  Free energy from the bulk 

K   Frank elastic constant 

K11  Splay elastic constant 

K22   Twist elastic constant 

K24  Saddle-splay elastic constant 

K33   Bend elastic constant 

Q  Topological charge 

R  Droplet radius 

s   Defect strength 

S   Order parameter 

σ  Surface free energy per unit area 

T  Temperature 

t  Time 

v  Volume 

W   Anchoring energy 

wt%    Weight percentage 

    Wavelength 
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Objective  

 
With the advent of nanotechnology liquid-crystalline materials are nowadays studied 

with regard to their interaction with specific surface structures. The framework of this thesis aims 

to investigate the influence of exoteric configurations of the director field, by changing the 

anchoring conditions as well as the temperature role in the evolution of defects observed in 

liquid crystals droplets pierced by micro/nano fibers.  

 

 
 
 
. 

  



Cellulose micro/nano fibers conformational effects probed by nematic liquid crystal droplets  

 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Cellulose micro/nano fibers conformational effects probed by nematic liquid crystal droplets  

 3 

Chapter 1 – Introduction  

 
1.1. Motivation 

Today´s systems mainly depend on the top-down approach, hence they are composed by 
multiple components, thus having various interfaces and complex interactions. Understanding 
the synergy of these factors and their impact on material properties presents a great scientific 
challenge as it is expected that in the near future low-cost, miniaturized, tunable and high 
performance devices will be developed.  

 
However, if we look at the matter in an unconventional and innovative way, the bottom up 

approach involving self-assembling components constitutes a better and easier way to produce 
cheap, complex shapes and nano-sized devices with self-healing properties[1,2]. 

Advances in this respect hold the promise of creating novel materials, exploiting these same 
distinctive features for new materials design with new levels of functionality similar to those 
existing in nature [3]. 
 

Consequently, hybridization of soft matter science involving a broad spectrum of different 
scientific disciplines, namely physics, chemistry and biology, is highly appealing mainly due to 
the astounding properties of soft matter materials as mentioned above.  

  
Recent research, namely the work carried out by Geng et al.[4] in which cholesteric 

microdroplets are pierced by a cellulose fiber, shows a broad new range of opportunities, as 
breaking up the spherical symmetry of the liquid crystal droplets gives rise to exotic topological 
defects showing interesting possibilities for coupling optical fibers to liquid crystal 
microresonators[4] taking the outstanding work reported by Musevic et al. where the first 
tunable and omnidirectional soft-mater 3D lasers were realized[5]. A similar breakthrough was 
made when Fukuda et al.[6] reported a liquid-crystal-based chirality balance offering a quick 
and versatile chirality-sensing method for gas-phase analysis. Their preliminary results may play 
a vital role in the pharmaceutical industry, on-site drug analysis or other environmental 
chemicals as well as to the fragrance and perfume industry. 

 
With the advent of nanotechnology, this project exploits liquid crystalline materials not only 

their sensing properties, where helical conformations can be probed, but at the same time their 
interaction with specific surface structures and the influence of combined external stimuli: 
anchoring conditions and temperatures that could reinforce the properties stimulating the 
appearance of sophisticated structures supporting the development of new fields such as the 
nanophotonics, or polymeric fiber technology, nanoconfinement or in more futuristic view: 
development of topological memory devices and novel types of self-assembly[7-11]. 

 

1.2. Overview on liquid crystals 

By the end of the nineteenth century, science made a new breakthrough with an idea that 
challenged the scientific community: the discovery of the fourth state of matter - liquid 
crystals[12]. 

 
It was known that ordinary liquids and gases did not present any long range order and thus 

were considered as amorphous phases whereas solids could be either crystalline and/or 
amorphous. By definition and regarding solely the crystalline domains, all the components (such 
as molecules or atoms) are regularly stacked, having their centers of gravity periodically located 
into a 3D lattice[13-15].  

 
Interestingly enough, many existing phases in nature present a more ordered structure than 

isotropic liquids, yet less ordered than typical crystals. These peculiar phases are grouped 
together and are coined liquid crystals or mesomorphic materials, since they share properties 
normally associated with both the liquids and crystals [16,17]. 
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Roughly speaking, mesomorphic materials can be seen as ordered liquids or alternatively as 
disordered solids, as one is confronted with a system displaying spatial liquid-like order and at 
the same time some degree of anisotropy: anisotropic fluids [18].  

 
Therefore mesogenic substances (molecule or group of molecules responsible for 

generating mesophases) can be classified according to their shape, where rod-like (calamitic), 
and disk-like molecules (discotic) are the most ordinary ones. In this category, substances may 
present one or more phases (polymorphism) as they are heated up or cooled down – 
thermotropic liquid crystals. Yet, if the mesomorphic character appears in a solution with an 
appropriate solvent under a certain and well defined range of concentration, pressure and 
temperature, the liquid crystal is called lyothropic. 

 
Regarding the structure of the mesophase, three main classes arise: nematics, smectics and 

columnar, differing from their molecular arrangement and in turn different macroscopic 
symmetries and physical properties[12,13].  
 

1.3. Nematic Phase  

 

Etymologically, the word nematic, from Greek “νῆμα” - thread, refers to the thread-like 
defects in its anisotropy which can regularly be seen when observing this particular phase under 
polarized light. These so called threads have scientifically been termed “disclinations lines” by 
Frank in analogy to dislocations in certain defects in solids (highlighted in 1.3.1.2) [19]. 

 
The essential difference in these systems, as mentioned before, is the molecular anisotropy 

which is obviously a precondition for macroscopic anisotropy. An increase in either the shape 
anisotropy (steric effect), or in the anisotropy polarisabilty (thermotropic effect) leads to 
anisotropic liquids with long range directional ordering. Generally speaking it can be explained 
by the molecule´s shape that stimulates other molecules to align themselves in parallel as they 
can turn more freely without overlapping [18].  

 
The other ordering mechanism - thermotropic effect - helps explain the phenomenon 

observed in figures 3.5, 3.6, 3.11 and 3.12 where a reduction in temperature leads to nematic 
ordering (phenomena which will be further highlighted in chapter 3). 

 
If we consider pairs of molecules it is known that a fluctuation of electron density gives rise to 

a dipole moment and so to an electric field at the neighboring molecule, that will consequently 
and spontaneously induce a second and opposite (in direction) dipole. Both will definitely attract 
each other, seeking the lowest energy configuration. One would expect that the molecular 
configuration that allows a higher aspect to the electric field created, will consequently induce a 
greater dipole and thus create a greater attraction between both molecules which will than lower 
the energy of the pair of molecules.  

 
It is than explained, by the hybridization of both effects (steric and thermothropic effect), the 

strong correlation between the orientation of a random molecule and the orientation of its 
neighboring molecules in the nematic phase. As seen before, this long-range uniaxial 
orientational order is encouraged by short-distance interactions, ultimately every molecule will 
have its orientation parallel to the orientation of the neighboring molecules throughout the 
sample [13]. 

 
On the other hand, the gravity centers of the constituent molecules in the nematic phase do 

not present any long-range correlation, similarly to conventional liquids. 
 
This preferential molecular alignment is mathematically represented as a unit vector,     , 

since its magnitude has no physical significance, labeled director. Furthermore, the capability to 
rotate around the long axes and the lack of preference concerning the ends of the molecule due 
to the non-polar nature of this phase, leads to          [20]. 
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1.3.1. Order Parameter 

We have seen before that liquid crystals present a liquid-like order at least in one direction, 
being more ordered (thus having less symmetry) than liquids due to the inherent tendency of 
their constituent molecules to align parallel to some common axis[14].  

This particular characteristic makes liquid crystals, and more specifically, nematics, optically 
uniaxial materials with very large birefringence and anisotropic properties that can be further 
exploited for both scientific and practical interests [2]. 

However, due to thermal fluctuations, this alignment may suffer some deviations around a 
statistical value. As a result one should be able to quantitatively express this average 
orientation: as an order parameter [15]. 

By assuming a perfect cylindrical symmetry of the rigid rod-like molecule about the unit 
vector,    , it is possible to define the director´s coordinates, Figure 1.1: 

 

                   
                   

            
 

 

Figure 1.1- Coordinates of the rod used to define the order parameter tensor. 

The molecular alignment state can be described by the distribution function f(θ,ϕ)dθ, where 
f(θ,ϕ) is the probability of finding an arbitrary main axis of a certain molecule,    ,  within a small 
angle dθ around the direction (θ,ϕ). Once the rod possesses a complete cylindrical symmetry 
around the director, f(θ,ϕ) is independent of ϕ, thus    =     as already been mentioned.  
 

              
         
         

 
The order parameter is given by:[13]  

 

       
 

 
                (equation 1) 

 
The order parameter decreases with increasing temperature: for temperatures higher than 

the nematic-isotropic transition, the order parameter equals zero, which is a direct consequence 
of the complete random orientation, the main attribute of the isotropic phase.  

Accordingly, for an ideal crystal: S=1; while for an isotropic phase: S=0, whereas in the 
nematic phase is located between 0 and 1 [13,21].  
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1.3.1.1. Deformation mechanisms 

Theoretically, when undeformed, nematic uniaxial liquid crystal´s director points, on average, 
in the same  linear direction -      -  throughout the sample. Yet, owing to their intrinsic high 
fluidity, such systems are highly susceptible to deformation whenever restricted by any limiting 
conditions, leading to a variation in the director´s direction from point to point.   

  
In relation to the previous example, it is also important to take into account the constrains 

imposed by the limiting surfaces or external forces acting upon the liquid crystal system.  
Therefore it is important to quantitatively define the equilibrium state of a nematic liquid crystal 
achieved when the director shows no spatial variation. Otherwise, there will be an increase of 
the free energy density of the system, as it costs energy to induce any kind of curvature in the 
director field, thus increasing the instability of the system. 

 
In other words and according to Frank´s continuous elastic theory, it is possible to 

quantitatively evaluate the energetic cost to overcome the elastic distortion.  This energy is 
given by the sum of the three basic types of deformations: splay, twist and bend[13,21].  
 

 
Figure 1.2 – Basic types of deformation occurring in nematics for strong surface anchoring 
conditions. a)Twist, K22; b) Splay, K11; c) Bend, K33 

 

   
 

 
           

  
 

 
         

  
 

 
            

                            

(equation 2) 

Although the saddle-splay contribution -  K24 - term does not change the bulk 
equilibrium equations, thus being normally ignored, it has to be taken into account whenever 
topological changes occur, such as transformation of the spherical-like core of the hedgehog 
into a torus-like core of the disclination ring with a macroscopic radius much larger than the 
nematic coherence length[22]. 

All Kii constants must always be positive, insuring the thermodynamical stability of the 
system as they represent Frank´s elastic constants associated with the ability of the director to 
resist splay, K11, twist, K22, and bend, K33[21,23].  

 

1.3.1.2.  Disclinations    

So far variations in the director orientation have been considered to be smooth, 
enabling a fine definition of the director field. Considering the same liquid-crystal system, and 
assuming it is confined in a container, the director´s orientation will suffer an abrupt alteration in 
relation to the neighboring directors due to the molecule-container anchoring.  

This phenomenon is known as “anchoring” and can happen whenever there are 
changes in the boundary conditions or an external field is applied, giving rise to three different 
possible types of defects: point disclinations, lines and walls[13,23,26].  
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However there is an energetic cost to deviate the director from the easy axis, which is 
quantitevely defined by the anchoring energy of adjacent surface area. Therefore, the closer the 
director to the surface the stronger the influence of the surface upon this last one. The 
alignment effects of the boundaries are also transmitted to the bulk region. Hence the director´s  
orientation in the bulk is different from the one found near the surface.  

 

The important parameter characterizing the surface anchoring strength is the 
penetration-length given by L~K/W, where K is an elastic constant and W the anchoring energy. 
The penetration-length means the distance from the real surface where the director would 
coincide with the easy axis orientation. If the anchoring energy is infinitely large, than the 
penetration length is approximately zero and the director coincides with easy axis orientation 
near the surface. 

 

Upon these deviations in the director field, topological defects will arise (as a direct 
consequence of breaking the continuous symmetry). In this way, orientational order can be 
locally disrupted (so that the director field cannot be defined any longer) leading to defects 
named “disclinations” [24,25]. 

 

Thermodynamically speaking, a given system always evolves towards the equilibrium - 
lowest state of energy – and so does the chain of defects. As a matter of fact, defects like point 
disclinations, located at the boundary surface, tend to extinguish one another and line 
disclinations, normal to the surface´s plane, tend to stretch to minimize the energy[13,27].  
 

In this respect the modulation of the director is highly interesting, since it directly affects the 
stability of complex phases or the modulation of physical phenomena, i.e.  phase transitions. 

 

The overall alignment is therefore very sensitive to the external fields, the strength and type 
of local molecular anchoring at the interface[2,28-30].  

 

1.4. Liquid crystal drops and shells 

The renowned properties of liquid crystals and their micro-/nano-scale exotic behavior are 
currently of great interest in a broad range of research areas such as optical light-trapping [31], 
optofluidics[32], sensors[6], photonics[2,33,34] and colloidal science[35].  

 

Regarding this project, one will center on the article reported by Musevic et al. on 3D  
microlasers self-assembled cholesteric liquid crystal microdroplets, work that may herald a new 
era of photonics and will undoubtedly help developing other fields such as telecommunications 
and holographic displays[36]. 
 

In this context, a work carried out by Godinho et al.[4]  introduced a all new perspective to 
these cholesteric microlasers when the perfect spherical geometry of the cholesteric liquid-
crystal microdroplets was disrupted by piercing a thin long fiber. Furthermore Geng et al.[37] 
were able to visualize the electrical response of a nematic liquid crystal drop of toroidal topology 
threaded in cellulosic fibers, suspended in air, which surprisingly lead to the appearance of a 
solution–like particle orbiting around the fiber at the center of the liquid crystal drop. Moreover it 
was possible to investigate non-trivial point defects - energetically unstable - by forcing the 
system to undergo a phase transition. 
 

The study regarding liquid crystal droplets and their intrinsic topology is fascinating not only 
regarding the understanding of fundamental physics, but for many practical applications, as a 
controlled orientation of the molecules in a particular direction is highly desired, which can either 
be achieved by confining a thin layer of liquid crystal by some external surfaces or by 
encapsulating the liquid crystal inside a carrying material, leading to liquid crystal droplets 
formation[38].  
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Strictly speaking, one can define a liquid crystal droplet as a spherical or ellipsoidal volume 
generally dispersed in a polymer matrix or in another liquid. Whether suspended or in solution, a 
liquid crystal droplet is characterized by the ordered inner structure of the dispersed particles 
and its small scale confinement (in the micrometers range) in which a number of forces, namely 
bulk and surface interactions, are in direct competition[39].  
 

Independently of the nature of the droplet (liquid crystal, isotropic droplets or monodomain 
solid crystals) once bounded by an isotropic medium, the free energy is given by sum of the free 
energy from the bulk and from the surface confinement [40]:  

 

            
 

     
 

   (equation 3) 

 
This subtle interplay among bulk and surface energies reaches its equilibrium state 

when the total free energy is minimized. The problem regarding this energy minimization arises 
since σ depends on the surface orientation of the liquid crystal molecules, leading to practically 
spherical shape droplets as the energy required to extend the area of the surface while 
preserving the equilibrium state of the director is much higher than the anchoring energy.  

 

Moreover both the surface and bulk energies in these materials are comparable. As a 
result the structure is greatly influenced by the droplet´s size. In small droplets the director tends 
to be uniform as the surface energy cannot outweigh the bulk energy for radius typically 
R<K/W[23,40].  
 

Energetically speaking, curved boundary conditions are very costly thus an increase in 
the droplets size leads to an increase in the elastic free energy so that in large droplets, 
molecules will be aligned along the easy direction, which will than distort the director in the bulk, 
while at the same time the bulk contribution plays a smaller role.  
 

Whenever the orientation field surrounding the droplet comes into conflict with the far-
field orientation of the molecules, elastic energy density grows sufficiently large, so that the 
order parameter cannot be transformed into a uniform state[40]. These highly energetic 
structures force the nematic system to adopt a configuration which minimizes both the number 
and strength of those defects in order to reach an equilibrium state. For that reason  
singularities can be formed during symmetry-breaking, phase transitions or under the influence 
of external fields, i.e. by changing the anchoring conditions so that one can easily convince 
oneself that topological defects are necessary elements of an equilibrium state[24,41].  
 

Nevertheless their stability can only be guaranteed by the conservation of its topological 
charge (total sum of the disclinations charges vanishes throughout the sample)[42]. This same 
simple principle regulates the decay and merging of effects, their creation, annihilation or 
transformation. 
 

As a result of confining a nematic liquid crystal to a spherical volume, topological 
constraints on the director field are inevitable, leading to the presence of defects which are 
characterized by their topological charge s, quantifying how much the director is rotated about 
the defect core.  
 

Nonetheless the possible director configurations within this geometry is restricted due to 
Poincaré-Hopf theorem for tangential or parallel of the director to the bounding surface to those 
containing total topological charge of s=+2 on the drop surface. Conversely, when the director  
is perpendicularly aligned with respect to the surface, the total charge must be s=+1 and the 
defect must be contained inside the spherical volume, thus no defects on the surface are 
allowed[40,43,44].  
 

In droplets there are two known distinct point defects named hedgehogs and boojums, 
whose formation lies in the director field orientation in respect to the surface[45,46,47].  
 

The first ones, hedgehogs, are formed in droplets with homeotropic anchoring 
conditions (perpendicular alignment of liquid crystal molecules around the surface). In this case 
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the director forms a radial-like configuration with a point defect in the center, which is in fact a 
3D defect, they can exist in the bulk as well as on the surface – Figure 1.3 a). 
 

In droplets with planar anchoring, the 2D point defects arise on the surface of the drop. 
These are essentially surface defects that cannot escape  into the third dimension - move inside 
the nematic bulk - because of the boundary conditions. Due to this distinction, these surface 
defects are called boojums – Figure 1.3 b) [48] . 

 
  

 

 

 

 

 

 

 

 

 

 

  

Figure 1.3 - Schematic of  the nematic drops with different structures a) radial drop, with a  
hedgehog at the center of the sphere, regularly observed when the anchoring is perpendicular; b) 
bipolar drop, with two s=1 splay-type boojums located on the surface, which can be observed for 
planar anchoring conditions. 

All this fascinating and complex behavior observed in the droplets and shells of liquid 
crystals, results from the ability of curved surfaces to contort the director field configuration, 
leading to complex director structures. However even more complicated defect configurations 
are expected when the liquid crystal is encapsulated inside regions with more complex 
topologies, such as tori, a topic that remains largely unexplored from the experimental point of 
view[42].  

 

Geng et al. [4] have for the first time freely suspended a liquid crystal droplet in air, 
showing its properties to be extremely sensitive to changes in the surrounding environment. 
Another confinement is imposed by inserting a micro fiber through one axis of the droplet, 
resulting in a topology equivalent to a torus. This experiment enabled us to observe and 
characterize very interesting structures and phenomena. Recently Geng et al. [4,37] in 
preliminary research have shown liquid crystal droplets which were freely suspended in the air 
that according to its preliminary research showed intriguing mesoscopic structures and optical 
features, properties that suggest new or enhanced applications. 

 

During this project we will only focus on situations governed by strong anchoring conditions, 
ie, the director field lies either perpendicularly (homeotropic) or parallel (planar) to all points on 
the droplet wall.  As a consequence there will not be any direct competition between the 
director´s orientation on the surface and all other elastic forces within the droplet. 

 

1.5. Fibers and process 

 
Seeking new properties along with new designs that would in the near future enable the 

incorporation in 3D microlasers, highly sensitive sensors or give rise to new applications one will 
focus on examining liquid crystal droplets pierced by fibers. [4] 

 

As already discussed, the soft matter approach employed is highly susceptible to external 
stimuli. This same remarkable susceptibility that enhances existing properties and gives rise to 
outstanding new ones, turns out to be a real challenge when it comes to assembling the 
proposed system.  

 

a) b) 
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It becomes crucial to ensure a strong anchoring between the droplets and the electro spun 
fibers produced and stretched in the air. Therefore, the following condition must be satisfied: 
R>>K/W, meaning that the fibers produced must be in the submicron range. 

 

They not only have to satisfy the condition mentioned above, but in addition they should be 
defectless so that is possible to correctly understand and interpret the behavior of the pierced 
droplets. Based on the work presented by Geng et al. [4,37] it is clear that whenever a droplet is 
pierced by a cylindrical fiber that goes through the axis of the droplet, an additional surface is 
added along the droplet´s axis. Not only the droplet´s topology is changed, but new and more 
complex structures with unknown properties can be identified.  

Despite the existence of several other methods for producing ultrathin nanofibers such as 
phase separation, template and self-assembly, electro spun fibers exhibit a wide range of 
unique features and properties such as high surface-volume ratio, since theoretically they  can 
have indefinite length and can be spun from almost all materials on the basis of melts or 
solutions. 
 

Even though this technique was discovered for over a century by Antonin Formhals[49], it 
was only in the nineties that it was fully established when Doshi and Renecker reintroduced as 
a simple way to make submicron fibers [50].  

The electrospinning process is characterized by three major regions: cone region, steady jet 
region and the instability region.  
 

In the first stage, a pump forces the fluid to come out of the syringe, forming a pendent drop 
at the nozzle, which is then electrically charged due to the high potential applied. Once charged, 
the droplet is deformed, acquiring a conical shape - known as Taylor cone - due to the 
competition between two forces: electrostatic and surface tension. At a certain critical electric 
field a fluid jet is ejected from the apex of the Taylor´s cone. 
 

The behavior of the steady jet has been addressed theoretically to Taylor and Hohman et 
al. [51].  In this region, the jet travels along a straight path, where the diameter gets thinner as 
the jet moves away from the needle.  
 

In the final region, the jet deviates from its coherent path and undergoes an instability called 
“whipping instability”. In order to understand and describe this behavior, Fridriech et al. [51]have 
presented a simple model suggesting that the jet reaches its terminal when the surface tension 
balances out the electrostatic charge repulsion. By this time, the jet undergoes a rapid 
movement and its outline is a spiral-like path.  
 

The electrospinning set up is dependent upon numerous parameters, such as the distance 
from the nozzle to the target (change the electric field), the target shape, solution characteristics 
(solvent, concentration) as well as humidity and temperature. 
 

 
Figure 1.4 - Schematic representation of the electrospinning setup: a) peristaltic pump b) syringe  
c) coaxial shield ring d) target. 
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Chapter 2 – Experimental and Characterization Techniques  
 

Liquid crystal droplets were obtained from the nematic liquid crystal 4´-n-pentyl-
cyanobiphenyl (5CB) purchased from Merck, which exhibits a nematic phase in the temperature 

range from 18⁰C to 34⁰C. 

The fibers were prepared from liquid crystalline hydroxypropylcellulose (HPC) and 
isotropic cellulose acetate (CA) solutions. HPC precursor solutions were prepared from 60% 
(w/w) hydroxypropylcellulose (HPC) (Aldrich, Mw=100000 gmol

-1
) solutions in 

dimethylacetamide (DMac) purchased from Riedel-de Haen. CA isotropic solutions were 
obtained from 12% (w/w) cellulose acetate (Aldrich, Mw=61000gmol

-1
, 40% acetyl groups) in a 

homogeneous mixture of 75% (w/w) acetone and 25% (w/w) DMac.  
 

HPC as well as CA fibers were produced by electrospinning according with the 
procedure described previously by Yong et. al modified in the following way:  the viscous 
solutions of HPC and CA were poured into a 1mL syringe (diameter 4.5mm) fitted with a 27-
gauge needle (diameter 0.2mm) and 21-gauge needle (diameter 0.51mm) respectively. In both 
cases, the syringe was placed on the infusion syringe pump (KDS100) to control the polymer 
solution feed rate. A conducting ring, 15 cm in diameter, was held coaxially with the needle tip 
at its center, and electrically connected to it. Both the needle tip and the ring were directly 
connected to the positive output of a high voltage supply (Glassman EL 30 kV). After applying 
the electric potential between the metallic syringe-tip and the plate, the highly viscous polymeric 
solutions of HPC and CA were continuously fed to the syringe-tip at a constant flow rate of 0.04 
mL h

-1
 and 0.2 mL h

-1
 respectively and accelerated by the ensuing electric field towards a 

collector consisting of two conductive stripes separated by a void gap of 0,5cm. The optimized 
operating conditions for the continuous drawing of cellulose derivative fibers were at a voltage 
of 15kV with a distance between the nozzle and the collector of 20cm for HPC, whereas for CA 
the optimized conditions were at  a voltage of 10kV and a distance of 12cm. During the process 
the humidity was around  50% at room temperature, 23 ºC.  
 

In order to obtain uniaxial aligned fiber arrays, fiber collectors made of two aluminum 
stripes (2.5x30mm) separated by a distance of 5mm were used. These specially designed 
frames allowed the HPC and AC fiber arrays to deposit across and consequently form 
suspended arrays. The fibers were then carefully dried under vacuum, at room temperature for 
72 hours before further utilization.  The fibers were characterized more thoroughly using a SEM 
DSM 962 model from Zeiss. 
 

Two types of anchoring conditions were studied, it being known that the cellulosic fibers 
enforce tangential alignment for 5CB molecules [52], that the nematic liquid crystal aligns 
perpendicularly to the air interface and that a thin layer of glycerol ensures the planar anchoring 
of the confined liquid crystal at the surface.  

 
In order to ensure the planar anchoring, nematic droplets were produced by mixing 5CB 

with glycerol in an optimized concentration, which was achieved by a thorough examination 
between cross and parallel polarizers. 
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Figure 2.1 – Schematics of the experimental Setup. a) The electrospinning target used to produce 
the air suspended fibers with numerous 5CB liquid crystal droplets b) cross-polarized Figure 
corresponds to nematic droplets constrained on a 1,1 micrometers long  fiber.  c-e)  Cross-
polarized, with retardation plate and bright field Figures of 5CB droplets involved in optimized 
glycerol solution, planar anchoring. 

The droplets were then carefully collected by means of a copper wire (0.1 mm) at room 
temperature and transferred to the suspended cellulosic electrospun fibers.  
 

For further investigation POM pictures were taken using a transmission mode 
microscope, Olympus DP73 equipped with polarizers and a 530 nm retardation plate and a 
heating/cooling stage (Mettler, FP90).   
 

POM analysis constitutes the main characterization tool so it deserves a brief 
explanation. As already mentioned in chapter 1.3 Nematic phase, the nematic liquid crystal 
used is uniaxially birefringent – as a result the incoming light when entering in the nematic liquid 
crystal material, breaks up in two different waves (extraordinary and ordinary) that travel at 
different velocities due to the existence of two different refraction index. For this reason 
whenever the nematic sample is placed between crossed polarizers, the incident light passing 
by the bulk material suffers a phase shift between the ordinary and extraordinary waves, 
meaning one assists to a change in the polarization state with respect to the incident light. In 
other  words, a birrefringent material typically appears bright on a dark background. An 
exception arises when the local director field is aligned parallel to either the polarizer or 
analyzer so that no phase shift occurs. 
 

Mapping the director field in these materials may be complemented by inserting a full 
wave retardation plate between the sample and the analyzer.  The plate´s function is to retard 
the light propagation of a specific wavelength, 530nm.This way green light will be extinguished 
by crossed polarizers and the background field appears as magenta -  complementary color.  
 

However the light retardation of different wavelengths due to this full wave plate 
depends on the relative retardation of light, which depends, as already stated,  of the nematic 
birefringence. Therefore if the retardation is not too severe, different nematic orientations 
appear either yellow, magenta or blue. If the nematic is aligned parallel or perpendicular to the 
polarizer, a magenta color is observed, whereas if the nematic is oriented along the direction of 
bottonm left to top right, a blue color is observed and if the nematic is oriented along a line from 
the top left to bottom right, a yellow color is observed. This simple description is valid only for 
nematic structures where the director doesn’t rotate along the vertical direction[53].  
 
 

a) b) 

d) 

c) 

e) 
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Chapter 3 – Results and Discussion  

 
3.1 Fiber characterization 

 
Liquid crystalline droplets pierced by fibers, suspended in air, must satisfy the constraint 

R>>K/W for strong anchoring – defects regime - as explained in chapter 1.3.1.1. Hence a 
quantitative and qualitative analysis of the fibers is required prior to any droplet deposition. 
  

The HPC fibers were prepared from solutions in the liquid crystalline phase (60% w/w), 
while CA fibers were obtained from isotropic solutions (12%). All fibers used were 
morphologically characterized by SEM.  
 

 

Figure 3.1 - SEM Figures of electrospun fibers a) cellulose acetate fibers produced from an 
isotropic solution (12%w/w) b) Surface modulated hydroxypropylcellulose fiber prepared from a 
solution in the liquid crystalline phase (60% w/w). 

The SEM Figure 3.1 highlights the existence of a modulation on the HPC fiber surface. 
Moreover and as reported by Canejo et al. [54,55], HPC fibers produced from solutions in the 
liquid crystal phase adopt, on a supramolecular scale, a helically twisted form with the pitch 
measured in the micrometers range. This periodic structure on the HPC fibers is associated to 
the compound chirality, therefore right and left-handed fibers as well as perversion sites - that 
correspond to no handed sections - can be found, which may help explaining the modulation-
effect on the fiber´s surface. 
 

In contrast, the relatively low concentration of CA solutions ensures that the produced 
fibers are always in the isotropic phase, even when subjected to high shear rates (characteristic 
of the electrospinning process) so that no twist is presented nor is any surface modulation – 
uniform fiber.  
 

The average diameter from CA fibers varies between 0,4 up to 1,2 µm, whereas thicker 
fibers are obtained from HPC, with their size ranging from 0,8 to 3 µm. These differences can 
be observed in Figure 3.1, as in Figure 3.3, however these were already expected, as the HPC 
solution in much more viscous than the CA solution. Nonetheless, all cellulosic-made fibers are 
defectless (due to process optimization) thus enforcing uniform boundary conditions for the 
nematic liquid crystal to align along the fiber axis.  
 

These results show that the characteristic ratio, WR/K, is fulfilled, which is a crucial 
condition as it determines whether one is working (or not) in the topological defects regime. 
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3.2  Liquid crystal droplets pierced by cellulosic-made fibers 

As previously reported cellulose-based fibers namely HPC and CA can induced a 
uniform planar alignment of 5CB molecules along the main axis of the fiber – schematically 
shown in figure 3.2 a) – giving rise to a hybrid shell - meaning the 5CB molecules are aligned in 
parallel to the fiber and perpendicularly to air interface[4,37,52].  
 

For this particular set of conditions, molecules aligned in parallel with respect to the 
fiber main axis [52], show a gradual change as they are moving towards the surface, where 
molecules are locked perpendicularly to the surface (air interface) [24].  
 

In a symmetrical droplet, this topological mismatch of the director field reaches its 
maximum in the center of the nematic liquid crystal leading to the formation of a hedgehog with 
topological charge +1, chapter 1.4.  
 

Yet due to the pierced droplet not only the topology of the droplet is changed, as the 
breaking up of the droplet´s symmetry, by adding an additional cylindrical surface, generates 
the split of the hedgehog into a single disclination loop contained in a perpendicular plane with 
respect to the fiber with a +1/2 strength – so that Gauss theorem can be fulfilled[46,56].  
 

By close observation of figure 3.2 b) it is possible to identify the characteristic 
disclinations ring  defect: circular disclinations line in the middle of the droplet (in bulk) around 
the fiber which is placed symmetrically so that the lowest energy state is achieved. 

 
 

  

Figure 3.2 – Schematic of the director field configuration (a) air floating nematic shell constrained 
in a fiber, thus adding an additional cylindrical surface with planar anchoring along the droplets 
long axis and perpendicular at the outer surface (b) Bright field Figure example of a nematic drop 
threaded by cellulose acetate fiber. The Figure appears defocused to highlight the ring disclination. 
The scale bar corresponds to 10 µm (c) Numerically calculated structures in nematic drops 
threaded on cellulosic fibers with planar-homeotropic configuration. Courtesy of Prof. Zummer and 
his group.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

a) b) c) 
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Figure 3.3 – SEM Figures of electrospun fibers and POM pictures of nematic bead textures. i) from 
cellulose acetate fibers produced from an isotropic solution (12%w/w) ii) hydroxypropylcellulose 
fiber prepared from a solution in the liquid crystalline phase (60% w/w). a) SEM Figures (b-d) POM 
pictures of 5 CB liquid crystal droplets threaded by a thin cellulosic-made fibers with planar anchoring 
at the fiber and homeotropic anchoring at the air interface b) under parallel polarizers c) under cross-
polarizers picture d) with a 530nm full retardation plate, between cross-polarizers.  
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As already seen, whenever the director is tangentially anchored on the fiber surface and 
homeotropically at the air interface, a hybrid shell is formed that in turn causes a ring 
disclination l around the main axis of the fiber at the center of the droplet. Still, self-organized 
non-trivial structures of liquid crystals in specific geometries allows the detection of a weak 
external stimulus so that the response could be manifest as the structural change, directly 
observable using an optical microscope.  

 
Here, micro-/nano-sized modulations on the fiber´s surface are amplified in the liquid 

crystal droplet. Periodic frustrations on the alignment conditions on the fiber, produce optically-
detectable changes in the director field distribution at the macroscopic alignment as the liquid 
crystal molecules self-assembled with respect to these imperfections. 
 

HPC fibers are known for their helical distortion as the lack of inversion symmetry 
produces chiral intermolecular forces that favor a twist of the principal axis of polymer chain 
alignment throughout the whole system[54,55]. In this way, a right- or left-handed bulk helicity is 
generated. This torsion-like effect onto the fiber´s surface forbids a continuous orientation profile 
of the director field inside droplet. 
 

Conversely cellulosic-made fibers produced from the isotropic solution present no such 
feature, as there were never observed any ring inclination.  
 

In figure 3.3 nematic droplets pierced by cellulose acetate showed no inclination of the 
ring. On the contrary, fibers threaded by HPC fibers showed a tilted ring, experimentally proving 
that the tilted rings observed on the HPC fibers are due to its inherently helical torsion that 
changes the surface´s boundary condition, which is proven by SEM characterization. 
 

Additionally it is possible to visualize a shape difference in the droplets pierced by 
cellulose acetate and by hydroxypropylcellulose in figure 3.3: in the droplets pierced by 
cellulose acetate a spherical form is achieved whereas in the HPC case a rather ellipsoidal form 
is obtained. This behavior reinforces the existence of different surface properties of both 
cellulosic-based fibers acting upon the liquid crystal molecules. 

 
In this way morphological periodic imperfections on the fiber´s surface on the molecular 

scale are highlighted in the droplet, as the nematic liquid crystal droplet exhibits leaned  
topological line defect in the bulk. Undoubtedly liquid crystal molecules gently follow the helical 
conformation of the fiber whereas in the absence of a fiber twist they lay planar to the fibers 
surface.   

 
Of interest is the formation mechanism of the topological defect structure, namely the 

ring defect process. This study provides an important understanding of the formation and 
generation of the topological defects and the way in which they evolve towards the lowest 
energy configuration-field which remains largely unknown. In order to do so, the samples were 
heated above the nematic-to-isotropic transition temperature and subsequently cooled back at 
the same rate to room temperature. 

 
The nematic-to-isotropic phase transition is characterized by an interplay between 

positional and orientational entropy, either promoting the rods to be randomly located or 
favoring them to be randomly oriented. Consequently as the temperature rises, the orientational 
entropy prevails, meaning interactions between molecules are rather weak, and that at a certain 
temperature – the transition temperature - molecules fully lose their alignment and become an 
isotropic fluid. 
 

In this liquid-like state the droplet´s shape prevails on the fiber, however one could have 
expected that as this fully disorganized state is achieved, the droplet would have crumbled 
down and be consequently absorbed by the fiber – similarly to what happens when a water 
droplet is deposit in a cellulose acetate fiber. 

This strongly indicates that the contact angle between liquid crystal droplet and the fiber  
is not simply ruled by the characteristic defects presented on the droplet, but by a more complex 
interaction. 

 



Cellulose micro/nano fibers conformational effects probed by nematic liquid crystal droplets  

 17 

The heating process represented in Figure 3.4 highlights the similarities of the nematic-
to-isotropic transition in both cellulosic fibers with neutral rings, which one would have expected 
as in both examples the fiber is exclusively inducing the same planar degenerated anchoring 
effect on the 5CB molecules without any chirality-like effect, hence both cases will be explained 
as being essentially identical. For practical reasons, one will solely describe the phenomena in 
the droplet pierced by hydroxypropylcellulose. 
 

The samples were heated from room temperature to about 0,1º C/min until the 
transition temperature. In the first 7 seconds the droplet preserves the overall shape and 
features, with no apparent changes, other than a gradual color change.   
 

For t=7,5s, the ring defect – disclinations line - located at the center of the drop, starts 
to increase its diameter giving rise to the development of an isotropic droplet near the defect 
line. The appearance of an isotropic phase within the nematic phase below the critical 
temperature in the middle of the droplet is explained by understanding the consequences of a 
director field break down[57,58]. Discontinuities on the molecular orientation will have as a 
consequence an increase the local energy of the nematic phase, sufficient to depress the local 
nematic-to-isotropic transition temperature, meaning it is energetically more favorable for the 
transition to start near the ring rather than near the air interface, as one would have expected in 
the first place.  

 
As a result of the formation of an inner isotropic drop within the nematic phase, a 

density difference between these two different regions is created, which results in a local 
thinning of the shell at one of the drop surfaces. Simultaneously the ring defect in the center 
vanishes due to the transformation of the boundary conditions, changing the nematic structure 
and the resultant defect configuration. By this time, the isotropic droplet tries to escape from the 
inner shell, t=8,7s. At the same time, a transition front sweeps the droplet inwards, 
discontinuously – for t=15,9. The color change observed throughout the increasing of the 
temperature may be explained by the decreased of the nematic layer thickness: the lower the 
nematic layer thickness, the more faded out the colors, t=24,5s. 
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Figure 3.4 – Heating of a ring structure nematic droplet suspended in air. The heating rates are both 
equal to 1ºC/min. Heating snapshot Figures represent the time evolution of the nematic droplet from 
the equilibrium director configuration (t=0s) to the quasi-isotropic phase. a)droplet pieced by 
hydroxypropylcellulose fiber b) droplet pierced by cellulose acetate fiber. The scale bar corresponds 
to 10 µm. 
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Similarly to the heating process, no major differences were detected in the isotropic-to-
nematic phase transition between the droplets pierced by HPC and CA fibers as was to be 
expected – Figure 3.5. This phase transition cannot take place unless the thermal fluctuations 
provide the nuclei of the more stable nematic phase enabling the system to overcome the 
energetic barrier. 

Since orientations inside the droplet (isotropic phase) are equiprobable, the nematic 
phase growth process will start – randomly - near the outer surface of the droplet. As the 
system cools down, the molecular reorganization is enhanced, thus a thickening of the nematic 
layer is observed by the enhancement of the colors. Simultaneously to the nematic growth 
process, at t=20,5s the director bends  towards one side of the droplet near the fiber surface - 
the fiber acquires a bigger role in the process as it constitutes a more favorable location, 
energetically speaking.[59] 
 

By doing so, the director in the bulk does not distort appreciably, remaining very much 
tangentially oriented along the fiber main axis, giving rise to a transient disclinations line as 
showed for t=21,9s. The surface defect ring is subsequently formed at one of the sides in which 
the fiber crosses the nematic liquid crystal droplet, t=25,4s. Once no surface defects are 
allowed in this configuration - highly unstable – they migrate along the fiber main axis into the 
bulk, fixing at the center of the drop, t= 35,0s. The symmetrical location of this defect ring with 
respect to the original location results from the orientation of the nematic. 
 

It is worth noticing the crosses seen for t=21,1s in Figure 9 and for t=0 in Figure 10, are 
solely projections of the polarizer´s configuration. These bizarre effects appear either in the 
beginning or in the end of the nematic to isotropic transition when there are already some 
nematic-like domains formed, thus reflecting somehow the molecular dynamics inside the 
droplet. 

We have measured the initial velocity for the HPC fiber and CA fiber is approximately 
equal to v=112 µms

-1
 and 103µms

-1
 respectively. As the ring approaches the center of the 

droplet, one assist to a velocity decay, v=11 µms
-1

 and 9 µms
-1

 again for HPC and CA fibers.  
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Figure 3.5 – Cooling processes of a ring structure nematic droplet suspended in air. The cooling rates 
are both equal to 1ºC/min. Cooling snapshot Figures represent the time evolution of the nematic 
droplet from the quasi-isotopic phase (t=0s) to the ring configuration. a) droplet pierced by 
hydroxypropylcellulose fiber b) droplet pierced by cellulose acetate fiber. The scale bar corresponds 
to 10 µm. 

 
 
 
 
 
 
 
 
 



Cellulose micro/nano fibers conformational effects probed by nematic liquid crystal droplets  

 21 

Figure 3.6 shows a droplet pierced by HPC and CA fibers covered by a thin layer of 
glycerol, so that a planar-planar configuration is ensured. This uniform distribution of the 
nematic director between the fiber and the nematic-glycerol interface is uniform, as a 
consequence the ring defect, typical of the planar-homeotropic configuration, is not present. 
This Figures corroborate the previous results presented in our research where the liquid crystal 
acts as an optical lens, as it amplifies the surface´s imperfections and defects by changing the 
director field and thus its topology namely the periodic twist found in the HPC fibers.  

 

   

   

   

Figure 3.6 – POM Figures of 5CB droplets surrounded by a shell of glycerol which encloses the liquid 
crystal and suspended in air by a thin cellulosic-made fiber. (a-b) Hydroxypropylcellulose fiber 
prepared from liquid crystalline phase a) presenting a right-handed twist b) presenting a left-handed 
twist c) Cellulose acetate fiber prepared from the isotropic solution, presenting no-handed twist. The 
scale bar corresponds to 10 µm. 

The internal (fibers surfaces) and external (glycerol or air) anchoring properties allow 
the study of liquid crystal droplets under different nematic director distributions, thus this thesis 
investigates not only the sensing properties of these type of materials, but also the influence of 
different exoteric configurations of the director field, by changing the anchoring conditions. At 
the same time, also the planar-planar configuration depends on the twist on the surface, as 
showed in the theoretical simulations Figure 3.7. 
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Figure 3.7 - Numerically calculated structures in nematic drops threaded on thin cellulosic fibers with 
planar – planar configuration a) right-handed fiber b) non-handed fiber c) left handed fiber. Note the 
resemblance of the micrographs with experiments, namely the ring location. Courtesy of Prof. 
Zummer and his group. 

In this configuration, the droplet pierced by the CA fiber  - prepared from the isotropic 
solution -  Figure 3.6, has all its molecules perfectly aligned across the fiber main axis, therefore 
the droplet appears black under crossed polarizers as molecules are aligned parallel to the 
polarizer, so that there is no light shift. 

 
Conversely, the periodic helical modulation onto the fiber´s surface forces the 

molecules to align themselves accordingly, leading to a new structure. The microscopic Figure 
under cross polarizers reveals dark sections in opposite quadrants of the droplet.   

 

3.3 Liquid crystal droplets pierced by spider silk fibers 

So far only cellulose-based fibers have been covered, however the acquired knowledge 
allows us to take this analysis further at exquisite designs that optimize function. Spider silks are 
known for their water-collecting capabilities as investigated by Zheng et al[60], where it was 
found that not only these fibers possess unique features enabling water-collection in 
microdroplets as their collection is directional[60]. 
 

   

   
Figure 3.8 - POM pictures of nematic bead textures pierced by spider-made fibers. a) from an inner-
spider b) from a garden spider. The scale bar corresponds to 10 µm. 

 



Cellulose micro/nano fibers conformational effects probed by nematic liquid crystal droplets  

 23 

Spider webs, besides fulfilling all requirements for strong-anchoring condition, have 
attracted much attention in recent years, specifically the understanding of their mechanical and 
aesthetic properties so that in a nearby future web-like materials can be artificially 
manufactured, replacing or enhancing existing materials or applications[61,62].  
 

All spiders produce and use a wide variety of silks – each species can produce up to 
seven different high-performance silks - synthesized and spun by different glands – however 
only two types have been investigated. Although their amino acid composition is known, no 
consensus regarding the nano-organization has been reached. In addition the spider produces 
glue to coat the spiral silk accessory fibers.[3]  

 
Figure 3.8 shows the 5CB nematic liquid crystal pierced in two different spider webs, 

which surprisingly showed at least two different configurations: figure 3.8 a), b). Moreover all 
configurations observed are completely different from the ones already seen when threaded by 
cellulosic-based fibers.  
 
 

 
 
Figure 3.9 - SEM Figures of inner-spider web (droplet with no ring in the center) used to thread the 
5CB liquid crystal with different magnifications in order to highlight the fiber´s surface.  

The SEM Figure highlights the morphological differences between these and the 
cellulosic-made fibers, thus reinforcing the hypothesis that nano-sized discontinuities on the 
fiber surface are not only detectable, but amplified by the liquid crystal droplet, as their texture 
under polarized optical microscopy dramatically changes.  

 
The absence of a ring disclinations in the center of the droplet showed in Figure 3.8 a) 

is the most obvious difference as it strongly indicates that the induced anchoring in the fiber has 
changed. Based on the theoretical simulation kindly provided by Zumer and his group and on 
SEM analysis of this particular fiber – figure 14 - we were able to infer that the inner-spider fiber, 
induces a infinite tangential anchoring on the liquid crystal molecules and therefore the ring 
disclination in the bulk of the droplet disappears, giving rise to two point defects apparently 
located on the surface – figure 3.8 a). 
 

 In the other case, figure 3.8 b), were the droplet is threaded by the garden spider, the 
appearance of a ring disclinations line is still unknown, as this particular spider fiber may 
enforce a planar configuration (similar to the one induced by the cellulosic fibers) or a slightly 
chiral tangential configuration instead. 
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In both cases further experiments and data analysis is required to undoubtedly 
determined the anchoring conditions on different spider silks. 

 
 

 

Figure 3.10 - Numerically calculated structures in nematic drops threaded on a spider web fiber 
suspended in air a) with infinite tangential orientation of the molecules at the fiber b) tangential at 
45º c) with slight chirality. Courtesy of Prof. Zummer and his group. 

Herein the importance of the role of the ring defect in the dynamic melting process is 
proven. Since there is no disclination ring, in contrast to all previous examples (HPC and CA) 
the droplet´s center is no longer a favorable place for the transition to start, but the droplets 
surface, as Figure 3.11 for t=27,1s might clarify this different behavior .  

 

As temperature increases - Figure 3.11 a) - molecules on the fiber´s surface start losing 
their tangential alignment, accordingly there is a discontinuity in the director hence a transient 
defect ring is formed in the droplets center – t=28,5s. From here the dynamic behavior is 
qualitatively similar to the other found in the other fibers, as the main feature for any heating 
process is the formation of a disclinations line in the center of the droplet providing a stable and 
symmetrical site for the transition to occur. 

 
The formation mechanism of the topological defect structure, figure 3.11 b), starts at the 

outer surface of the nematic droplet, as it is the first site to feel the temperature change. 
 
The temperature decrease enhances the molecular re-orientation of the nematic in the 

bulk of the droplet, as one can see from Figure 3.12 for t = 10,7s. As the temperature further 
decreases, the fiber gains a preponderant role in the transition, similarly to the HPC and CA 
cases. Subsequently, a point defect is formed on the surface of the drop, for t=13,4s. However 
this energetically unstable state drives the systems to seek the lowest energy configuration, 
hence a closed line is formed and sweeps the droplet, t=18,2s, until reaching the opposite side 
where a second surface defect is formed. The system is now in equilibrium as both point 
defects are now located symmetrically and in opposite ends of the fiber. 

 

As stated before, this droplet is characterized by having two surface rings in the end of 
the fiber´s main axis. The formation of the first ring occurs for t=10,7s. This energetically 
unfavorable condition forces the droplet to energetically compensate this, as the front phase 
transition sweeps the droplet from the side which the surface defect was firstly create to the 
opposite side: for  t=13,4s to 27,1s. The phase transition ends when the two surface defects are 
symmetrically formed in each side of the droplet, thus ensuring the lowest energy state. 

 

 

 

 

 

 

 

 

 

a) b) c) 
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Figure 3.11 - Melting process of ring defects and ring defect generation process of a 5CB liquid 
crystal threaded by an inner spider web fiber with infinite tangential alignment at the fiber´s surface 
and suspended in air. a) Heating snapshot Figures represent the time evolution of the nematic 
droplet from the equilibrium director configuration (t=0s) to the quasi-isotropic phase (t=34s) at a 
constant heating rate of 0,1ºC/min. b) Cooling snapshot Figures represent the time evolution of the 
nematic droplet from the isotopic phase (t=0s) to the stable anisotropic configuration (t=93s) at a 
constant cooling rate of 1ºC/min. 
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The dynamic analysis of the droplet pierced by the garden spider, Figure 3.12,  

suggests a slight induced chirality by the fiber. However an increase in temperature 
consequently leads to an increase of the energy of the particles which reflects on the increase 
of the thermal fluctuations, allowing the liquid crystal molecules to move more freely.  

At a certain point the thermal fluctuation outweighs the anchoring energy of the fiber, 
consequently the induced – chirality of the fiber plays a lesser role. At this point the molecules 
are rather tangentially aligned with respect to the fiber, than twisted.  

 
The similarities between the picture 3.10 b) and the snapshot for t=58,8s support this 

hypothesis. A further increase in temperature leads to a total break up of orientational order 
from inside – out as already discussed in the other cases. 

 
The formation mechanism of the topological defect structure is very similar to the one 

observed in Figure 3.11. Nonetheless the differences regarding the surface anchoring 
conditions promoted by the fiber, give rise to the formation of a point defect on the surface of 
the drop as the closed line shrinks and disappears. This defect, similarly to the phenomena 
described in the HPC and AC fiber, migrates towards the center with a initial velocity equals to 
v=107 µms

-1
, which drastically decreases as approaching the droplet´s center to v=17µms

-1
. 
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Figure 3.12 - Melting process of ring defects and ring defect generation process of a 5CB liquid 
crystal threaded by a garden spider web fiber with slightly chiral alignment at the fiber´s surface 
and suspended in air. a) Heating snapshot Figures represent the time evolution of the nematic 
droplet from the equilibrium director configuration (t=0s) to the quasi-isotropic phase (t=71,3s) at a 
constant heating rate of 0,1ºC/min. b) Cooling snapshot Figures represent the time evolution of the 
nematic droplet from the isotopic phase (t=0s) to the stable anisotropic configuration (t=81,3s) at a 
constant cooling rate of 1ºC/min. 
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Chapter 4 – Conclusions and Future Perspectives  
 

Here, we report a simple method that tangibly visualizes surface conformations by using 
liquid crystal droplets. In this system, nematic liquid crystal droplets act as surface defect 
amplifying lenses taking advantage of the molecular behavior towards a conformation on the 
surface: molecules find themselves aligned with respect to the microgrooves or to any other 
smooth periodic imperfections that are located on the fiber´s surface. The nematic liquid crystal 
droplets threaded by different types of fibers, namely cellulose-based and more complex fibers, 
such as spider-web fibers, allowed to conclude  that each fiber presented a typical 
morphological structure and thus different configurations of the director field distribution were 
possible to visualize. As mentioned, these evident changes on the droplet´s strucutre reflect the 
molecular alignment within the droplet, therefore SEM analysis enabled to detect specific 
differences of the different types of fiber.  
 

In this work only uniaxial nematic liquid crystals were used, however, it would be of 
great interest to use different types of liquid crystals, such as biaxial nematic liquid crystals or 
nematic liquid crystal with a smectic transition. 
 

In the first ones, quick identification between uniaxial and biaxial nematic is still a major 
problem. Likewise the existence of low-molar-mass thermotropic systems, although theoretically 
predicted, has not been experimentally confirmed, hence a 3D visualization system, as here 
reported, where a droplet is pierced by a nano-fiber, would be of great interest to confirm (or 
not) the existence of this phase. 
 

In a less theoretical point of view, the smectic phase could be of grand significance 
concerning optical tuneability, as they could be used simultaneously with nematic phases for 
different purposes and ends.  
 

Concerning the helical properties presented, in particularly, by the HPC fibers, it would 
be of point of view, proving that this ring inclination is solely caused by the left or right twist of 
the fiber constitutes a great challenge as the droplets are three dimensional mirrors of each 
other. This way the ring´s inclination is merely an indicator of the mechanical induced chirality of 
the fiber. Therefore the only way of knowing with certainty whether one is looking at a left or 
right-handed fiber is through the observation of the droplet with a retardation plate, allowing a 
qualitative analysis of the molecule´s orientation. Yet perfect conditions of observation regarding 
surface alignment, thickness and surface uniformity, ratio fiber/droplet would be of major 
importance/concern.  
 

Even though it is not possible to unequivocally state that a certain fiber/section/region is 
either left or right-handed, it has been undoubtedly proven the effect of the induced mechanical 
great interest the possibility to distinguished right-handed from left-handed twists, however from 
the experimental chirality of the fibers on the molecular ornament.  
 

Concerning the ring defect generation process and the melting of the ring defects – 
phase transition – one was able to conclude that the ring velocity solely depends on the liquid 
crystal´s elastic constant. Still more work would be of considerable interest in order to  exactly 
understand the phenomena, as it could lead to great advances in fundamental physics and 
consequently for futuristic applications, regarding tuneability, self-assembly, sensing. However 
turbulent dynamic behavior on liquid crystals is extremely difficult either from the theoretical as 
from the experimental point of view, as it requires highly controlled environments.  
In this context and regarding the role played by the topological defects, the work carried out 
suggests that the nematic-to-isotropic phase transition is in fact defect  - driven, rather than 
some other mechanism driving the transition and the phenomena observed in the defects are 
solely a consequence. Still, further studies, namely with different configurations of the director 
field, would help supporting this hypothesis.  

 

At the same time, studying the contact angle between liquid/liquid/solid interfaces as 
well as would be highly intriguing to investigate the dynamic contact angle between these 
different configurations and the role played by the defects, whose influence is known, yet not 
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quantitatively nor qualitatively. Investigations in this field would be of great interest for 
microhydrodynamics and consequently microfluidics. 
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Appendix 

The numerical simulations presented during the thesis, made by Professor Zumer and his co-
workers, were based on the following conditions. 
 
A continuum mean field Landau-de Gennes free energy approach is employed to model the 
nematic liquid crystal ordering in the nematic droplets. The tensorial order parameter Qij is used 
to construct the total free energy F, which is able to fully characterize also the defect  regions.  
 
The following LdG free energy F is taken 

     
 

 
       

 

 
          

 

 
        

    
  

    
 

 
     

   

    

   
            

    

   
   

  

   
 

 
          

      
 

  

where LC denotes the integration over the bulk of the liquid crystal (LC) and Σ over the surface 
of the droplet. The first term accounts for the variation of the nematic degree of order, i.e. the 
possible formation of singular defects; A, B; and C are material parameters. The second term 
penalties elastic distortions from the twisted cholesteric state with a single uniform helical axis, 
characterized by the pitch p0. L is the elastic constant and q0=2π/p0 is the inverse pitch. As a 
measure of relative size of the droplet with respect to the chiral pitch, it is useful to present the 
pitch in units of the droplet diameter as p0=4R/N, where effectively, N corresponds to the 
number of π turns the director would make in a non-continued cholesteric along the distance 
equal to the droplet diameter 2R. The final term accounts for the LC interaction with the planar 
degenerate surface, where W is the anchoring strength and 
 

        
 

 
     

   
            

             

 
where   is the surface normal, δij is Kronecker delta, S nematic degree of order and Pij is the 
projector to the surface as defined by Fournier and Galatola. We minimize the total free energy 
F numerically by using an explicit Euler relaxation finite difference scheme on a cubic mesh. 
The surface of the droplet is modeled as a spherical shell of mesh points with thickness equal to 
the mesh resolution.  The following numerical values were used: 
 

                

               

              

             
 
 
and for polarization micrographs no = 1:5 and ne = 1:7 are used as ordinary and extraordinary 
indices of refraction. Polarization micrographs of nematic droplets are calculated with the Jones 
2x2 matrix formalism. This formalism incorporates the locally variable birefringence of the 
nematic refractive index -typically the leading contribution- but neglects reflections and  
refractions on the droplet surface.  
 
More specifically, in this formalism, the light beam is  propagated along a chosen direction and 
the total phase shift between ordinary and  extraordinary polarisations is accumulated. We 
repeat the calculation for 10 different wavelengths in the approximate radiation spectra of the 
black body at 6000K (i.e. the white light approximation). The results for each wavelength are 
then summed with weights of the RGB color spectra to form color Figures that reproduce 
experimental observations. The polarization micrographs are calculated for the director 
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structure scaled by a factor of 3 to the size of typical experiments for a more quantitative 
comparison. 
 
Defects regime: 
 

 

The equation (1.3) can be simplified by assuming that K11=K22=K33. Then taking in account that the angle 

Ө0 is the angle between the director and the normal to the fiber  which can only vary with the z axis 

(distance in which the director passes from planar anchoring to weak homeotropic anchoring) and 

remains always in the same plane, the elastic constant k22 is negligible, as there is no twist contribution in 

this system. 

Therefore, the equilibrium condition in bulk is given by: 
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The expression of Ө that minimizes the bulk energy is given by: 

       

The constants that fulfill the equation above, can be found replacing by the following boarder conditions , 

which can be deduced from the schematic: 

         

   
 

 
     

 

Therefore the solution an be written as following: 

Strong planar anchoring 
 

Weak homeotropic anchoring 
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The total energy of the system is a sum of the bulk energy and the anchoring energy. Yet, the anchoring 

energy is an energy per unit surface whereas the bulk energy is an energy per volume, therefore one 

should multiply the bulk contribution by d: 

       
 

 
  

 
 
   

 
 

 

  
 

 
   

  

The above equation shows the energy variation for different angles of the director field. Therefore the 

minimum energy of the system is given by the following solution: 

   
 

 

 
 
 
 
 

 

 

 
 

Where L=K/W which is the penetration length, see chapter 1.3.1.2. 

Consequently, whenever      , one is within the defects regime. 

Equilibrium distance of the line disclination with respect to the fiber: 

 

Upon the line disclinations defect, there are two forces acting: 

      
  

  
 

   
 

   
    

 

 
 

 

Assuming that the e radius of the fiber is way larger than the equilibrium distance between the 

disclinations line and the fiber, h, one can approximate de Laplace force, fL, as showed above. 



Cellulose micro/nano fibers conformational effects probed by nematic liquid crystal droplets  

 38 

 

As the ring disclination is in equilibrium and doesn’t vanish throughout the medium: 

 

      
 

 
    

  

  
 

 

 

 

Hence the equilibrium distance is given by, where m is the disclinations line strength (m=+1/2): 

 

   
 

 

 

 
  

 

 
 

 

Whereas the disclinations line tension, T, depends on the elastic constants and on the ratio between the 

radius of the droplet, Rd, and the radius of the defect core, rc: 

 

         
  
  
 
 

 
  


