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ABSTRACT

Liquid crystals (LCs) continue to receive significant attention due to their tunable order-
disorder transitions. They are the foundation of many technological advancements
such as displays, sensors, and other devices. Applications in which LCs are utilized
build on the ability of controlling the orientation of mesogens with respect to a direction
vector. To advance applications such as sensing and displays, it is required to detect
and control, respectively, changes in LCs order due to external stimuli. To control LCs’
order, it is possible to add amphiphiles to systems in which LC — solvent interfaces are
present. One example of the latter approach is provided by the interface between
thermotropic LCs and immiscible aqueous phases. Many researchers investigated how
to tune the LC phases via external stimuli which take advantage of said interfaces, for
example via the introduction of block copolymers or nanoparticles (NP) to LC-
containing systems. Although the results are promising, many molecular-level
mechanisms remain to be completely understood, including the anchoring strength,
and effects due to confinement and temperature. The aim of this thesis is to
computationally investigate how adsorption of different compounds such as surfactants
and nanoparticles can be used to control LCs droplets’ orientational order. For that
purpose, coarse-grained molecular simulations were used. Firstly, in part for
computational reasons, cylindrical LC assemblies were investigated. Then, to secure
a stronger connection with practical devices, spherical LC droplets were considered.
To overcome the limitations of coarse-grained simulation approaches, and to validate
the results obtained at the nanometre-scale, the continuum-level Q-tensor approach
was used. The latter has been shown to reproduce many experimental observables for
bulk systems, and it allowed us to quantitatively analyse the defect structures inside
LC droplets. The multiscale approach developed and implemented here, which allows
us to investigate the properties of molecular aggregates at the shorter length scale, to
macroscopic assemblies at the larger length scale, could provide a computational
platform for future LC-based applications such as advanced biosensors that detect

e.g., traces of viruses, bacteria, or air contaminants.



IMPACT STATEMENT

In this thesis the interactions of Liquid Crystal (LC) droplets with surfactants and
nanoparticles (NP); and their emergent behaviour were investigated. A comprehensive
multi-scale analysis of LC droplets that combines coarse-grained molecular
simulations with continuum representations of the LC order through Q-tensor theory is

conducted.

LCs have been used for the development of high-resolution visualization
devices due to their unique optical properties. Their temperature-dependent
orientational and positional order led to various applications, including liquid crystal
displayer (LCD) screens, and biosensors. Because LCs preserve a crystalline order
although they are in liquid phase under certain temperature, they are often called as
mesogens, which are compounds in mesophase. Either in bulk, or geometrically
confined, mesogens exhibit interesting chemical and physical properties that could
lead to several innovations in product and processes. For future developments, it is
observed that controlling the LCs confinement in the form of droplets is one of the
major challenges. Due to the nature of the spherical confinement, LC droplets and
nanodroplets should be treated differently than their bulk counterparts. Conclusions
achieved by investigating LC mesogens in bulk, most probably will not apply in a
spherical geometry. In addition, the smaller the droplets, the fuzzier the distinction
between surface and bulk region within the droplets. This is the challenge faced by the
development of applications such as polymer dispersed liquid crystals (PDLC), as well
as others. LC droplets can be controlled and manipulated via electromagnetic, thermal,
and chemical stimuli. Quantifying how LC droplets and nanodroplets respond to other

chemicals is the fundamental mechanism responsible for highly sensitive biosensors.

Considering that PDLC and LC sensor applications typically employ LCs
droplets, special attention is necessary to study LC mesogens under spherical
confinement. Various experimental studies have identified the sensitivity level for
different biological and chemical compounds, which is typically quantified in terms of
nematic-to-isotropic transition, or vice versa. The small changes in LC droplets’ internal
structures, including the appearance of defects, remain inaccessible experimentally;
such features can only be captured by computational studies for nm-size systems.

However, atomistic and coarse-grained simulations, which are expected to provide

5



reliable information at all length scales, quickly become computationally prohibitive
when the LC droplet size increases above 40 — 50 nm. At much larger length scales,
calculations based on continuum mechanics yield results which positively correlate
with experiments. The mesoscale region in between remains difficult to explore
computationally, although a phenomenological correspondence between coarse-
grained simulations and continuum studies has been demonstrated in this thesis,

which could prove useful to develop accurate multiscale studies of LC droplets.

Pioneers of LC modelling have produced signature works using both molecular
simulations and continuum mechanics. Almost exclusively, these works either
gualitatively support selected experimental findings via Q-tensor theory, or provide
molecular insights related to experimental observations via the implementation of
atomistic simulations (Monte Carlo or molecular dynamics) or Gay — Berne coarse-
grained potentials. The few available reports that use both Q-tensor and molecular
simulations, focus on bulk behaviour or, at most, cylindrical confinement. The aim of
this thesis is to fill the knowledge gap between nano and mesoscales, so that to provide
an initial roadmap for the interpretation of experimental data obtained for LC droplets
and nanodroplets.
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CHAPTER 1

INTRODUCTION

The spontaneous organization of matter has yet to be fully understood, despite the fact
that controlling the assembly of materials that vary in size and shape over multiple
length scales could enable advancements in science and technology. Among other
self-assembling structures, nanoparticles and liquid crystals could be used, e.g., in
optical devices, catalysts and pharmaceuticals.’ 2 In these and other futuristic
applications, such nano-sized elements could provide the building blocks for supra-

molecular engineered materials.®

Liquid crystals (LCs) continue to receive significant attention due to their unique
optical properties and tunable orientational order. Since the 19th century, there has
been a tremendous effort to understand LC behaviour.* ® Liquid crystalline state is a
mesophase, between crystalline solids and isotropic liquids. In general terms, LCs are
classified in two categories: lyotropic and thermotropic. At high temperatures,
thermotropic LCs exhibit isotropic liquid phases, with no positional or orientational
order. As the temperature decreases, the phase changes from isotropic to nematic.
Schematic representation of LC phases are provided in Figure 1.1. As their phase
shifts from isotropic to nematic, their optical signature as observed via, e.g., polarized
microscopes, changes.® 7 The nematic phase is the most common phase of LCs, in
which LCs exhibit an orientational order. As the temperature is lowered further, LCs
yield smectic phases with both orientational and positional ordering; the solid
crystalline phase is obtained at very low temperatures.” 8 They are utilized in many
technological advancements due to their phase transition and optical properties such
as displays, sensors, and other devices.? ° Applications in which LCs are utilized build

on the ability of controlling the orientation of mesogens with respect to a direction
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vector. To advance applications such as sensing and displays, it is required to detect

and control, respectively, changes in LCs order due to external stimuli.

To further develop advanced applications, it is desirable to understand how
defects propagate or emerge in LC structures as a function of the mesogens anchoring,
which could be altered using surfactants, polymer encapsulation, or other techniques,
as well as of the degree of confinement (e.g., size of the LC droplet). Anchoring
identifies the interactions on the interface between confined LC molecules and the
surrounding species. Homeotropic anchoring refers to LCs that are aligned
perpendicular to the interface, and planar anchoring refers to LCs that are aligned
parallel to the interface. Type and strength of the anchoring has a cumulative effect on
droplets from surface to the core, LCs located in the bulk of a droplet also change
orientation with respect to the neighbouring LC molecules. If all the LCs within the
droplet align perpendicular to the surface, in homeotropic anchoring conditions, radial
droplet will occur, with a point defect in the core. For planar degenerate anchoring
(degenerate due to spherical boundaries), a bipolar droplet will be obtained with the

two point defects located in two opposite sides of the droplet.

temperature
smectic nematic isotropic
orientational order orientational order with no orientational order
and positional order no positional order or positional order

Figure 1.1. Liquid Crystal (LC) phases

Devices have in fact been developed using encapsulated LC droplets, where
the encapsulating shell is capable of changing the alignment in LC surface anchoring,

e.g., responding to reactions with different substances.'%*? To control LCs’ order it is
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possible to use light,3-15 temperature,'® electric!’ or magnetic® fields, or adding
amphiphiles to systems in which LC — solvent interfaces are present.1® 29 One example
of the latter approach is provided by the interface between thermotropic LCs and
immiscible aqueous phases.?! Many researchers investigated how to tune the LC
phases via external stimuli; such as and the introduction of, e.g., block copolymers??

or nanoparticles? to LC-containing systems.

So far, LC technology is mostly guided by experimental results, leading to a gap
in proper optimization processes. The hurdle is due, in part, to incommensurate
observations between experiments, which probe length scales of several hundred
micrometres, and molecular simulations, which probe events that occur at the
nanometre scale. Although not equally mature as experiments, theoretical modelling
and calculations have been extremely helpful to understand the relevant phenomena.?*
The cumulative effect due to system changes, such as the imposition of electric fields
or changes in temperature, is generally tractable using computational approaches. On
the other hand, a reliable model able to describe the localized effect due to an external
substance is currently missing, in part because LC confinement occurs at lengths
scales that are smaller than those probed by continuum models, and larger than those
typically probed by molecular and coarse-grained simulations. It would therefore be
desirable to connect molecular or coarse-grained simulations, seamlessly, to Q-tensor
results to develop accurate models across multiple length scales. Yet, many molecular-
level mechanisms remain to be completely understood, especially the interactions
between LCs and chemicals, the anchoring strength, and how these properties are
affected by changes in temperature. Confinement could potentially yield an additional
tuning handle to complement changes in thermodynamics conditions.?® 26 For such
systems, one fundamental question of wide interest concerns how mesogens anchor

at the LC — water interface, in the presence or absence of stabilizing chemicals.

Among other theoretical approaches, the Landau — de Gennes continuum
theory, 2”22 which describes the behaviour of the LC through an order tensor and
considers order variations, is often employed to study LC structures because it can
deal with larger length scales than molecular simulations. Although the chemical
features of the LC mesogens are sometimes overlooked in the continuum models, as
they are only considered through the macroscopic material properties, the approach
describes, for example, how the energy densities associated to different elastic
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distortions change as the anchoring conditions change. Good agreement with
macroscopic experiments are often reported.?*-3* When the degree of confinement is
high, for example in LC droplets of nanometre scale diameter, it is however expected
that the chemical features of the mesogens play an important role. To assess such

features, complementary molecular simulations are necessary.

Previous molecular simulation studies were useful to elucidate the mechanism
of supramolecular ordering with respect to change in size or anchoring on the surface
of LC droplets,?® 32 or in bulk nematic phases.®33¢ Other studies focused on the
molecular orientation as a function of temperature and changes in the interaction with
homogeneous shells surrounding the LC droplets.3” 3 Despite these advancements,
the length scale in between molecular simulations and continuum models remains little
explored by available computational approaches, although future technologies are
likely to require underpinning understanding at the mesoscale. For LC droplets of 200
— 500 nm radius, continuum calculations yield very detailed insights for the mesogens
collective properties.®® However, it lacks the information on the behaviour of individual
molecules and they cannot be overlooked particularly at nm length scales. Effect of
inter- and intra-molecular interactions on surface anchoring and elastic energy can be

elucidated by simulations that take molecular identity into account.

Because surfactants are often used to stabilise dispersions, implementation of
methods in this thesis started with the investigation of surfactant — LC interactions.
Simulation boxes composed of LC molecules in a cylindrical confinement were built,
and the effect of surfactants’ molecular structure to the response of LCs were
investigated. The results showed that varying the number of hydrophilic coils and
hydrophobic rods in such a model surfactant can largely affect LCs’ anchoring
alongside surfactant tail — LC interactions. Those results depend on the internal
elasticity, which tends to preferentially align the cumulative direction of LCs along the
axis of the cylinder. Thus, it is expected that the results on a cylindrical bridge are
significantly different than those on a spherical LC droplet. LC molecules assembled
in spherical nanodroplets were systematically studied. The effect of temperature and

surfactants on the alignment of the LC molecules was quantified.

The study continued with investigating the coalescence of LC droplets

immersed in water, in the presence of surfactants. Surfactants were not effective at

16



stabilising LC droplet emulsions. This is due to the tendency of the surfactants to
accumulate at the droplet boojums. Boojums are the surface defects that are observed
at the two poles of spherical droplets, for a strong planar degenerate anchoring
condition that endorses tangential boundary.*® Instead of uniformly covering the LC
droplets, surfactants prefer to be positioned in these low free energy spots.*! However,
large enough densities of surfactants can in some cases delay LC droplets

coalescence.

Once the results of surfactant interactions were obtained, nanoparticles self-
assembly on LC nanodroplets was investigated. A systematic study was conducted on
LC nanodroplets on which NPs of different size, shape and chemistry are adsorbed,
with particular emphasis on self-assembly. To interpret the results in light of literature
observations, it is beneficial to classify colloidal particles based on anisotropy. Thus,
NPs are categorically identified as spheroids (discs and ellipses), spheres, rods,
faceted polyhedra, branched structures and colloidal molecules; patterned or not.4?
Other criteria can be used to classify nanomaterials, e.g., anisotropy dimensions, patch
size, curvature radius and so forth.*® Six shapes were considered: discs, ellipses,
spheres, cylinders, cubes, and stars. For each NP shape, both homogeneous and
Janus particles were simulated,** given the increasing importance of patterned

particles in the field.

Particles’ self-assembly on oil nanodroplets is also considered for comparison.
Results revealed that the mesogens can direct the assembly of the NPs. Due to their
molecular structure, LCs act as a template for NPs. This allows NPs to self-assemble
and create ordered structures on the droplet surface, although form of those structures
strongly depend on other parameters such as the size and shape of NPs. In some
cases, strong evidence of emergent behaviour is observed, depending on entropic
forces that arise because of shape and patchiness of the nanoparticles. Quantification
of the orientational order within the LC nanodroplets suggests that the self-assembly
of the LC mesogens does not significantly change upon nanoparticles adsorption.
These simulations clearly suggest an interplay between nanoparticles size, shape, and

chemical composition upon their self-assembly on LC nanodroplets.

The LC ordered structure is strongly dependent on the molecular environment:

how neighbouring molecules are aligned, or how the interfacial conditions change. The
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anchoring strength at interfaces is known to dominate the behaviour of LC molecules.
In a LC droplet with, for example, homeotropic anchoring with respect to the
surroundings, adsorption of an analyte that promotes planar degenerate anchoring
could create a surface defect, which could propagate through the droplet. To learn how
pronounced these defects are, LC droplets confined within patchy shells were
investigated. Two different surfaces were defined to promote strong homeotropic
anchoring and strong planar degenerate anchoring, respectively. The LC behaviour
within the nanoscale droplets was identified using a multi-scale simulation approach.
Results for the largest droplet are consistent with those available in the literature,
suggesting that the extension to smaller droplets presented here is likely realistic, and
therefore can be helpful for innovations in which device intensification could be
achieved using LC nanodroplets. The results could be helpful for the design of new
sensors and for the directed self-assembly of advanced materials.
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CHAPTER 2

LITERATURE REVIEW

Anchoring between LCs and other molecules in aqueous media can be used to
manipulate the direction profile of liquid crystals (LC). LCs provide the foundation for
mature electronics applications,*® as well as for putative applications as gas sensing,*®
47 optical detection of protein binding,*® bacteria and viruses.*® and so forth.5% 51 Both
experimental and computational studies investigated how the transition from planar to

homeotropic orientation takes place by adding surfactants and other chemicals.

Haseloh et al. conducted dispersion polymerization experiments and found that
surface anchoring is strongly dependent on the type of the mesogens and stabilizers.>?
Amundson and Srinivasarao reported that the appropriate choice of polymer side
groups in polymer-dispersed liquid crystal (PDLC) films enables to control anchoring
without using additives.>® Their results also show that the anchoring transition

temperature decreases as the chain length decreases.

LCs’ aggregates such as spherical droplets32 495459 flat surfaces?!: 48 53.60-63 or
cylindrical formations (capillaries and bridges)®*-%8 have been investigated. Kim et al.
guantified optical, structural and topological features of tetrapodes assembled in flat
layers, round capillaries and spherical droplets; the results for round capillaries
revealed different textures depending on the inner diameter and system temperature.®®
In the experimental observations, two tubes having 50 yum and 150 pym inner diameter
were used; it was reported that LCs within narrow capillary exhibit defects below their
transition temperature, whereas LCs within the wider capillary preserve smooth
texture. Williams et al., investigated capillary tubes filled with nematic LCs to study

topological singularities, and reported that orientation of LC molecules is sensitive to
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surface conditions.®® The same group also demonstrated how to tune nematic director
fields using surface-alignment agents in cylindrical capillary tubes.” It was found that
the minimum energy corresponds to a nematic phase with perpendicular anchoring,
with the LCs at the core of the cylindrical structure showing orientation parallel to the
cylinder axis.”* Using experiments’? and theoretical calculations,”® Meyer showed that
external stimuli can affect the topological singularity. Of note, theoretical calculations
such as those reported by Meyer are based on continuum mechanics and are effective
in identifying macroscopic properties of matter; on the other hand, molecular
simulations can provide complimentary information, as they allow investigators to
probe how the structure and dynamics of individual molecules depend on their

interactions with the surroundings.

Busch et al. concluded that a thermal-history independent phase behaviour of
ferroelectric LC 2MBOCBC can be achieved by using polymer coated walls in
cylindrical nanopores.’ The pioneering studies concerning nematic LC alignment in
cylindrical structures focused on homeotropic anchoring, and defined the escaped
radial structure (ER).” ER is the shift of direction vector from parallel to perpendicular
with respect to the cylindrical axis due to presence of external structures, such as a
cylindrical confining wall or surface agents.”® Ondris-Crawford et al. showed that the
strength of interactions, i.e., surface coupling, between the cavity wall and the LC
molecules increases with the length of LC molecules.” Ellis et al. investigated
topological defects on waist-like and barrel-like bridges with respect to their aspect
ratios.®® They concluded that the aspect ratio determines ring and point defects. Their
observations elucidated the role of shape and elasticity in dictating the LC structure in

confined homeotropic nematic phases.

Alino et al. used polyethylene imine-coated LCs to detect proteins such as
immunoglobin G (IgG) and human serum albumin (HSA).>* The proteins were detected
by a transition of LC order in droplets from radial to bipolar. These groups reported that
to detect smaller proteins it was necessary to reach higher protein concentrations
compared to those at which larger proteins were detected. Specifically, because HSA
is smaller than IgG, the radial-to-bipolar LCs transition was observed at 100 ug/mL for
HSA, but only at 50 ug/mL for IgG. Wang et al. studied the configuration of LC droplets
in inhomogeneous interfacial environments,*® as they created Janus-like LC droplets
by sedimentation at the aqueous-glycerol interface. In a previous study, the same
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group reported on the effect of surfactants on the orientations of TL205 LCs (a mixture
composed of cyclohexane-flourinated biphenyls and fluorinated terphanyls) and 5CB
LCs (4-pentyl-4’-cyanobiphenyl). The surfactants used included sodium dodecyl
sulfate (SDS), linear dodecanesulfonate (LDS), linear dodecylbenzenesulfonate (L-
DBS), and branched dodecylbenzenesulfonate (BR-DBS).?! While SDS, LDS and L-
DBS triggered a planar-to-homeotropic transition for TL205, BR-DBS did not affect LCs
orientation, and planar anchoring was reported at all BR-DBS concentrations. Wang et
al. concluded that the molecular structure of the surfactants affects the anchoring of
LCs, with interactions between surfactant tails and LCs dictating the orientational
order. Wang et al. also reported that increasing LDS concentration leads to tail-
mesogen interactions that favour homeotropic anchoring of both TL205 and 5CB due

to an increase in interfacial surfactant density.

Sivakumar and coworkers*® quantified the ability of LC droplets to detect three
bacteria (Escherichia coli, Bacillus subtilis, and Micrococcus luteus) and two viruses
(M13 helper phage and A/NWS/Tokyo/67). Detection depended on the ability of
bacteria or viruses to change the order within LC droplets. Bera and Fang documented
bipolar-to-radial configuration changes in 5CB LC droplets due to charged
macromolecules, namely  poly(amidoamine) = PAMAM  dendrimers  and
poly(styrenesulfonate) PSS. The bipolar-to-radial transition was affected by the
macromolecules concentration, and also by size and number of LC droplets.’® Miller
and Abbott also reported on the size-dependency of LC ordering transitions using

bacterial lipopolysaccharide endotoxin.””

Researchers have also focused on identifying the molecular mechanisms
responsible for changes in LCs order, in an effort to quantify the properties of LC-
nanoparticle preparations.”® Many have documented how nanoparticles (NPs) can
show various degrees of self-assembly, depending on the particles morphology and
on the system thermodynamic conditions.*® 7985 Bulk NPs self-assembly has been
investigated,®6-2 as well as NPs self-assembly onto interfaces.®%-%3 Kumacheva and
co-workers investigated the morphogenesis of LC droplets at increasing particle
content within cholesteric (Ch) LC droplets doped with cellulose nanocrystals (CNC).%*
The results suggested that Ch-CNC droplets affect the particle alignment, and vice-
versa. The size dependency of the results was also discussed.®® De Pablo and co-
workers reported that small NPs do not manifest a preferred adsorption site on LC
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droplets, while large NPs prefer boojums, and therefore act as attractive wells for the
NPs.% Defects are inevitable on LC droplets, and, because such defects could yield
natural templates for smaller molecules or crystals such as copolymers or particles to
adsorb on, they might be useful for developing future technological applications.
Others considered LC-in-LC colloids by utilizing droplets of cholesteric CNC phases,®’

or hybrid colloidal fluids of biaxial phases.%®

In experimental works, LC droplets vary in size: while emulsion studies focus
on LC droplets of 4 — 8 um size,?® 4% 57 or as large as 40 — 60 um,%* 5% 9 polymer-
dispersed LC (PDLC) droplets can have size as low as 250 — 650 nm,*% and in some
cases even 20 nm.1%! |t is known that different size droplets could yield different LC
ordering under similar conditions.1%? Gupta and co-workers stated that as the droplet
size decreases from 3 ym to 700 nm, droplet order changes from bipolar to radial,
respectively, and characterization was not possible for smaller droplets.1%? Simulations
could perhaps help predict order in such nm-size LC droplets, knowing that there
already exists some qualitative correlation between experiments and simulations in nm

scale as briefly discussed in Introduction.

Our understanding of LCs structures builds from continuum theoretical
calculations,”® 19 which can identify driving forces and general guiding principles.
Complementarily to such analysis, computational modelling and simulations, at the
molecular scale, offer the opportunity of revealing how the details of the molecular
compounds in LC-containing systems could affect macroscopic observables. Most
computational studies in the literature focus on bulk LCs properties,194 195 | C — solvent
flat interfaces,'% LCs self-assembled aggregates,®” or mixtures of LCs and other
compounds forced to maintain spherical shapes.®® In a work where size and
temperature dependency of LC molecules and surfactants trapped inside a spherical
cavity were investigated, It is reported that phase transition temperature depends on
the droplet size.l®® Several simulation studies performed by the de Pablo group
guantified the size and/or temperature dependency of surface anchoring, which leads

to isotropic-to-radial transitions.38 39 96

Coarse-grained simulation methods have attracted interest in the investigation
of LC anchoring due to relatively large time and length scales that they can probe.

Zhang and co-workers'?® developed different coarse-grained models representing 5CB
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molecules. Using these models, Zhang and co-workers were able to obtain isotropic-
nematic transitions as well as diffusion coefficients. One of their models successfully
reproduced experimental results for the nematic phase of 5CB at 300 K and 1 atm.
The simulated density was 1.003 g/cm?, orientational order was calculated as 0.48,
and the nematic-to-isotropic transition temperature was obtained at 305 — 310 K. The
correspondent experimental data are 1.02 g/cm3, 0.54, and 306.7 — 308 K,
respectively. Although the simulated diffusion coefficients were larger than
experimental values, they provided a better match than atomistic simulations. In
another coarse-grained study, the structural properties of self-assembled surfactant
aggregates were investigated at the LC/water interface. Depending on the LC-
surfactant tail affinity, it was possible to detect condensed amphiphiles monolayers,
and, above a critical surfactant coverage, LCs homeotropic anchoring was induced, in

agreement experiments.?

One coarse-grained simulation method that is attracting vast interest in
materials modelling and simulation is that of Dissipative Particle Dynamics (DPD).1%
111 DPD has been extensively used for studying soft materials, such as copolymers,*t?-
114 nanoparticles,**>117 surfactants,'*®122 and liquid crystals®’: 63 123, The results of
these simulations are in general consistent with experiments, and sometimes explain
phenomena that are hard to observe with experimental technigues alone. For example,
Al Sunaidi et al.'*® used DPD to study the phase transitions encountered by rod-like
molecules, and described the conditions at which isotropic, nematic, smectic A and
crystalline phases are stable. Zhang and Guo®? studied the interactions between LCs
and amphiphilic rod-coil polymers in an aqueous environment. Their parametric study
showed the effect of soft potential coefficients to the anchoring of LCs. Inokuchi and
Arai®” studied LCs, water, and surfactants confined in a spherical geometry. They
studied the self-assembly with respect to temperature and surfactant concentration. In
all the DPD studies just summarized, the parameters that were systematically changed
during the investigation were either temperature or soft repulsion coefficients, and the

target of the investigations was the anchoring between LCs and amphiphilic polymers.

This brief overview demonstrates the importance of understanding LCs
anchoring. In short, molecules at the LC/solvent interface contribute to orient the
mesogens, starting from the interface, but also within inner regions, and eventually
across the whole LC structure system. In this thesis, the interactions of LC/surfactant
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and LC/NP were investigated in water medium. Once the LC behaviour and surface
anchoring are identified, the study moved towards the understanding of structural
defects within the LC droplets. For such calculations, larger scale simulations were
employed. A link was created between nanoscale molecular simulations and
microscale continuum mechanics simulations, proposing that these two approaches
could be integrated and used in parallel for the understanding of LC-based advanced

applications.
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CHAPTER 3

COMPUTATIONAL METHODS AND ALGORITHMS

3.1 DISSIPATIVE PARTICLE DYNAMICS (DPD)

DPD is a coarse-grained simulation technique that allows longer time and larger length
scales than the atomistic molecular simulations provide, in some cases approaching
experimentally-relevant conditions.''? 124 DPD simulation methodology was first
introduced by Hoogerbrugge and Koelman,'1% 11 developed by Espanol and
Warren'?4 125 and modified by Groot and Warren.?® Due to computational efficiency,
it was challenging to consider previously developed methods (such as molecular
dynamics, MD) as a tool for complex fluids in 3D systems. The main reason for the
introduction of DPD was the fact that it was able to predict hydrodynamic behaviour of

molecules in a much faster way than molecular dynamics simulations (MD).1%°

In the DPD algorithm, the positions and momenta (7 and p, respectively) of N
number of beads (each with mass m) present within a simulation box are updated along

a series of discrete time steps:'?®

p = (P1,P2, D3 --PN) 3.2)

(3.3)

The time evolution of position and momenta is calculated via Newton’s second

law of motion (Eqgn. 3.3), for which there is no analytical solution. Therefore, numerical
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solutions are required, that will iteratively solve this equation, e.g. velocity-Verlet
algorithm.?” In the velocity-Verlet algorithm, position and velocity are updated in every
iteration, and force acting on a particle is assumed to be independent from velocity,
which is not the case in DPD algorithm. For that reason, DPD uses a modified version
of the velocity-Verlet algorithm, where there is a mid-step for predicted velocity that is
used for calculation of the force in each time step.'?® Particles in DPD simulations are
named as beads, and for simplicity they are all assumed to have mass equal to 1, in
reduced DPD units. The force is divided into three parts, namely conservative,
dissipative, and random forces, and calculated within a cut-off distance that is at the

same time the unit of length, rc:
F, = %jui (ES + P + EF) (3.4)

where E]C) is the conservative force exerted by particle j on particle i, acting along the

line of centres of two particles and it is calculated as follows:

ng _ {aij(l - Tij)a (rij < 1) (3.5)

0 (rij > 1)

Where ajj is a maximum repulsion that determines the strength of the conservative
force between particle i and j, 7, =7, —7, r; = |r;| and %, =7, /r;. An important
feature of DPD is that the bead — bead interaction potentials are soft, which allows
researchers to probe length and time scales that are approaching experimental
ones.'?* The outcome of DPD simulations depend strongly on the parameterization,
and in particular on self-repulsion (among same type of species) and inter-species
repulsion coefficients (aij). The particles in DPD (beads) were not regarded as
molecules but lumps of molecules that serve as fluid particles, which was convenient

for calculating hydrodynamics in polymer physics.

The two remaining forces are dissipative (drag) force, @), and random force,

E}), given as follows respectively:12
D _ D o =\
Y = =y (r;)(#, - 2,1, (3.6)
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R = owR(r;) ;AL zrl] (3.7)

where wP and wR are r-dependent weight functions, ¢ is a Gaussian random number
with zero mean and chosen independently for each pair of interacting particles, at each
timestep, At.1?6 Due to the canonical ensemble, it is proven that dissipative force and
random force should have a certain temperature-based relation with relative
amplitudes.??® This was covered with the relations below:

wP(r;) = [a)R(rij)]z , 0% = 2ykgT (3.8)
WP (7Y = [F (1-7)° (<)
(Tu) [“) (ru)] 0 (rij > 1) (3.9)

The friction coefficient and the random force were taken as y = 4.5 and o = 3,
respectively.'?6 Unitless length (rc) and time (1) parameters of DPD simulations are
converted to angstrom (A) and microsecond (us) units by applying the protocol defined
by Groot and Rabone.!'® Simulation conditions, duration and parametrization were
separately explained in each chapter. For all DPD simulations the LAMMPS software
package was utilized.*?® In DPD, the dissipative and random forces serve as a
thermostat. In an NVT or NPT ensemble, one would thermostat the system twice.
Standard NVT type DPD can be invoked in LAMMPS by an NVE ensemble. Although
some calculations were conducted with NVT or NPT ensemble in this thesis, analysis
showed that the results were not particularly affected due to the double thermostat on
those simulations. For visualization of results, Ovito!?® and VMD?!3° software were

used.
3.2 MOLECULAR MODELLING

As stated previously, coarse-grained modelling is implemented for DPD calculations.
In coarse-graining certain intermolecular and intramolecular interactions are
overlooked, and molecules are represented as chunks of atoms, namely beads. Such
simplification creates an advantage for large time (length) scales because simulations
can be conducted up to microseconds (micrometres) without being computationally

more demanding than atomistic simulations. In this thesis, 5 water molecules are
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represented by a single DPD bead. All beads are equal in size. Degree of coarse
graining, Nm, is defined as the arbitrarily chosen number of water molecules in a single
DPD bead. Therefore, corresponding DPD bead size is equal to volume of 5 water
molecules, 150 A. Simulated bead density, p, was chosen as 3, which indicates that in
rc® there are three beads, therefore number of beads in a simulation box was set once
the box size was selected. Selection of Nm and density was made based on a similar

study conducted by Fan and Striolo.*3! Consequently, rc becomes:
re = V15043 x 3 = 7.66 A (3.10)

In order to obtain the time parameter in microsecond units, self-diffusion
coefficient of water beads must be calculated and used in the following equation:
_ N;mXDgim

7= (3.11)

where Dsim is the simulated and Dy is the experimentally obtained value for self-
diffusion coefficient of water, and Dy is taken as 2.43 x 10 cm?/s.11°® The simulated
coefficient Dsim = 0.0123 rc %/, was multiplied by the degree of coarse graining because

mean square displacement of water beads represents 1/Nm that of water molecules.1®

» 5 »

CH;

4-Cyano-4'-pentylbiphenyl 5 S : Coarse Graining
(5CB) Atomistic Simulations (Connected Beads)

Figure 3.2.1. Atomistic and coarse-grained models of a common LC molecule (5CB).

The liquid crystal molecules (LCs) considered here are composed of 6 beads
connected in a rod-like arrangement. Consecutive beads are connected with a

harmonic spring defined for both surfactant and LC molecules. Bond length potential
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Ebond = Kbond X (rij — ro)? and angle bending potential Eangle = Kangle X (Bijk — 80)? are used,
where ro is 0.6 rc and 6o is 180°. In LAMMPS the angle 6o is specified in degrees
although it is converted to radians for simulations, therefore kangle Stands for energy per
radian?. In Figure 3.2.1, an example molecule of 5CB (4-cyano-4’pentylbiphenyl) was
shown, and its molecular models are represented for both atomistic modelling and
coarse-grained modelling for DPD simulations. Unless otherwise stated in the chapter,

this LC model was used throughout the thesis.

a) b) Cc)

= T4

o

Figure 3.2.2. (a) Molecular models of water, liquid crystal, and surfactants. Representations of (b) a
water bead and (c) surfactants with head to tail ratio, Snead/Stail = 7/3, 5/5 and 3/7, respectively.

Three amphiphiles (surfactants) were considered. Each surfactant molecule (S)
was composed of 10 beads, connected to form a chain; the head-group represents the
coil block, and the tail-group represents the rod block of each surfactant. Hydrophilic
surfactant heads are indicated as Shead, Whereas hydrophobic surfactant tails are
identified as Swi. While all surfactants considered are composed of 10 beads, the
number of beads assigned to head- and tail-groups distinguishes the various
surfactants. The three surfactants are characterized by: Shead/Stail = 7/3, 5/5 and 3/7 as
can be seen in Figure 3.2.2(c). To preserve the rigidity of rod-like LCs and surfactant
tails, knond and kangie are defined as 100 ksT/rc? and 100 keT respectively, between
consecutive beads. For the surfactant head groups, which are flexible, kbond and Kangle
are set at 50 ksT/rc? and 30 keT, respectively.

Although beads in DPD simulations are soft, colloid models could be developed
by forming rigid particles composed of many beads,'?* 132 Nanoparticles were
considered in six different shapes, and for each NP shape, two NP sizes were
simulated: named as small and large NPs. Schematic representations for shapes and

sizes of the small NPs were presented in Figure 3.2.3. The NPs considered are
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spheroids (i.e., oblate and prolate ellipsoids), spheres, cylindrical rods, cubes, and star
shaped. The volume of each small NPs ranges between 4.0 and 5.5 rc3. Each NP was
composed of different number of beads: rod-shaped NPs contain 112 beads, star-
shaped NPs 154 beads, and each of the other NPs contain 125 beads. The density of
beads within the volume of the NPs is in the range 23.1 — 33.0 beads/rcS.

/\

TEN,

—
1.40 1¢
volume 5.4 .3 4113 40r:3 43rc3 4113
#beads 125 125 125 112 125

Figure 3.2.3. Sizes and volumes of the small nanoparticles (NPs) modelled in this work. Left to right:
disc, ellipse, sphere, rod, cube and star shaped NPs.

To test the effect of particle size, also large NPs were considered. In these
simulations, because of computing power limitations only one NP was simulated on
one LC droplet. To generate the large NPs, the dimensions shown in Figure 3.2.3 were
increased three-fold. Different than the small NPs, the large NPs were hollow. Using
hollow nanoparticles decreased the relative pressure of the system and the overall
density of the simulation box but did not change the LC — NP interactions because the
interactions beyond cut-off distance (rc) were already eliminated. Surface bead density
and roughness were maintained constant among the large NPs, by applying rigid
command in LAMMPS to preserve the NP structure throughout the simulations.

3.3 CALCULATION OF ORIENTATIONAL ORDER

Orientational order parameter is a quantitative alignment indicator that characterizes
the distribution of the LC molecules of the simulated volume.'33 Scalar order
parameter, S, the global average of molecular order within the system:

S=YN . (3cos?6; —1) X % (3.12)

In Eq. (3.12), 6 represents the angle between molecular axis of LC and the
direction vector. When 6 is equal to 90°, order parameter becomes -0.5, indicating that
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the LC considered is perpendicular to the direction vector; when 6 is 0°, order
parameter becomes 1, indicating that the LC is aligned parallel to the direction vector.
By definition, S = 0 represents a completely isotropic phase and S = 1 indicates a
nematic phase, with perfect alignment of mesogens.'** For a nematic bulk phase of
LCs, S is defined to be 0.4 for high temperatures and 0.6 for low temperatures.3 In
this thesis, for the study of cylindrical confinement, the direction vector was chosen as
the long axis of the cylinder formed by LC molecules (Chapter 4). For the droplet
studies where anchoring with surfactants and nanoparticles were investigated
(Chapter 5 and Chapter 6), the direction vector was defined to pass through the poles
of the droplets. To find the location of these poles post-processing was required. Firstly,
average direction of all molecules in the droplet were obtained for every frame that was
considered for calculation of orientational order. Rod-shaped LC molecules were
treated like unit vectors for those calculations, and an average direction vector was
obtained. Then, the global order was calculated by using Eqn 3.12, where the angle
() is between the average direction vector and all molecules. The poles were formed
by the planar alignment of LC molecules, and they created two surface defects (namely
boojums) on those tips. Calculating order in that particular way was useful to identify

the changes on pristine droplet, when another chemical was incorporated.

For the droplet study where the surface anchoring and defect structures were
investigated by encapsulating LC molecules within a rigid shell (Chapter 7), a different
approach than a predefined direction vector was adopted. Instead of measuring the
angle with respect to the direction vector for each molecule in the system, the
orientational order of nematic liquid crystals is described by an order tensor which in

the uniaxial form takes the shape:?’: 28
Q=-(BAQA-1I) (3.13)

where 7 is the liquid crystal director. This is a symmetric, traceless tensor and its
dominant eigenvalue is S, the scalar or uniaxial order parameter. This order tensor
representation is also the backbone of continuum mechanics calculations, which is
explained in Chapter 3.4. Adapted to DPD calculations that yield an ensemble of
molecular positions and orientations, a global counterpart of Eqn. 3.13 can be written

as:38
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Qq = %Z{-"zl [ﬁi ® a; — é] (3.14)

where N is the number of mesogens in the ensemble and #; is the unit vector
representing the molecule’s direction. The cumulative uniaxial order parameter, which
in this work | define as Sy, can be extracted from the dominant eigenvalue, A1, of Qq
as:

Sy = % ) (3.15)

When mesogens are aligned parallel to each other, e.g. in a droplet with a planar
anchoring to the surrounding liquid, the value of Su is expected to be high. However,
when there is a radial distribution of mesogens in the droplet, i.e., homeotropic
anchoring, Su will be low, although there is a certain order within the system.
Previously, de Pablo and co-workers discussed also a global order parameter Sr, the
radial order parameter to quantify the degree of satisfaction of a perfect radial order

inside an LC droplet:3®
1 A\ A
Sg = 5o Xita[3(0; - 7)? — 1] (3.16)

where 7; is the unit vector represents the position of molecule i in the droplet.

For analysis of orientational order of the systems considered in this thesis,
usually last 0.149 us was divided into 100 frames, if a different procedure was applied,
this was indicated. Orientational order was calculated in each of 100 frames, and
average was reported along the uncertainty which is the first standard deviation of 100

results.
3.4 Q-TENSOR SIMULATIONS AND DEFECTS

Liquid crystals change their phase from isotropic to nematic with the decreasing
temperature. During such transition there is an associated increase in the order of the
molecules. To be able to quantify the change in the order, the Q-tensor theory has
been developed.?® In this approach, the tensor order parameter Q, is not dependent
on angle with respect to the direction vector but it is a symmetric traceless three by

three matrix, as explained in the previous section. The three eigenvalues of Q provide
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the nematic order in the orthogonal directions.3> Calculations utilizing this theory
ignore the chemical identity of LC molecules, and represent them as unit vectors
without a sign in a continuum domain. Therefore, order analysis for a volume close to
experimentally accessible sizes is computationally much more affordable than using

molecular simulations.

The Q-tensor simulations were conducted using the model and computer
programs developed by Fernandez and co-workers!3>-137 based on the Landau — de
Gennes theory.?” The reference work describes the Q-tensor statistics and algorithm
of the software in detail.*3> 136 The method consists of finding the Q-tensor distribution
over the complete volume, that minimizes the total free energy of the system, which is
composed of the thermotropic (bulk) energy (Fg), the elastic distortion energy (Fp), the
surface energy (Fs), and when an external electric or magnetic field is in consideration,

the electromagnetic energy (Fg).?’: 28 135

The bulk energy is related to the phase of the material and the distortion energy
represents structural deformations; they are both dependent on the intensive
variables.’® For Fg and Fp calculations, the chosen parameters correspond to very
common 5CB molecule.*®*® For Fs calculations, two surfaces were defined that impose

strong planar degenerate or strong homeotropic anchoring in this thesis.3’

Table 3.4.1. Parameters for the Q-tensor calculations.

Calculation Parameter Units Value
A -1.27x10°
Fs B N/m? -2.26x108
C 1.73x108
K11 6.2
Fo K22 pN 3.9
Kss 8.2
homeotropic strong
Fs planar - strong
degenerate

The coefficients A, B, and C in the bulk energy are used to determine the state
of liquid crystal, e.g., uniaxial, biaxial, or isotropic. A is temperature dependent whereas

B and C are assumed to be not.138 When the interest is limited to the characterisation
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of the general behaviour, the thermotropic parameter A in Table 3.4.1 would normally
be taken to be zero, which would correspond to a case equivalentto T = T*, i.e., the
temperature is assumed to be equal to isotropic-to-nematic transition temperature
(T%).140. 141 |n the cases covered in this thesis, A < 0, corresponding to a temperature
<T* was used; the results from additional calculations with A = 0 are provided in

Appendix C.

The coefficients K11, K22 and Kss are defined to be Frank elastic constants that
represent splay, twist, and bend elastic constants, respectively.4? Strong anchoring is
defined as boundary condition for both surface types and does not contribute directly
to the free energy. Weak anchoring of any type is defined by their direction and strength
and lead to a calculation of a surface anchoring energy as part of the total free energy.

All parameters used in this study can be found in Table 3.4.1.

A mesh structure composed of tetrahedral elements for a spherical droplet of
the 0.1 um size was built. The code performs adaptive meshing, namely meshes can
be reformed and concentrated around the disclinations as the calculations evolve.
Such property enables the user to obtain a clear defect structure. In this work, I iterated
the calculations until the largest change in Q-tensor value was below five significant
digits. After identifying the final results, simulations were repeated, and mesh reforming
occurred every 20 steps for elements within which the Q-tensor change exceeds 0.3.
For example, the number of nodes was increased from approximately 2500 to 9000 or
more, from the initial to the final mesh, respectively, to refine the analysis of the defect

regions.'3

I, 1 /

~ \‘\:’ ‘, —=hhy bl ATy

RN A L | Ml ETLRL ==

s=SgeiIl TRT W TTER
- - e - —— \\‘ [" ——

- S - =\ _ I e DA SN N W ¥
- I\ N I - AW /M - -y
SRR Vil w~/, NARAN
R il Nt AIENARY
m=1 m=-1 m = +% m=-%

Figure 3.4.1. Defect structures, defect cores (blue) and their strength (m).

Although nematic phase of LC molecules is expected to be highly ordered, there

might be certain spots on the simulated volume where there is a discontinuous
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behaviour, which is named as the defect. The defect structures are essential part of
sensing devices, and they might change with respect to the confinement that the LC
molecules are in.?’ In the event of a continuous field, such as in Q-tensor calculations,
defects are categorized with respect to their strength. Strength is defined as the
guantitative value corresponding to the 21t rotation of director field around the defect

core.'*3 In Figure 3.4.1, some of the common defects are shown.

The DPD simulation technique described in 3.1 was used throughout the thesis.
Molecular modelling defined in 3.2 was utilized for all Chapters from 4 to 7, and when
an additional molecule was implemented, or changes were made, this was noted. At
least one method for calculating orientational order, defined in 3.3 was used in each
Chapter. For confinement studies where addition of different chemicals (such as
surfactants and nanoparticles) was investigated, order was calculated through a pre-
defined direction vector. Those results are presented in Chapters 4 — 6. For the
investigation of bulk LC behaviour and defects within droplets, Q-tensor method was
used for order, alongside the continuum mechanics approach (see 3.4) and presented

in Chapter 7.
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CHAPTER 4

CYLINDIRICAL FORMATIONS OF LCS AND THEIR INTERACTIONS WITH
SURFACTANTS*

The present chapter implements DPD to study cylindrical LCs formations dispersed in
water, in the presence of surfactants. Because of periodic boundary conditions the
cylindrical structures considered are effectively infinitely long. Consequently, the
results probe regions away from the basal terminations of the LC cylinders. In most
cylindrical formations studied, LCs are injected to capillary tubes with the addition of
amphiphiles such as lecithin® % and N,N-dimethyl-N-octadecyl-3-aminopropyl-
trimethoxysilyl chloride (DMOAP)®7 to induce homeotropic anchoring of LC molecules
with tube walls. The system modelled here allows us to systematically investigate the
effect of surfactant morphology on LC anchoring on a curved interface, without the

presence of a capillary tube or any other container.

Three different rod-coil amphiphiles are modelled, which are explained in
Chapter 3.2. These amphiphiles have the same length, but they have different
hydrophobic tail lengths: short, moderate, and long, respectively. The results show that
varying the number of hydrophilic coils and hydrophobic rods in this simple surfactant
model can largely affect LCs’ anchoring. When the surfactant density at the interface
is high enough, phase segregation of surfactants causes the mesogens to shift from
planar to homeotropic anchoring. Such transition is effective only in a small region in
most of the systems considered here. However, the parametric analysis showed that

a small decrease in the repulsion parameter that describes surfactant tail — LCs

*The results given in this chapter were published in Physical Chemistry Chemical Physics with following reference:
Z. Sumer and A. Striolo, " Manipulating molecular order in nematic liquid crystal capillary bridges via surfactant
adsorption: guiding principles from dissipative particle dynamics simulations", Phys. Chem. Chem. Phys., 2018, 20,
30514-30524. The original manuscript has been rearranged to conform to the format requirements of the dissertation.
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interactions is sufficient to cause changes in mesogens orientation throughout the
tube, which is in general agreement with literature results obtained at flat LC — solvent

interfaces.

2.70x10*
2.68x10*

2.66x10%

2.64x10%

Volume of simulation box (r3)

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Time (us)

Figure 4.1. Volume change of the system that was simulated for additional 0.14 us in NPT ensemble.

All simulations are run for 3 x 10° steps, with integration time At defined as 0.01
T in DPD units. Each system was simulated for 0.447 ps, with the last 0.149 ys used
for data analysis. To ensure reproducibility each system was simulated twice, with
different initial configurations. Test simulations were conducted in the NPT ensemble.
For these simulations the system with lower pressure (95% of that observed in the
system containing only water, 23.0 ksT/rc3, at the same temperature and density, 3
beads/rc®) obtained at the end of NVT simulations was chosen. NPT simulations were
conducted for 0.14 ps, during which time the simulation box size changed from 30 x
30 x 30 rc® to 29.78 x 29.78 x 29.78 rc? (the correspondent density increased from 3 to
3.07 beads/rc®), as shown in Figure 4.1. This change in box size was considered

negligible, and all subsequent simulations were conducted in the NVT ensembile.

Table 4.1. Repulsion coefficients (aj) used in the simulations in ksT/rc units.

Water LC Shead Stail

Water 25 50 25 50
LC 25 50 20, 25

Shead 25 50
Stail 25
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To determine conservative force parameters, the protocol proposed by Groot
and Warren was followed.'?% They concluded that aj = 25 keT/rc was representative of
soft interactions among the same type of beads in an agueous environment. Because
the density chosen here was 3, ajj was defined to be 25 among same beads. Table 4.1

shows the parameters used in this chapter.

Initial configurations of simulation boxes were prepared by simulating the
system at reduced temperature 1.0 ksT and with repulsion coefficient set to 25.0
between LC and surfactant tail, as schematically shown in previous chapter, Figure
3.2.2(c). Pure LC simulations are run in a 20 x 20 x 20 rc® simulation box, whereas
simulations for LC — surfactant interaction are run in a 30 x 30 x 30 rc3 simulation box.
Periodic boundary conditions were applied in all directions. In each simulation, 3000
LC molecules were used. Within systems and conditions investigated in this work, 3000
mesogens were sufficient to yield a cylindrical form that spans the length of the
simulation box. In the initial configurations, the LC molecules were arranged in a
cylindrical bridge that spans the entire length of the simulation box along the x-axis.
Because the periodic boundary conditions are applied in 3 dimensions, the LC cylinder
is effectively infinitely long. So, investigation of the effect of surfactants on LC
anchoring within a curved interface was possible. The cylindrical formation allowed a
relatively easy analysis of results such as density profiles on that curved interface,
while removing the constraints of spherical form on both mesogens and surfactant
aggregates. The basal terminations of the LC cylinders are not included in this study.

Table 4.2. Compositions of simulated systems with (a) 1000 surfactant molecules where aLc-stai = 25;
(b) 1500 surfactant molecules where aLc-stil = 25; and (c) 1000 surfactant molecules where adic-stail =
20.

Water LC Surfactant
a 65.43% 22.22% 12.35%
b 59.26% 22.22% 18.52%
c 65.43% 22.22% 12.35%

It is envisioned that surfactants could be used to stabilize aqueous dispersions
of LCs. Different amounts of surfactant molecules are used to investigate the effect of

surface coverage. 1000 surfactant molecules (55% coverage) were used as a start,
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and then increased to 1500 (80% coverage). Compositions can also be found in Table
4.2. Surface coverage is calculated by estimating amount of beads required to cover
the surface of a cylinder with radius 10 rc and length 30 rc, based on similar studies in
the literature.®? 63 Mahajan and co-workers noted that LC bridges in a nematic phase
act as an ordinary Newtonian liquid bridge, which might collapse above a certain
length-to-diameter ratio.'** In these simulations this collapse is prevented by using a
very low ratio of length-to-diameter, by the fact that gravity is not considered, and by

the fact that periodic boundary conditions effectively stabilise the bridges.

4.1 BULK LIQUID CRYSTALS

Since the purpose of this work is to investigate the dependency of LC anchoring to the
length of hydrophobic rods in model surfactants, the first required step is to determine
the simulation temperature at which bulk LCs undergo the isotropic-to-nematic phase
transition. Bulk simulations were conducted at different temperatures in the range 0.1
— 1.0 kseT. At each temperature, the scalar order parameter was computed with respect
to the X, y and z axis and highest value was reported. The results are shown in Figure
4.1.1. The results clearly show that in the temperature range 0.8 — 1.0 ksT, the LCs
are in an isotropic phase, as expected because of the high temperature. At these

conditions, the S parameter varies within the range 0.00 — 0.02.
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Figure 4.1.1. Orientational order parameter (S) of bulk LC vs. scaled temperature and snapshots of
LCs in crystalline (C), nematic (N) and isotropic (I) phases. Line between data points is guide to eye.

As the simulated temperature is decreased, the results show an increase in the
order parameter S in the temperature range 0.6 — 0.7 ksT, where S becomes 0.63 and

0.53, respectively. These results indicate that the LCs are in the nematic phase at
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these conditions. When the temperature is reduced further, below 0.6 ksT, a solid
phase is observed. The results in Figure 4.1.1 show low values for the order parameter
S (between 0.02 — 0.11). However, analysis of simulation snapshots indicates that the
LC molecules in the bulk yield small grains that are locally aligned but misaligned with
respect to each other. The relative disorder between different grains yields the overall

low S.

The results from the bulk simulations show that in the temperature range 0.6 —
0.7 keT the LCs were in the nematic phase. The highest of these temperatures was
selected for the subsequent simulations, so that the LCs can possess certain

orientational order and still be in the liquid phase.
4.2 LCBRIDGES IN WATER

Model for a cylindrical LC bridge immersed in water was prepared, and simulations at
0.7 ksT were conducted. The goal of these simulations was to ensure that the model
is suitable to replicate the experimental predictions, as well as to prepare the reference
system for assessing quantitatively the effect of surfactants adsorption on LC order.
One representative simulation snapshot for the LC — water system (no surfactant
present) is shown in Figure 4.2.1(a). The simulation results show that the mesogens
are aligned parallel to the cylindrical axis, exhibiting an orientational order (S) equal to
0.70. The LC cylinder is shown in Figure 4.2.1(b). In summary, the control simulations
at 0.7 keT showed that (i) LC molecules exhibit nematic phase within the mesogen
cylindrical formation dispersed in water (no other species is present), (i) planar

anchoring is observed at the interface between the LCs and water. All subsequent

simulations are conducted at 0.7 kgT.
a) b)

Figure 4.2.1. (a)Orientation of LC molecules in water without any surfactant added at 0.7 ksT (S =
0.70) and (b) LCs with water beads removed. (c) and (d) Schematic representation of LCs that are
located at the core (r <5 rc) and outer (r > 5 rc) region of cylinder.
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To quantify changes in LC order within the cylinder, the cylindrical LC was
arbitrarily divided into two regions, shown with different colours in Figure 4.2.1(c) and
(d). The core region is composed of mesogens within a radius of 5 rc from the centre
of the cylinder; the shell region comprises those mesogens found within a radius from
5 up to 12 rc from the centre. Note that the outer radius changes for the various
simulations because as different surfactants are introduced, the shell region can

expand slightly up to 12 rc.
4.3 SURFACTANT ADSORPTION AND ORIENTATIONAL ORDER

Starting from the base case discussed in Figure 4.2.1, the effect of surfactants
adsorption on the LC anchoring was systematically investigated. Unless otherwise
noted, the interaction between LC and surfactant molecules is described by aLc-stail =
25, and the repulsion parameter is chosen identical to the self-repulsion parameter,
aself = 25. The surfactants considered have different tail lengths, as shown in Figure
3.2.2. The number of Stwil beads is increased from 3, to 5 and to 7, respectively. Note
that the total number of beads per surfactant molecule is always 10, thus the number
of beads in the head-groups reduce from 7, to 5, and to 3, respectively, for the three
surfactants simulated. The results obtained when the three surfactants were adsorbed
at the LC — water interface are shown in Figure 4.3.1. In these simulations, the number

of surfactant molecules were 1000, which yields an overall surface coverage of ~55%.

In Figure 4.3.1(a) the results shown for the surfactants with 3 beads in the tail-
groups are shown. Visual inspection of multiple simulation snapshots (~100 per
simulation run, separated from each other by 10% time steps) reveals that the
surfactants are aligned homeotropically (perpendicularly to the interface). The
surfactant tail lengths are too short to penetrate the LCs. The order parameter of LCs
is calculated as 0.63 = 0.02, which is slightly lower than S found in the control
simulation of Figure 4.2.1(a) (0.70). In the core of the LC cylinder, orange in Figure
4.3.1(d), LCs exhibit S = 0.64 + 0.03, whereas in the shell region S = 0.63 + 0.02.
These results show that the addition of the surfactants with 3 beads in their tail-groups
does not affect the orientation of the LCs. In addition, LC molecules are found to

preserve planar anchoring.
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Figure 4.3.1. Configurations of LC and 1000 surfactant molecules with (a) 3 bead (b) 5 bead and (c) 7

bead-long tail-groups at 0.7 keT The change in orientation in LCs is due to interactions with surfactants

with (d) 3 bead (e) 5 bead and (f) 7 bead-long tail. LCs that are located in the core of cylindrical radius
(r <5 rc) are shown in pink, the rest in yellow. Water beads are not shown for clarity.

As the number of beads in the tail-groups of the surfactants is increased from 3
to 5, the orientation of the mesogens at the shell region starts to shift from planar to
homeotropic, as can be seen in Figure 4.3.1(b and e). Although the surfactant tails are
shorter than the LC molecules, they interpenetrate the mesogens and affect their
orientation. Within the bridge, the overall S decreased to 0.49 + 0.03. Analysis of the
order within the fragment in Figure 4.3.1(e), shows that, at the core, S equals 0.57 *
0.05, suggesting that the LCs within a radius of 5 rc are not affected by the surfactant
molecules. At the shell region, S decreases to 0.43 + 0.03.

Similar results are observed in Figure 4.3.1(c and f) when the surfactants have
7 bead-long tails, in which case the overall order parameter decreases to 0.38 £ 0.04.
Although in this case the surfactant tail-groups are longer than the LCs, the mesogens
at the core are not affected by surfactant adsorption at the surface. The results show
that while at the core S remains 0.53 + 0.05, in the shell it sharply decreases to 0.27 +
0.04 (see Figure 4.3.1(f)). These data suggest that, compared to results obtained for
shorter LCs, either more LCs shift from planar to homeotropic, or the same number of
LCs shift orientation, but orient in perfectly perpendicular direction with respect to the

cylindrical axis.
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Analysis of the simulation snapshots reveals a perhaps unexpected
observation: the surfactants, adsorbed at the LC - water interface, are not
homogeneously distributed on the surface. Instead, they segregate. Consequently, the
LCs near the surfactants are perpendicular to the interface, while the LCs near the
water beads remain parallel to the interface. Such distribution of the surfactants is
attributed to lateral phase separation of the amphiphiles at the LC — water interface.
When LCs are in a nematic phase, they yield elastic properties that have been shown
to be able to affect the properties of interfaces, in some cases leading to new phases
and phase separations.®® 145 Results suggest that perhaps LCs in nematic phase
cause the surfactants to undergo a lateral phase separation. In other words,
surfactants and LCs phase separated in order to preserve the high orientational order
of LCs on the surface. In addition, Moreno-Razo et al.*2 showed that packing of LC
molecules at the interface is affected by nearby surface accumulation of other agents.
Changes in surfactant density at the interface are also expected to yield changes in
energetically favourable sites, and as a result it is possible that LCs are packed
differently due to the local surfactant concentration. These results, combined with
those in the literature, suggest that cooperative phenomena take place at the LC —
water interface in the presence of surfactants: nematic LC phases trigger lateral phase
separation of amphiphiles, while amphiphiles, at a large enough local concentration,

trigger the radial alignment of LC molecules near the interface.
4.4 EFFECT OF SURFACTANT SURFACE DENSITY

To quantify the effect of surfactant surface density on LCs anchoring, simulations
similar to those described in Chapter 4.3 were conducted, but the number of the
surfactant molecules were increased to 1500. This yields a surface coverage of ~80%.
The results are summarized in Figure 4.4.1. As the surfactant concentration is
increased compared to the simulations discussed in Chapter 4.3, lateral phase
separation is also observed. As a result, the morphology of the cylindrical LC appears

to be slightly deformed, simply because of the un-even surfactants distribution.
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Figure 4.4.1. Configurations of LC and 1500 surfactant molecules with (a) 3 bead, (b) 5 bead, and (c)

7 bead-long tail-groups at 0.7 ksT. Orientation change in LCs due to interactions with surfactants with

(d) 3 bead, (e) 5 bead, and (f) 7 bead-long tail-groups. LCs located in the core of cylindrical radius (r <
5 rc) are shown in pink, the rest in yellow. Water beads are not shown for clarity.

One similarity with the systems described above is that LC molecules located
at the core are not affected by the interactions with surfactant molecules. Therefore, it
was concluded that, within this model, the surfactant effect on mesogen was strictly
dependent on the location of LC molecules, and has no impact for LCs that are located

in distances that are longer than the surfactant tails.

In Figure 4.4.1(a and d), the results are shown for surfactants with short tail-
groups (3 beads). Overall, S is found to be 0.59 £ 0.03, and it appears to be similar in
the core and shell regions (0.62 £ 0.03 and 0.58 * 0.03, respectively). These results
show that the surfactants with short tails considered here do not affect the order of the
mesogens even though their concentration is rather high. This observation changes
when the surfactants with longer tail-groups are considered. In Figure 4.4.1(b and e),
simulation snapshots are shown for the LCs at contact with surfactants with tail-groups
of 5 beads.

Visual inspection reveals that LC orientation is affected by the surfactant. The
global order parameter S decreases to 0.43 + 0.04. As seen in Figure 4.4.1(e), while
LCs at the core preserve high order with S = 0.60 + 0.04, LCs at the shell region show
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S =0.32 £ 0.06. The effect is more pronounced when the surfactants with tail-groups
of 7 beads are considered. The results are visualized in Figure 4.4.1(c and f). At this
80% surfactant coverage, the overall order parameter S decreases to 0.25 + 0.03. Note
that S in the shell region becomes 0.05 + 0.03, while the order in the core region is
preserved (S =0.57 £ 0.04). The results for the order parameter, corroborated by visual
inspection, show that at this surface coverage, the surfactants with tail-groups of 7
beads cause almost all LC molecules in the shell region to assume homeotropic

alignment.
45 EFFECT OF LC — SURFACTANT INTERACTIONS

As discussed above, the simulation results obtained here, as well as the results in the
literature, suggest that there is a cooperative effect between surfactants and LC
molecules, which determines both the distribution of the surfactants on the LC bridge
and the anchoring of the mesogens. Because it is possible that the lateral phase
separation between surfactant aggregates affects LC anchoring, a parametric study
was conducted in which the repulsion between mesogens and surfactant tails were
reduced. The correspondent repulsion parameter is decreased to arc-swil = 20.
Decrease in repulsion to a value lower than the self-repulsion parameter (25) could be
representative of coarse-grained models used to describe the self-assembly of ionic

LCs and their interactions with ionic surfactants.146.147

Although Coulombic interactions are not taken into consideration explicitly in
these simulations, the effective attraction between surfactant tails and LCs is meant to
reproduce, qualitatively, the combined effect of multiple interactions. Once aLc-stail =
20, it is expected that the surface segregation evident from the snapshots shown in
Figure 4.3.1 and Figure 4.4.1 is weakened. For this parametrization, only systems with
1000 surfactants were considered. The results are summarized in Figure 4.5.1. For all
surfactants considered, the results show a homogeneous distribution on the LCs. The
simulation snapshots also reveal that once the repulsion between LCs and surfactant
tail-groups has been reduced, the change in mesogens order becomes longer ranged.
In fact, the LCs at the core shift their orientation, which becomes isotropic. Now the
discussion is on the results for each of the three architectures considered for the

surfactants.
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In Figure 4.5.1(a and d), the results are shown for the surfactants with tail-
groups of 3 beads. The order parameter S is found to be -0.03 + 0.03. This negative
order means that the mesogen molecules are oriented almost perpendicularly with
respect to cylindrical axis, as explained in Eq. (3.12). The mesogens within the core
yield S = -0.06 £ 0.04, while those in the shell S = 0.00 + 0.03.

Figure 4.5.1. Configurations of LCs and 1000 surfactant molecules with (a) 3 beads, (b) 5 beads, and
(c) 7 bead-long tail-groups at 0.7 ksT with to aLc-stil = 20. Orientation change in LCs due to interactions
with surfactants with (d) 3 beads, (e) 5 beads, and (f) 7 bead-long tail-groups. LCs located in the core
of cylindrical radius (r < 5 rc) are shown in pink, the rest in yellow. Water beads are not shown for
clarity.

A similar trend was observed for the surfactants with 5 beads in their tail-groups
(Figure 4.5.1 (b and e)): overall S is -0.14 £ 0.02. Orientational order in Figure 4.5.1(b)
has a slightly lower value than in Figure 4.5.1(a), due to relatively longer surfactants
tail-groups. For this surfactant the results show that the order for the mesogens in the
core (S =-0.12 £ 0.04) is similar to that for the mesogens in the shell (S=-0.16 £ 0.01),
which suggests that the range of interaction between the surfactants adsorbed on the
LC bridge and the mesogens is large enough to affect equally all mesogens within the

cylinder.

In Figure 4.5.1(c and f), the results obtained for the surfactants with 7 beads in
their tail-groups are shown. The results show that, in addition to affecting the order of
the mesogens, the surfactants also affect the shape of the droplet. The overall, core
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and shell order parameters are -0.18 £ 0.03, 0.04 £ 0.05, and -0.31 £ 0.02, respectively.
Due to length and rigidity of surfactant tail-groups, and because the surfactants cause
homeotropic order for the LCs, the original cylinder is deformed into a triangular prism
by the adsorption of the surfactants. Presumably, the deformation of the droplet shape
prevented us from observing long-range interactions between surfactants and LCs at

the inner region of cylinder.

Parametric studies such as those discussed in Figure 4.5.1 could be extended
to consider various surfactant — LC interactions, and also the effect of branching in the
surfactant molecule. While this is beyond the scope of the present chapter, | would like
to point out that previous studies show that branching affects the orientation of LC

molecules.19 21

4.6 ORIENTATION OF LCS WITH RESPECT TO SURFACTANT DENSITY AND
RADIUS

To further quantify the mesogens order as a function of surfactants architecture and
density, order of each mesogen with respect to direction vector within the LC bridge
was analysed. The results are shown in Figure 4.6.1, where LCs based on their
orientations were distinguished: mesogens with an order parameter in the range of -
0.5 — 0.0 are defined homeotropically aligned; 0.5 — 1.0 as in planar alignment; 0.0 —
0.5 as tilted. When there is no surfactant in the system, the order distribution is shown
as black bars: 5% of the mesogens are homeotropically aligned, 17% are tilted, and
the vast majority, 78%, are in planar alignment.

When 1000 surfactants are present, the results (Figure 4.6.1(a)) are shown in
blue, green and purple bars for surfactants with 3, 5, and 7 beads in their tail-groups,
respectively. As the tail length increases, the amount of mesogens in planar alignment
decreases (69%, 58% and 49%, respectively), that of homeotropically aligned LCs
increases (10%, 21% and 29%), and that of tilted LCs remain approximately constant
~ 20 — 22%. These results show that as the surfactant tail length increases, anchoring
becomes more and more homeotropic. Two reasons explain why many LCs preserve
their planar orientation: (a) the LCs in the core region are not affected by surfactants,
as explained above; (b) only 55% of the surface is covered by surfactants, with the

LCs in the remaining surface maintaining planar anchoring.
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Figure 4.6.1. Number of LC molecules vs. their order parameter with (a) 1000 surfactant molecules
where aLc-stil = 25; (b) 1500 surfactant molecules where avLc-stwil = 25; and (c) 1000 surfactant
molecules where aLc-swi = 20. The legend is the same for (a), (b) and (c).

When 1500 surfactants are present (Figure 4.6.1(b)), the results are similar. As
the tail length increases the amount of mesogens in planar alignment decreases (65%,
54% and 42%, respectively), that of mesogens homeotropically aligned increases
(12%, 25% and 40%, respectively), and that of tilted LCs decreases (23%, 21% and
18%, respectively). The results are qualitatively consistent with experimental results,
which show that when surfactants with short alkyl chain lengths are introduced, LC
molecules remain anchored parallel to the interface until the surfactant concentration
is so large that the mesogens are dispersed by the surfactants.'® In addition, these
simulation results suggest that when the surfactants have a sufficiently long tail-group,
they can promote homeotropic anchoring of the mesogens, and that the effect

increases with the surfactant density at the LC — water interface.

The results obtained when the LC — tail repulsion is decreased (aLc-stail = 20)
and 1000 surfactants are on the surface, are shown in Figure 4.6.1(c). As the tail length
increases the amount of mesogens in planar alignment decreases (16%, 12% and
12%, respectively), that of mesogens homeotropically aligned increases (65%, 75%
and 77%, respectively), and that of tilted LCs decreases (19%, 13% and 11%). These
results show that when the repulsion between LCs and surfactant tails is decreased
below the self-repulsion parameter, LCs align with the surfactant molecules, which

strongly increases the amount of mesogens with homeotropic anchoring.
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Figure 4.6.2. Orientational order of LCs (lines with symbols) and surfactant density (dashed lines) with
respect to their distance to cylindrical axis (r = 0) with (a) 1000 surfactant molecules where aLc-stai =
25; (b) 1500 surfactant molecules where aLc-stil = 25; and (c) 1000 surfactant molecules where aLc-stai
= 20. The legend is the same for (a), (b) and (c).

Lastly, structural information regarding the LC bridges were provided. In Figure
4.6.2 the order parameter S as a function of the distance from the cylindrical diameter
centre was displayed, coupled with the radial density profiles obtained for the
surfactant tail-groups. To calculate the density of the tail-groups, each bead in the
surfactant tail-group were considered. In Figure 4.6.2(a) the result relative to those
discussed in Figure 4.3.1 were displayed. The results show that LCs possess planar
orientation at r < 5r. At larger distances, surfactants interact with LC molecules, and S
decreases. In general, the results in Figure 4.6.2(a) corroborate two findings: (i) short
tails do not affect the LC orientation at any part of the cylinder; and (ii) as surfactant
tail length increases, LCs at the outer surface align homeotropically. The latter
observation is due to the physical interaction between surfactant tail-groups and LCs

molecules, as suggested by the density profiles of the surfactant tail-groups.

Results relative to those discussed in Figure 4.4.1 are shown in Figure 4.6.2(b).
They corroborate to the previous comments, according to which increasing the density
of the surfactants is effective in changing LCs anchoring only for those surfactants with
long tails. The results shown in Figure 4.6.2(a) and (b) are consistent with the
experimental observations reported by Williams et al., who found that for LCs confined
in a cylindrical geometry it is possible that the minimum energy configuration

corresponds to homeotropic anchoring coupled with LCs oriented parallel to the
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cylinder axis near the centre for the cylinder.”® Results relative to those discussed in
Figure 4.5.1 are shown in Figure 4.6.2(c). These results clearly show the penetration
of the change in mesogen orientation due to the surfactants from the interface towards
its centre. The LCs order in the core region is isotropic for all surfactants considered,
highlighting the importance of LC — surfactant tail interactions in controlling the

behaviour of the mesogens.
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Figure 4.6.3. (Left) Configurations of LC and 1000 surfactant molecules with Shead/stail = (a) 3/5 (b)7/5
and (c) 5/7 at 0.7 keT. The change in orientation in LCs is due to interactions with surfactants with
Sheadsstail = (d) 3/5, (e) 7/5, and (f) 5/7. LCs that are located in the core of cylindrical radius (r < 5 rc) are
shown in pink, the rest in yellow. (Right) Orientational order as a function of position.

One final note would be on the effect of the surfactant head length. It has been
reported previously that the length of the surfactant head-group does not measurably
affect the overall orientation of LCs.!® The simulations in this thesis show that the
overall length of the surfactants affect the time required for achieving lateral phase
separation among the surfactants adsorbed at the LC — water interface, but that the
head-group length does not significantly affect LCs orientation. To test whether this
was the case in these systems, | simulated three systems with 1000 surfactant
molecules, in which the surfactant Shead/Stail beads are 3/5, 7/5 and 5/7, respectively

as shown in Figure 4.6.3.

It was found that the surfactant models with same tail length gave similar results,
despite of differences in head-group length, as shown in Figure 4.6.3. Therefore,

throughout this work the focus was given to changes in anchoring with respect to tail-
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length by keeping the overall surfactant length at 10 beads. In the next chapter, |
utilized same surfactant models to identify their behaviour on LC droplets. It was
anticipated that due to the elastic energy stored in LC molecules in spherical

confinement, results would be different than the cylindrical formation of LCs.
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CHAPTER 5

SPHERICAL CONFINEMENT OF LCS AND THEIR INTERACTIONS WITH
SURFACTANTS*

This chapter provides an understanding for LC behaviour confined in a nanodroplet
and their interactions with other chemicals such as surfactants. Molecular simulations
are used to quantify the LC order as a function of droplet size. DPD approach is
implemented to observe the properties of LC systems at length- and time-scales larger
and longer, respectively, than those accessible via atomistic simulations, although
smaller than those accessible to continuum theory calculations. The length scale of the
study fits in between the two extremes identified by Tomar and co-workers,3® who
showed that when a certain anchoring strength is applied to mesogens at the surface
of a LC droplet, ordering (radial or bipolar) depends on the droplet size. A droplet can
be large enough for the total ordering driving force to be bulk-induced, or small enough
for it to be surface-induced. In these systems, it is expected that surface effects are
dominant; such effects could be manipulated by the presence of surfactants that
preferentially adsorb at the LC droplet — water interface.

5.1 NEMATICITY IN LC DROPLETS

It is known that LC nanodroplets dispersed in a medium will eventually coalesce.'®’ To
study the properties of LC nanodroplets of different sizes, individual droplets were
prepared as initial configurations dispersed in model water. Prior simulations for the
LC model considered here showed that, in the bulk, the reduced temperature of 0.7
ksT was sufficiently low to provide nematic order, and high enough to allow for

molecular motion.

*The results given in this chapter were published in Soft Matter with following reference: Z. Sumer and A. Striolo,
"Effects of droplet size and surfactants on anchoring in liquid crystal nanodroplets”, Soft Matter, 2019, 15, 3914-
3922. The original manuscript has been rearranged to conform to the format requirements of the dissertation.
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All simulations were performed in the NVT ensemble, and one integration time
corresponds to 14.9 ps. Configurations were recorded for 108 steps (last 0.149 ps of
the simulations) after droplets were stabilized. Within these 108 steps of simulation
production, data are collected in every 10* steps and averages of 100 frames are used
for quantitative analysis. To ensure that the simulations were properly equilibrated, a
minimum of 2 x 10° steps were used to equilibrate the systems containing single
droplets. The number of steps was determined based on similar studies in literature; 48
149 it was confirmed that equilibration had been achieved by noting that once
equilibration was completed, the system pressure and energy did not vary, nor did the
orientational order. To ensure reproducibility, each system was simulated three times,
starting from different initial configurations. Initial configurations were prepared by
random distribution of water molecules within the simulation box, and random
distribution of LC molecules in a spherical region. Confining LC molecules within a
spherical region initially, provided a faster droplet formation and avoided possible

cylindrical or flat arrangements caused by periodic boundary conditions.

During the parametrization it was desired to achieve conditions at which mutual
solubility between LCs and the water medium was low. As shown in Appendix A,
simulations confirmed that (i) at 1.0 keT the LC molecules in droplets are not dissolved
in water and remain isotropic; and (ii) when the repulsion parameter between water
and LC beads was reduced from 50 to 30, dissolution occurred at 0.62 keT. Therefore,
the conclusion was that setting the repulsion parameter at 50 described limited mutual
solubility at the conditions chosen for this study, and the rest of the repulsion

parameters are the same with the ones provided in Table 4.1, with aLc-stail = 25 only.

Once the LCs are organised in nanodroplets, it is not known how the nematic-
to-isotropic transition temperature changes with droplet size. To quantify this, 5 LC
droplets of different sizes were modelled. Representative snapshots for these droplets
are shown in Figure 5.1.1(a-e). Each droplet contains a different number of mesogens.
The radius of each LC droplet was determined by calculating its radius of gyration
(rgyr).1*® The radii of the 5 nanodroplets were calculated as (a) 6.2 rc, (b) 9.7 rc, (c) 13.6
rc, (d) 16.9 rc, and (e) 21 rc, respectively, which correspond to ~ (a) 4.75, (b) 7.43, (c)
10.42, (d) 12.95, and (e) 16.08 nm, respectively. These droplets are composed of (a)
500, (b) 2000, (c) 6000, (d) 13000 and (e) 23000 LC molecules, respectively. The
snapshots in Figure 5.1.1 were obtained at the reduced temperature of 0.6 ksT. In
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these simulations, only LC mesogens and water beads were simulated. The simulation
box size varies from 30 x 30 x 30 to 50 x 50 x 50 rc2, depending on the nanodroplet
size. To identify the transition temperature, these five systems were simulated within
the temperature interval of 0.6 — 0.7 ksT, every 0.02 ksT, for a total of 30 simulations

(each validated 3 times).

Order Parameter

Figure 5.1.1. LC droplets with radii of (a) 4.75, (b) 7.43, (c) 10.42, (d) 12.95, and (e) 16.08 nm,
respectively, dispersed in water at 0.6 ksT. Water beads are not shown for clarity. Rods are colour-
coded by their order parameter, calculated with respect to the directional axis.

The simulation results were used to generate the orientational phase diagram
shown in Figure 5.1.2(a). The results show that the transition temperature from nematic
to isotropic phase changes as the nanodroplet radius varies. It is important to note that
as the size of droplet decreases, molecular aggregates are eventually obtained. In a
previous simulation study, it was considered that 1720 mesogens yield a
nanodroplet.1%” Using this number as a threshold, all the systems considered here,
except the one in Figure 6.1(a), is a nanodroplet. Results obtained when 500
mesogens aggregate are nevertheless useful to provide a complete overview of the

systems considered here, although they are affected by relatively large uncertainties.

At 0.6 ksT, all droplets simulated here show nematic phase, with S between
0.50 — 0.63. For the droplets of radii 6.2 and 9.7 rc, transition to isotropic phase is
observed above 0.64 — 0.66 ksT. At 0.7 keT these droplets possess a fully formed
isotropic phase, with S =0.22 + 0.06 and 0.33 £ 0.05, respectively. For larger spherical
droplets, the nematic — isotropic transition is observed at temperatures higher than
0.66 — 0.68 ksT. To put these results in perspective, it should be remembered that, due
to the scale of the simulations, LC orientation in the systems considered here is driven
by the surface energy. This implies that the mesogens anchor planarly to water

molecules at the interface. It is also helpful to relate the results just discussed to those

54

-
o

o
(]



obtained for LCs in cylindrical structures. Prior results for such systems show that,
although temperature and density are the same, cylindrical LC structures yield higher
orientational order than spherical nanodroplets, regardless of the radius. For instance,
at 0.7 keT, in cylindrical LC structures, S ~ 0.53,1%° while in the spherical droplets
considered in Figure 5.1.1, S is at most 0.38 + 0.02. This is a consequence of the

director alignment preference along the axis of the cylinder.
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Figure 5.1.2. (a) Orientational order parameters (S) of spherical LC droplets with respect to
temperature. (b) Asphericity of LC droplets with respect to temperature. Error bars are obtained as one
standard deviation from the average of values derived from 100 frames for each data point. Legend is

the same for both (a) and (b).

Visual analysis of the LC nanodroplets suggests that their shape is not
spherical, but rather elongated. To quantify the deviation from spherical shape |
measured the asphericity!®! of each droplet as a function of temperature. When the
asphericity is 0, the shape of a droplet is spherical. The maximum value asphericity
can assume is 1, in which case the droplet is extended in one dimension.'%? The

asphericity was calculated by principal moments of the diagonalized gyration tensor:116

. Yx? o Xxiyi XXz
Tgyration = m % XiYi % yiz % YiZ; (5.1)
XXz NYViZi Zi2
2 0 0
di
Toyration =|0 43 0 (5.2)
0 0 A2
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Asphericity = ;= (A + A3) (5.3)

where Npead represents number of beads in the droplet, xi, yi, and z; represent the
Cartesian coordinates of the bead i with respect to the centre of droplet, and A1? < A2?
< As?. Note that all beads have the same size and mass in DPD simulations. The
asphericity ranges between 0.08 — 0.34 for all the systems considered in Figure
5.1.2(a), which means that the nanodroplets are only approximately spherical, unless
the temperature increases [see Figure 5.1.2(b)]. It is likely that increasing temperature
reduces the interfacial tension and increases the flexibility of the mesogens, resulting
in more spherical droplets. The results in Figure 5.1.2(b) also show a decrease in
asphericity as the radius of the droplet increases. This was expected when size ratio
between a single LC molecule and the droplet decreases. Indeed, it would be
challenging for few LC molecules within a molecular aggregate (i.e., a few hundred
mesogens) to form a perfectly spherical droplet due to their rod-like morphology, which
was due to low molecular flexibility. Once the droplet radius was 21 rc, the droplets
tend to be spherical. Increase in droplet radius also contributed to lower values in
standard deviation because there were more molecules collectively improving the
sphere formation, as a result the error bars became smaller in Figure 5.1.2(b).

The results in Figure 5.1.2 were helpful to select the conditions at which to
guantify the effect of surfactants on the properties of the LC nanodroplets. Specifically,
a droplet chosen for subsequent studies must be in nematic phase and it must be large
enough to distinctly separate core and surface of the droplet. For the following analysis,
the nanodroplets considered contain 6000 mesogens, so that the conditions are well
above the threshold at which molecular aggregates would form, rather than

nanodroplets.
5.2 SURFACTANTS’ ADSORPTION ON LC DROPLETS

On the nanodroplet of radius 13.6 rc (10.42 nm), the effect of surfactants adsorption
were investigated. This droplet is large enough to differentiate core and surface. The
simulations were conducted at 0.62 ksT. The temperature is low enough to obtain
nematic order within the droplet, low enough to ensure low mutual solubility between
LCs and water, and high enough to allow for molecular mobility. In the DPD formalism

implemented, random forces are included to mimic Brownian dynamics, achieved by
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adding a Gaussian white noise to the forces.'?¢ It is expected that, because of this
random force, the system can escape from local minima in the free energy landscape.
Because it was previously noted that the absence of random forces would eventually
stop the motion within the simulation box.'3 To ensure reliability of the results, each
system is simulated at least three times. Molecular models were explained in detail in
Chapter 3.2 of this thesis. In all cases considered here, 1000 surfactant molecules
were added to the 6000 LC molecules, yielding 14 mole %. Representative equilibrated

simulation snapshots are shown in Figure 5.2.1.
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Figure 5.2.1. (Left) Equilibrated simulation snapshots for LC nanodroplets of radius 13.6 rc (10.42 nm)
covered with low concentration of surfactants. From left to right, the surfactants have tail-groups of 3,
5, and 7 beads, respectively. The simulations are conducted at T = 0.62 keT. In all cases, water beads
are not shown for clarity. In the top panels, only LC mesogens are shown, also for clarity. (Right)
Orientational order of LC molecules shown with respect to their distance to the core of the droplet for
every 3rc.

Simulation snapshots show that the surfactants self-assemble at the droplets
boojums, regardless of the tail length. At the tips there is a larger concentration of LC
— water interfacial defects (boojums), which increases locally the interfacial tension.54
The surfactants clearly adsorb in these locations to reduce the total system energy.
The adsorption of the surfactants caused a change in orientation of the LC mesogens
located at boojums of the droplets, which became oriented perpendicularly to the
interface due to homeotropic anchoring, and as a consequence the droplets became
uniaxial. This is reflected in the overall orientational order parameter of these droplets.
Without surfactants, the nanodroplets with radius 13.6 rc (10.42 nm) were
characterised by an order parameter S = 0.57 + 0.02. In the presence of 1000
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surfactants, S increased to 0.65 + 0.02, 0.73 + 0.03 and 0.72 + 0.01, for surfactants 3-

, 5-, and 7-bead-long tails, respectively.

To quantify the range of interactions due to surfactant adsorption, the order
within LC molecules was studied within core and outer regions. The core was
considered within a radius of 7 rc from the centre, the outer region at distances larger
than 12 rc. The core region was considered as a droplet and not a small aggregate, as
discussed for Figure 5.1.2, it was large enough for order quantification. It is expected
that surfactants would directly affect the outer region, close to the interface. In fact,
after the surfactants adsorb the droplet size increases from 13.6 to 15 rc. LC molecules
located (based on their centre of mass) further than 12 rc are considered to be part of
the outer region. A transitional region could be defined between 7 — 12 rc from the
droplet centre. The order of LC molecules, shown in Figure 5.2.1, was also quantified
with respect to their distance to the core of the droplet. The radial configuration was
never achieved, probably because of the high orientational order maintained within the

core region.

Figure 5.2.1 shows that the surfactants have a stronger effect in the LC
orientation within the outer region. When no surfactants are present, S = 0.40 £ 0.02
in this region. When the surfactants are present, especially for surfactants with long
hydrophobic tail groups, more LC mesogens at the boojums became parallel to the
direction vector. The S parameter in the outer region became 0.55 + 0.02, 0.69 + 0.04,
and 0.74 £ 0.02, for surfactants with 3-, 5-, and 7-bead-long tails, respectively. S in the
core regions was not affected much by the surfactants. For all cases, with or without
surfactants, S = 0.77 £ 0.02 in the core of the nanodroplet. As already mentioned, due
to the size of the droplets considered here, LC orientation is surface driven. In other
words, interactions between water molecules and LC droplet surface yield a surface
force larger than the elastic forces within LC molecules, yielding planar anchoring of
LC mesogens with the surroundings. The surfactants affect the interfacial energy,

reducing the appearance of boojums, but this contribution is always local.

To quantify changes in nanodroplet shape, the droplet asphericity was
calculated. Only the LC mesogens were considered for this calculation. Adding
surfactants with 3- or 5-bead-long tails decreased the asphericity from 0.23 + 0.04 to
0.08 £ 0.03 and 0.09 + 0.04, respectively. On the other hand, adding surfactants with
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7 bead-long tails did not affect asphericity, which remained ~0.20 + 0.04. This is due

to the deformation at the droplets boojums described above.
5.3 EFFECT OF SURFACTANT CONCENTRATION

Because only the surfactants with 7-bead-long tail-groups were able to deform the LC
nanodroplets upon adsorption at the droplets boojums, these surfactants were chosen
to investigate the effect of surfactant concentration. Their number within the simulation
box was increased from 1000 to 1500 for the 6000 LC molecules, which yields a
concentration of 20 mole %. The snapshots of the equilibrated structures are shown in
Figure 5.3.1. Visual inspection suggests that the LC nanodroplet surface is almost fully
covered by surfactants, the droplet is clearly deformed at the surface, and the
surfactants seem to form ordered domains that yields the droplet shape from being
spherical to be faceted. Quantification of order shows that S decreased to 0.27 + 0.04.
Perhaps more interesting is to point out that in the droplet outer region S decays to
zero, because the LC mesogens in this region assume almost every orientation with
respect to the direction vector. The mesogens at the nanodroplet core show the same

overall orientation as those in the droplet with no surfactants.

.1.0

Order Parameter

Figure 5.3.1. (a) LC nanodroplet of radius 13.6 rc (10.42 nm) covered with high concentration of
surfactants whose tail-group is of 7 beads. No water beads are shown for clarity. (b) Same as (a), but
without surfactants, for clarity. LC molecules are colour-coded with respect to their order parameter.
The simulations were conducted at 0.62 ksT.

Comparing the results in Figure 5.3.1 to those in Figure 5.2.1, when few
surfactants are present, they self-assemble at the droplet boojums regardless of their
molecular features. When the surfactant concentration increases, the entire droplet
surface can be covered by surfactants, at the expense of a deformation of the droplet.

In this event, the LC mesogens at the outer region become perpendicular to the

59



interface, whereas those in the core remain parallel to the direction vector. Although it
is difficult to suggest a direction in this particular droplet, the direction vector was
obtained by the same protocol as other droplets: getting the average direction of
molecules by post-processing the simulation results, for every frame that was
considered.

These observations constitute deviations from predictions from the continuum
theory, according to which, due to predefined boundaries and interactions at the
interface, droplet shape deformation cannot be predicted. These differences are due
to the ability of simulations to account for individual mobility of the LC molecules, as
well as for their elastic properties, such as rigidity and their interaction with water beads
under certain thermodynamic conditions (a direct consequence of the model
implemented). While at contact with water the LCs assume a parallel orientation, the
presence of surfactants can change this orientation to perpendicular. However, the
effect is local, as the LC orientation near the droplet centre remains planar. Quantifying

how these observations affect practical applications is the subject of future research.
5.4 COALESCENCE OF MULTIPLE SURFACTANT-COVERED DROPLETS

Apart from surfactants causing homeotropic anchoring, it is important to analyse
whether the surfactants are able to stabilize LC nanodroplets in water. For this analysis
surfactants with 7-bead-long tails were considered. Two simulations were conducted:
(i) droplets covered with 1000 surfactants, and (ii) droplets covered with 1500
surfactants. In both cases, eight LC droplets were simulated in water. The initial
configurations are shown in Figure 5.2.1(e) and Figure 5.3.1(a), respectively, and they
were replicated within a larger simulation box: each having the size of 80 x 80 x 80 rc®
which corresponds to 61.3 x 61.3 x 61.3 nm?3. The simulations were then conducted for
5x10% steps, which correspond to 0.745 ps. The results are shown in Figure 5.4.1,
where the initial configurations (left) and the snapshots after 0.745 ps (right) were
identified.

1000 surfactant molecules were not enough to cover the entire LC droplet
surface, and instead the surfactants agglomerated at the droplet boojums. The
simulations confirmed that for this system agglomeration was inevitable: in 0.745 ps,
the 8 initial droplets yield 4, two of which maintained their initial size and shape, two of

which the result of 2 initial droplets coalescing, and 1 of which the results of 4 initial
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droplets coalescing. As two LC droplets merge, they yield larger and more spherical
droplets, in qualitative agreement with results in Figure 5.2.1. Perhaps interestingly, as
the droplets become wider, the surfactants are found to distribute more evenly on the
droplet surface. This is because as the droplet size increases, the surface to volume
ratio decreases, and the surface density of the surfactants anchored to the surface

increases.

Figure 5.4.1. Eight LC nanodroplets, each covered with (a)1000 and (b)1500 surfactant molecules
with 7 bead-long tails at (left) O ys and (right) 0.745 us. On the far right, an enlargement of the cross-
section of largest droplet obtained, (a)~24 rc radius and (b)~19 rc radius.

When the number of surfactants is increased to 1500, droplets agglomeration
occurs more slowly. After 0.745 ps of simulations only two pairs of droplets merged,
yielding 6 LC droplets. The surfactants are found to be more effective at delaying
droplet agglomeration because they cover the entire LC droplets surface. It might be
interesting to point out that when two LC droplets merge in this situation, the resultant
droplet remains deformed. As can be seen from the cross section in Figure 5.4.1(b),
the resultant droplet is not spherical, and some of the surfactants remain trapped inside
it after agglomeration.
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Because of computer power limitations, it is hard to confirm whether the final
snapshots shown in Figure 5.4.1 correspond to the equilibrated system. Analysis of
energy profiles suggest that the systems have reached metastable conditions at which
long-lived structures have been achieved (they did not change for 0.298 us), but it is
indeed possible that further agglomeration will occur. As the droplet size increases and
the surface to volume ratio decreases, the surfactants will cover more and more of the
droplet surface, and perhaps will be able to stabilise LC droplets. Experimentally, small
LC droplets are used in PDLC applications, where they are trapped within polymer

matrix where agglomeration is more difficult than in emulsions.% 101

The shape of the LC droplets depends on the surfactant coverage, but also on
the droplet size. When the surface to volume ratio is high, and the surfactant surface
density low, surfactants accumulate at the boojums. For such droplets, as the
surfactant concentration increases, the droplet is deformed. However, when the
surface to volume ratio is low (i.e., large droplets), it is possible that increasing
surfactants concentration will not result in deformations of the droplet. In the next
chapter, | investigated how nanoparticles (NPs) manipulate LC ordering in droplets,
instead of surfactants. For the following analysis, a single size of droplet (13.6 rc) was
chosen. The chapter describes whether NP self-assembly deformed the shape and
orientation of LC droplets, suggests a way forward with respect to the size, shape, and

chemical functionality of NPs for e.g., utilization of LC droplets as NP templates.
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CHAPTER 6

NANOPARTICLE SELF-ASSEMBLY ON LC DROPLETS*

In this chapter, the collective self-assembly of nanoparticles (NPs) adsorbed on
nanodroplets were investigated. Both LC and oil nanodroplets are considered,
although the discussion focuses on LC droplets. The LC nanodroplets act as
templating agents, on which homogeneous and Janus NPs of various geometrical
features are adsorbed. The quantitative analysis reveals that the cumulative
orientational order of LC nanodroplets does not significantly change. Bipolar droplets
preserve the planar anchoring with the surrounding water beads. Yet, there is a strong
evidence for LC droplets acting as templates and dominate the positional and
orientational preference of nanoparticles with respect to their size, shape, and

chemical composition upon their self-assembly.

In the first part of the work 100 small NPs of the same type are added to a water
— LC droplet system for each simulation, for which the results are provided in Chapters
6.1 and 6.2. The LC droplet to NP volume ratio is ~2500 for these calculations. After
investigating the collective effect of multiple nanoparticles on a LC droplet surface, the
analysis was conducted with single large particles in Chapter 6.3. The LC droplet to
NP volume ratio is ~90 for the systems discussed in Chapter 6.3. Because of
computing power limitations, only 1 NP adsorbed on one LC nanodroplet was studied.
Focusing on a single NP offers the added benefit of more clearly identifying size-
dependent properties for NP — droplet self-assembly, as emergent phenomena such
as those highlighted for small NPs, which might appear should multiple NPs be

simulated, could hinder the interpretation of the simulation results. By systematically

*The results given in this chapter were published in Molecular Systems Design & Engineering with following
reference: Z. Sumer and A. Striolo, "Nanoparticles shape-specific emergent behaviour on liquid crystal droplets”,
Mol. Syst. Des. Eng., 2020, 5, 449-460. The original manuscript has been rearranged to conform to the format
requirements of the dissertation.
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investigating NPs of different shapes and chemical features (i.e., homogeneous vs.
Janus), results highlight the ability of LC nanodroplets to template the preferential
adsorption of particles depending on NPs size, shape, and surface properties. Details
of NP models were provided in Chapter 3.2. The system containing the LC droplet
immersed in water was characterised in Chapter 5.1. For the present chapter, droplets

of radius 13.6 rc were chosen.15% 156

Figure 6.1. NPs simulated in this work. Homogeneous NPs are described by beads of a single type
(type I NPs, top row), while Janus NPs are composed of two bead types. For several NPs it is possible
to generate Janus NPs of two different structures (type Il and type lll, respectively, in middle and
bottom row Refer to the text for details regarding the DPD interaction parameters implemented.

The NVE ensemble was implemented, with integration time At = 0.01 T,
corresponding to ~14.9 ps.'%® Each simulation run included 3 x 108 steps, the last 10°
of which were considered part of the production run, and were used for analysis. In
other words, out of the 0.447 us of each simulation, the last 0.149 us were considered
for generating the results presented here. During the production phase, one system
configuration (i.e., one frame) was recorded at 0.0149 us intervals, yielding 100 frames
for system. The protocols implemented for data collection were described in previous
chapter.® For pulling/pushing of NPs (described in Chapter 6.3) the software
PLUMED?’ was used.

The NPs considered are shown Figure 6.1, and they are named based on the
row and column within which they are located in that figure. To conduct these
simulations, disc (A), ellipse (B), sphere (C), rod (D), cube (E) and star (F) NPs were
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added to simulation boxes in which one nanodroplet was pre-equilibrated. For each
NP, homogeneous (type I) and Janus NPs were considered; in some cases, two types
of Janus NPs were prepared for a given NP shape (type Il and Ill, respectively). In
total, 16 NPs of similar volumes and bead densities were prepared. The NPs shown in
yellow (Row | in Figure 6.1) were described by moderate repulsive interactions with
both water beads and LC beads. In this case, NP — water and NP — LC interactions
were described by anp-Lc = anp-water = 35 ksT/rc. For Janus particles (Rows Il & Il in
Figure 6.1), the conservative repulsive forces were increased between the medium
and corresponding side of nanoparticle. Explicitly, purple (hydrophilic) NP beads
interacted with water and LC beads via potentials described by ahphilic-water = 25 and
anphitic-Lc = 50 ks T/rc, respectively; green (hydrophobic) NP beads interacted with water
and LC beads via interactions described by anphobic-water = 50 and anphobic-L.c = 10 ksT/rc,
respectively. The DPD parametrization is completed by imposing aij = 50 ke T/rc among
beads of different type and 25 ksT/rc among beads of the same type. This
parameterization ensures conditions of low mutual solubility between LCs and
water.1 Each system was simulated three times with different initial configurations.
Equilibration was considered achieved when the same density profiles on the droplet

surfaces were observed.
6.1 SELF-ASSEMBLY OF SMALL NANOPARTICLES

This section covers how the collective assembly of 100 small NPs changes with
respect to their shape and chemical functionality, although the size of the NPs that are
shown in Figure 6.1 is similar to each other. For example, while one small spherical
homogeneous particle does not show preferential adsorption on specific LC
nanodroplet locations, 100 spherical nanopatrticles preferentially agglomerate at the
nanodroplet boojums, providing evidence of emergent behaviour. On the contrary,
Janus spherical nanoparticles do not show such a strong emergent behaviour.
Cylindrical NPs manifest the opposite trend: while homogeneous nano cylinders do not
exhibit orientational order on the LC nanodroplet, Janus ones either locate at the LC
nanodroplet boojums or orient towards the direction vector of bipolar droplets.

The system density was 3.03 + 0.01 bead/rc?, the temperature was between
0.62 — 0.63 keT and the pressure was 17.10 = 1.17 keT/rc3. These small differences in

temperature and pressure were caused by the difference in the rigid structures (NPs)
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in the systems. In these simulations, the fluid was characterised by pressures and
temperatures of 20.66 = 0.08 keT/rc® and 0.62 ksT, respectively.
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Figure 6.1.1. Left: Density profiles of NP beads with respect to distance from the droplet core. Lines in
graph indicate the interface, located at radial distances in the range between 13.6 — 15.6 rc. Right:

Corresponding snapshots of LC droplets. Coordinates for the various systems summarised in this
figure were provided in Appendix B.

In Figure 6.1.1, right panels, the last frame of each simulation for each of the
simulated systems were represented, to provide a visual summary of the results. To
guantify the results, the density profile of the NPs centre as a function of the distance
from the centre of the LC nanodroplet were computed. The results are reported on the
left panel of Figure 6.1.1. In this representation, the LC nanodroplet surface is located
at radial distances 13.6 — 15.6 rc from the nanodroplet centre. This region is identified
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in Figure 6.1.1 by two vertical lines, which allows to compare results on different

systems.
6.1.1 SPHEROID NANOPARTICLES

Spheroid NPs include discs (group A in Figure 6.1) and ellipsoids (group B).
Considering discs, during simulations it was observed that some A.l NPs, which were
not adsorbed at the LC/water interface, assembled on top of each other and created a
colloidal aggregate that then attached to the nanodroplet. The other A.l particles
adsorbed homogeneously at the LC nanodroplet surface. No strong evidence of
accumulation at the boojums was obtained, as perhaps the NP — NP interactions
overcome the driving forces due to the LC orientation on the nanodroplet. When the
discs were described as Janus NPs (A.ll NPs), the behaviour was similar to that of the
homogeneous NPs, except that the aggregation in solution did not occur, likely
because of the preferential interactions along specific directions among such NPs.
When Janus NPs of type A.lll were simulated, preferential orientations were observed
on the LC nanodroplet, with shape-dependent entropic forces likely causing

preferential alignment among the A.llI NPs.

A previous report revealed that entropic patchiness enables directional bonding
on nanoparticle systems, which is coherent with findings presented here.*3 Packing in
colloidal suspensions of anisotropic hard particles is dependent on entropic forces, for
minimizing the free energy of the system.%8 159 The entropic patchiness, therefore,
stands for the preferential direction of the particles caused by their shape.16% 161 A
directional preference was not observed when the A.lll NPs adsorbed on oil droplets,
confirming that the mesogens and their ordered structure were responsible for this
feature. Although the NPs in the two simulations (LC vs. oil) possess similar density
profiles, the disordered oil molecular structure did not yield sufficient entropic effects
to drive NPs alignment, as shown in Appendix B. The directional forces due to the LC
mesogens within the nanodroplet are effective for A.lll NPs because these patrticles
penetrate deeper into the LC self-assembled structure. While chemical patchiness
enabled all the NPs considered here to adsorb at the surface, the entropic patchiness
caused by a combination of NP shape and LC mesogen rigidity is probably responsible
for the preferential direction. These effects result in orienting almost all the A.lll NPs

adsorbed on the LC nanodroplets parallel to the droplet direction vector.
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The results obtained for prolate ellipsoids (see group B NPs in Figure 6.1) are
also shown in Figure 6.1.1. It was observed that homogenous ellipse particles (B.I)
were not homogeneously distributed on the droplet surface. They rather form surface
clusters within which the NPs remain parallel to the droplet direction vector.
Experimental data showed that spheroids with different aspect ratios yield honeycomb
structures on two-dimensional surfaces.®?> Honeycomb structures were observed in
simulations as well. Additionally, NPs oriented along the direction of LC molecules in
the droplet. These results suggest that the orientation of the ellipsoids adsorbed on the
LC nanodroplets could be manipulated by the preferred orientation of the mesogens.
In the simulations, the droplet boojums function as poles and the ellipsoidal NPs are
distributed on the droplet surface as compass needles. This feature, however, is lost
when Janus spheroidal NPs are considered (i.e., see B.ll NPs in Figure 6.1). The latter
NPs were observed to be randomly distributed over the droplet surface. Since these
NPs are adsorbed normal to the droplet surface, their orientation could not be
guantified. Due to deeper penetration within the droplet surface, B.Il NPs show a wider
peak in the density profiles shown in Figure 6.1.1, because of density fluctuations in
the radial direction. Ellipsoidal B.1l1l NPs, on the other hand, manifest similar orientation
as the B.I NPs, although B.llIl NPs do not assemble in clusters as B.l NPs tend to do.
Consequently, the density profiles obtained for B.l and B.lll NPs are similar, and
narrower than those obtained for B.llIl NPs. Ellipsoidal B.Ill NPs are oriented parallel to
the direction vector of the LC droplet, similar to the results described for A.lll NPs. This
is further evidence that shape dependent entropic forces yield a patterned alignment

that does not exist when the B.III NPs adsorb on oil droplets.
6.1.2 SPHERICAL NANOPARTICLES

The simulations for spherical NPs (group C) yield results different compared to those
described for spheroid NPs. In particular, homogeneous spherical NPs, C.I,
agglomerated into clusters at the LC nanodroplet surface. When compared to the
simulations obtained on oil droplets, the results in Figure 6.1.1 suggest that the LC
caused the spherical NPs to accumulate within the boojums. It is also interesting to
highlight that, within these clusters, the NPs are arranged hexagonally, both on the LC
and on the oil nanodroplets. In fact, similar hexagonal arrangements were reported by
Rahimi et al. in a previous continuum mechanics analysis of the packing of multiple
spherical NPs on a LC droplet.** Such results were explained by the expected larger
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elastic energy density near the poles of the bipolar droplets. While the simulations here
agree with this observation, the fact that different NPs yield different arrangements
suggests that the NP morphology is also important for the NPs to accumulate in these
high energy density regions. It has been proven both experimentally®® and
computationally®® that the NP size is also an important parameter for driving the NPs
to accumulate on the LC surface defects. In fact, when a single small spherical C.I NP
adsorbed on one LC nanodroplet was modelled, (not shown here for brevity) did not
show preferential adsorption location for the single NP on the LC nanodroplet.
However, as shown in Figure 6.1.1, when 100 small spherical NPs were present, they
collectively assembled on the boojums, suggesting that emerging phenomena are also
important for driving the self-assembly of NPs on LC droplets. Comparing density
profiles such as those shown in Figure 6.1.1, left panels, obtained on LC nanodroplets
and on oil nanodroplets, differences were observed, suggesting that shape dependent
forces caused C.I NPs to be located further away from the droplet core when LC

molecules were present.

The simulation results in Figure 6.1.1 also show, contrary to the expectations,
that for Janus spherical NPs (type C.Il in Figure 6.1), neither clustering nor preferential
localization at the boojums occurred. This was observed both on LC and oil droplets,
in both of which the density profiles were also similar. These observations suggest that
effective NP — LC interactions at the droplet could strongly affect the NPs self-
assembly, perhaps overcoming the energetic and entropic advantages of accumulating
on the boojums. It is perhaps interesting to observe that, for small spheroidal (discs
and ellipsoids) and well as for small spherical NPs, NPs clustering was achieved when
the NPs were chemically homogeneous, and that in all cases honeycomb structures
were obtained, which is coherent with previous findings.*% °3 162 Due to more attractive
NP — LC interactions than NP — NP ones, spherical Janus NPs distributed rather
uniformly on the droplet surface. In the following sections | quantified the behaviour of
NPs that yield local smectic domains on the LC nanodroplet surface: cylindrical and
cubic NPs.

6.1.3 NANOPARTICLES WITH FACETS

Cylindrical, rod-like, homogeneous NPs (particles D.lI) adsorbed on LC nanodroplets

generated smectic structures with no preferential direction, as can be seen in Figure
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6.1.1. These results seem in good agreement with experimental results obtained for
rod-like NPs adsorbed on a hexadecane droplet,*®* suggesting that the LC molecules
did not exert a templating effect on these NPs. Therefore, it was anticipated that rod-
like NPs would assemble yielding similar structures on both LC and oil nanodroplets.
On the contrary, Janus rod-like NPs (type D.Il in Figure 6.1) exhibited a different
behaviour. Just like homogeneous spherical C.I NPs, D.II NPs accumulated at the LC
droplet boojums. Due to their aspect ratio, cylindrical D.lIl NPs behave like rod — coil
di-block copolymers and adsorb preferentially on high energy surface locations (i.e.,
the boojums). The corresponding homogenous D.I NPs, with the same aspect ratio,
behave differently because they cannot penetrate the droplet surface, due to the
different interaction potentials implemented. Indeed, in Chapter 5.2 it was shown that

short rod — coil copolymers preferentially move towards boojums of LC droplets.*%®

When cylindrical Janus NPs had their two faces vertically separated, as in D.llI
NPs, they preferentially adsorbed on the LC droplets equator, rather than the boojums.
Although they have the same aspect ratio as D.lIl NPs, their morphology caused a
much shorter attractive region on the LC nanodroplet, and the D.III NPs could not
penetrate the droplet surface. In this case, the LC molecules clearly acted as
templating agents, and directed the NPs to be parallel to the droplet direction vector.
The templating properties of rigid LC molecules cause the preferential orientation for
D.IlII NPs, just as they did for A.lll NPs. As in the case of A.lll NPs, these results were
ascribed to entropic patchiness of D.III NPs. However, it should be noted that this
alignment was not observed for D.I NPs. The combination of these results suggests
that moderate attraction between LC mesogens and rod-like NPs (D.l) did not induce
ordering, and the NPs clustered on the droplet surface with no preferential orientation.
Contrarily, highly attractive interactions caused D.II NPs to penetrate through the
droplet surface and accumulate at the droplet boojums. The Janus D.lII NPs, on the

other hand, oriented parallel to the LC molecules.

Homogeneous cubic NPs (particles E.I in Figure 6.1) yield clusters on the LC
nanodroplet surface. These NP clusters preferentially locate on the equator, similarly
to what was observed for cylindrical D.I NPs. However, because, as opposed to nhano-
rods, E.I particles have equal length in all directions, the preferential orientation they
exhibit cannot be ascribed to their anisotropic shape. Glotzer and co-workers reported
that perfect spherical particles prefer to assemble within the fcc crystal structure,
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whereas perfect cubes prefer simple cubic structures.*®> The same behaviour was
observed on LC droplets, with cubic NPs yielding clusters on the droplet surface that

arrange in a simple cubic form.

Janus cubic particles (E.Il and E.lll NPs) yield smaller clusters than those
formed by E.I NPs, but the behaviour is similar. Although E.Il NPs are cubically faceted
and E.lll NPs are tetrahedrally faceted once they became Janus NPs, they did not
exhibit strong differences in their surface alignment. Morphological differences
between E.Il and E.III NPs did not cause any observable difference among the NP self-
assembled structures, as can be seen in Figure 6.1.1.

The analysis reveals that NPs with facets, e.g., cylinders and cubes, achieve
local smectic clusters on the LC nanodroplet surface. This is consistent with literature
reports, in which experiments were conducted to study the self-assembly of gold
nanorods with high aspect ratio,'®? and that of 2D perovskite nanoplatelets.'%® In
addition to what was available in the literature, the simulation results here suggest that
the interactions with LC molecules, which create the driving forces, determine where
NPs accumulate on the surface of LC nanodroplets. The NPs morphology on the other
hand, creates the entropic forces that dictate whether NPs self-assemble yielding a
directional order. As it was previously reported, entropic patchiness plays a
contribution towards the preferential orientation of NPs, where the enthalpic
interactions are the dominating force.*® This explains why LC molecules do not always
affect location and orientation of NPs, but can act as a template under specific

conditions.
6.1.4 BRANCHED NANOPARTICLES

Star-shaped NPs (Group F in Figure 6.1) are the only branched NPs considered in this
work. Homogeneous star-shaped particles were introduced to the LC droplet as in
Figure 6.1.1, E.I. NPs. Two behaviours were observed: the particles either move
towards the boojums and accumulate there or entangle with each other. E.I NPs
created wire-like structures adsorbed on the LC droplet. These structures are driven
by entropic forces, because the enthalpic forces such as low affinity towards LC
molecules keeps the NP — LC interaction low, enabling shape dependent NP — NP

interactions to be the decisive driving force for self-assembly. As a result, shape
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dependent 2D wires were obtained on the LC droplet. The effect of high LC affinity is
evident when Janus E.Il NPs are considered in Figure 6.1.1. Due to stronger effective
attraction between LC — NP, NP — NP interactions were comparatively weak,
dispersing the NPs on the LC droplet surface with no preferential adsorption location.

Similar results were obtained for ellipsoidal B.Il and spherical C.II Janus NPs.

The results summarised in Figure 6.1.1 showed that enthalpy driven molecular
mechanisms drive the NPs to be preferentially adsorbed at the LC nanodroplet
boojums, or in other locations. Perhaps a quantitative validation could be made by
comparing the free energy of two different systems where NP is in two different spots
(preferred location and elsewhere), which is beyond the scope of this chapter. It is
worth pointing out that small NPs with the same shape can yield different behaviour
due to morphologically different LC-attractive regions exposed on their surface. Most
homogeneous NPs considered here show similar behaviour when they are adsorbed
on LC droplets as they do on flat LC interfaces. For example, they yield smectic
alignment or honeycomb structures, depending on their morphology. In addition, some
of the NPs considered here show preferential adsorption on the LC droplets equatorial
regions and do not move towards the boojums, even though the topological defects
are accumulated at the boojums. Bead-to-bead interactions between nanoparticles
and LC molecules are important in determining the preferential NPs adsorption location
on the droplet surface, as the NPs size and shape are. When moderate attractions are
present, NPs may or may not preferentially adsorb on the droplet’s tips (this is evident
for homogeneous NPs). When strong attractions are present, NPs might prefer to
assemble side-to-side with LC molecules, yielding parallel orientation along the LC
droplets meridians. In such situations, it appears that NP — LC interactions dominate
size and shape effects. Namely, once the enthalpy driven preferential adsorption
occurs, entropic forces affect the NPs orientation. This effect is very distinct on
elongated NPs (e.g., ellipsoidal, and cylindrical ones, as well as Janus discs), which

orient along the droplets directional vector.
6.2 NPS’ EFFECTS ON LC MESOGENS’ SELF-ASSEMBLY

In this section, how NP assemblies affect the orientation of LC mesogens within the
droplets were investigated. The properties of LCs in the absence of NPs were

quantified in Chapter 5.1. In summary, LC molecules in water formed a droplet that is
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bipolar and in the nematic phase. The droplet size chosen for this study was small
enough to allow for meaningful simulations to be completed, yet larger than a molecular
cluster. The temperature used in the present simulations was chosen so that the
droplet was nematic, yet with sufficient molecular mobility to achieve equilibrated

systems.1%°

To quantify how the NPs affect the LC orientation, in Figure 6.2.1 the probability
distributions of LC molecules with respect to their location within the nanodroplet and
order parameters were pictorially shown. The algorithm for the calculation of the order
parameter is defined in Chapter 3.3. For reference, Figure 6.2.1 reports results
obtained for the LC nanodroplet with no adsorbed NPs, so that the effect of NPs
adsorption can be quantified by comparison. For brevity, Figure 6.2.1 only considers
NPs from group | in Figure 6.1, i.e., homogenous NPs. This is because the results are
similar to those reported in Figure 6.1.1 for the correspondent homogeneous NPs and
are provided in Appendix B. Analysis of the simulation results shows that the NPs have
a slight impact on the order of the LC mesogens. When such effect is observed, it
always remains local, specifically on the droplet surface, i.e., NPs adsorption does not
affect the LC order throughout the whole droplet. At the core of the liquid droplets,
almost no LC molecule show an order parameter lower than 0.4 in any of the systems
considered. This indicates that all LC molecules in nematic phase almost formed
smectic structures. Moving towards the nanodroplet surface, the results suggest that
most of the LC mesogens remain parallel to the direction vector, although the number
of LC molecules that are tilted or perpendicular increases from core to surface. These
results are similar for all the nanopatrticle types considered. Exceptions were observed
for D.I and E.I NPs (cylinders and cubes, respectively), in which case, the results
suggest that the LC — NP interaction caused formation of smectic domains of LC
mesogens on the nanodroplet surface. In fact, the results in Figure 6.2.1 suggest that
these NPs cause a slightly higher probability of observing the order of 1.0 near the
droplet surface. As explained above, entropic effects probably cause the NPs to
interact with the LC mesogens, in qualitative agreement with observations from the
literature, ¢ and the results suggest that a synergistic phenomenon is taking place,
with the NPs orienting because of the LCs, but vice versa, the NPs also templating

further LC alignment.
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Figure 6.2.1. Probability distributions of LC mesogens with respect to their locations and order
parameters, for pristine LC droplets and for LC droplets that were exposed to group | NPs, as shown
in Figure 6.1.1. Similar results for group Il and Ill NPs are provided in Appendix B.

The global orientational order for all LC droplets considered in Figure 6.2.1
varies between 0.55 — 0.63, as indicated in Figure 6.2.2(a). These results suggest that
all droplets are in nematic phase. Upon NP adsorption, the LC droplets remain bipolar,
although slight deformations were observed. The droplets with adsorbed NPs showed
shapes ranging from perfectly spherical to slightly elongated droplets. To quantify the
droplets deformation, the asphericity was calculated. The asphericity quantifies the
shape deviation from a perfect sphere, with 0 denoting such a perfect sphere.'>
Asphericity values are given in Figure 6.2.2(a). The asphericity of the droplet with no
NPs adsorbed was 0.23 + 0.04. The highest asphericity value was obtained for LC
droplets with adsorbed E.I NPs (i.e., 0.28 + 0.03) followed by LC droplets with adsorbed
D.I NPs (i.e., 0.22 + 0.02). For the reasons that were explained in Figure 6.2.1, the E.I
and D.I NPs have stronger interactions with the LC droplets, resulting in droplets
deformations. The smallest LC droplet asphericity was observed when star-shaped
NPs (F.I) adsorbed, yielding an asphericity of 0.14 + 0.03. In general, when NPs other
than those with facets adsorb, the asphericity of the LC droplet decreases compared

to values obtained for the LC droplet with no NPs.

Colour-coded maps were provided in order to relate the change in order
parameter with respect to the location of the LC molecules on the droplet, in Figure
6.2.2(b). The results show that by moving from the equator to the boojums of the

droplets, the orientation changes from parallel to perpendicular, with respect to the
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direction vector of each droplet. The red-to-yellow portion of the droplet represents the
mesogens that are almost parallel to the direction vector, located in the equatorial
region. The blue — purple rods, mostly located near the boojums, represent the
mesogens that are almost perpendicular to the direction vector, pointing to the droplet
tips. Such assembly is consistent with planar anchoring with water molecules, as
reported previously.®® Some of the results in Figure 6.2.2(b), for example those for A.I
and D.I NPs, show that some LC mesogens locally changed orientation from parallel

to perpendicular in the equatorial region. This is the local effect due to NP adsorption.
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Figure 6.2.2. (a) Orientational orders (purple) and asphericity (orange) and (b) map of LCs on droplets
colour-coded by their order parameter that were exposed to Group | nanoparticles. Group Il and Il are
provided in Appendix B.

No significant change occurred in the orientation of the LC molecules upon NP
adsorption, although slight shape deformations took place, as described in Figure
6.2.2(a). Li et al., surveying experimental results, suggested that often liquid crystalline
ordering is insensitive to colloidal assembly, although this is not the case when the
NPs are able to penetrate into LC droplets.%* Results in this chapter are consistent with
this observation, as the simulated NPs affect the orientation of LC molecules locally,
but this effect is not strong enough to change the global orientational order within the
droplets.

6.3 EFFECT OF NP SIZE

The results presented in Chapter 6.1 and 6.2 were obtained for NPs whose size is
comparable to the length of one LC mesogen (small NPs in the nomenclature
implemented herein, referring to Chapter 3.2). When multiple NPs adsorb on one LC
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droplet, emerging phenomena can occur, depending on the NP features, with, in some
cases, preferential adsorption sites and alignment between adsorbed NPs being
observed. Because previous research revealed that spherical nanoparticles
preferentially locate at the boojums of biaxial LC droplets if they are large enough,® in
this section the effect of NP size was systematically investigated. NPs whose features
are shown in Figure 6.1 were simulated, maintaining the same aspect ratios used to
prepare the NPs simulated in Figure 6.1.1, yet increasing the NP size three times along
each dimension. The results presented here were obtained for systems with density
2.85 + 0.002 bead/rc?, temperature 0.62 ksT, and pressure19.94 + 0.03 ksT/rc3.

Order Parameter

Figure 6.3.1. Schematic representation of the algorithm implemented to test whether the DPD
simulations discussed below for large NPs adsorbed on LC droplets had reached equilibrium. LC
molecules are colour-coded by their order parameter. Further details are provided in the Appendix B.

To ensure that the results presented are representative of truly equilibrated
states, an additional analysis was conducted, which are discussed in Appendix B. The
algorithm is shown schematically in Figure 6.3.1. From the final configuration obtained
from one typical DPD simulation run (left in Figure 6.3.1) a pulling algorithm to desorb
the Janus patrticle from the interface was used. Then, the NP along the aqueous phase
was dislocated until it was above a different region of the LC droplet (middle panel of

Figure 6.3.1), and it was allowed to adsorb again on the droplet.

Additional equilibrium simulations (3 million additional steps) were then
conducted, to test whether the NP would return to the original preferential location (right
panel in Figure 6.3.1). This test was conducted for Janus NPs only, and the results
suggested that the simulations discussed below had indeed reached equilibrium. The
reason only Janus NPs were used for this test was because only these NPs showed

preferential adsorption on defined locations on the droplet surface. At the end of the
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algorithm summarised in Figure 6.3.1, the NPs that had shown preferential adsorption
at the droplet tips (B.II, D.1l, and F.Il NPs), moved back to the tips after manipulation.
The NPs that moderately prefer boojums also moved back towards these locations
(A.Il, Alll, and C.1I). The other NPs remained within the equatorial region of the LC
nanodroplets (B.III, D.1I, E.lIl and E.III).

C

Figure 6.3.2. Simulation snapshots of droplets with large particles, colour-coded LC molecules with
respect to order parameters. Each panel title represents the corresponding NP in the notation shown
in Figure 6.1. Legend is the same with Figure 6.3.1 for order parameters.

In Figure 6.3.2 the results obtained for the simulation of single large NPs
adsorbed on LC nanodroplets are summarised. This figure reports the last frames of
simulations, row | shows homogeneous NPs’ positions after 3 million steps, and rows
Il and Il show Janus NPs’ positions after the additional 3 million steps. Janus NPs
moved back to their initial preferred orientation and position (if they had any), after the
manipulation. In what follows the results for each NP morphological feature were
discussed.

6.3.1 SPHEROIDS AND SPHERES

The simulation results shown in Figure 6.3.2 suggest that the behaviour of group A
NPs (discs) strongly depends on the surface chemistry of the NPs themselves. While
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homogenous A.l NPs do not show any preferential adsorption site on the LC droplet,
A.ll and A.lll NPs migrate towards the droplet boojums. A.ll and A.lll NPs did not move
to the droplet tips, as could have been expected based on literature observations;**: %
instead, they preferentially locate within a boojum region in which the second order
tensors of LC molecules was low. Using a geographical analogy, this region is referred
as the arctic/antarctic circles. Such effects perhaps can be explained by the fact that
the NPs considered are larger than the droplet tips, and as a result suboptimal
conditions would occur should they accumulate there.% It is also possible that, by
accumulating at the arctic/antarctic circles, these NPs allow for an optimal organisation
of the LC mesogens, which they might otherwise frustrate it they were to accumulate

on other regions of the droplet surface.

The results obtained for group B NPs (ellipsoids) show that B.l and B.IIl NPs
are excluded from the polar regions, while B.Il NPs preferentially assemble at the
droplet tip. Homogeneous B.l and Janus B.lIl NPs show some preference for the
droplet equators. In these positions, the templating propensity of the LC mesogens
becomes evident: due to their vertical alignment with respect to the droplet poles, the
mesogens contribute to align the NPs along the same direction. These results
strengthen the argument of enthalpic forces being the main driving force in directing
the organisation of NPs on LC nanodroplet surfaces, with entropic forces providing a
contribution, not necessarily dominant, to the driving force. Bead-to-bead interactions
described by the DPD parameters for B.l and B.Ill NPs ensure that B.l and B.Ill NPs
remain on the equatorial region of the LC droplet, while B.Il moved towards the
boojums. These differences in behaviour were observed even though the NP geometry
is the same for these 3 NPs. Entropic forces could not affect the position of B.l and
B.lll NPs, yet they could change their orientation, which is parallel to the direction

vector of the droplet.

The results obtained for group C NPs (spheres) show that these NPs migrate
towards the droplet boojums regardless of their surface features (i.e., homogeneous
vs. Janus). It is worth noting that neither C.I nor C.Il NPs adsorb at the droplet tip,
unlike the ellipsoidal NPs B.ll. Results indicate that the dimensions of a NP affect its
alignment. Elongated particles exhibit similar behaviour as block polymers, which can
penetrate through the LC droplet surface and move towards the boojums within certain
ranges of attractive interactions between polymers and mesogens.'> Therefore, if a
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particle is long enough to penetrate the surface of a LC droplet, it likely migrates
towards its tip. A large NP does not necessarily penetrate the LC surface, yet it can
still migrate towards the boojums, but perhaps it remains within the artic/antartic circle

rather than reaching the droplet tip.
6.3.2 CYLINDERS AND CUBES

The results obtained from the simulations of large cylindrical NPs can be seen in Figure
6.3.2, group D. Visual analysis suggests a very similar behaviour as that described for
ellipsoidal NPs. When the surface properties of the cylindrical NPs were changed,
yielding D.lIl NPs, the NPs preferentially adsorbed on the LC droplet tip. This is in
contrast with results obtained for homogeneous D.I cylindrical and Janus D.III NPs,
which preferentially adsorbed at the LC droplet equator, which is very similar to the
results reported for ellipsoidal B.l and B.1l1l NPs. The driving forces responsible for the
behaviour of the ellipsoidal NPs remain the driving forces that drive the self-assembly
of cylindrical NPs on the LC nanodroplet. If these NPs are capable of penetrating
through the droplet surface, they are then capable to move towards the droplet tips. In
addition, if elongated NPs such as cylindrical and ellipsoidal ones are long enough
without being too strongly attracted to the LC mesogens, they then preferentially
accumulate at the LC droplet equator, where they exhibit a preferential orientation
parallel to the direction vector of the droplet. Entropic effects cause this preferential
orientation: when enthalpic forces drive the NPs to the equator, shape-specific effects
provide driving forces for preferentially orienting these NPs.

None of cube-shaped NPs, as can be seen in Figure 6.3.2, group E, manifested
a distinct preferential adsorption site on the LC nanodroplet. Both homogeneous and
Janus cubic NPs distributed randomly on the droplet surface. After the
detachment/attachment process described in Figure 6.3.1, the cubic NPs simply
stayed where they were put back on the droplet surface. Comparing these results to
those obtained for elongated NPs clearly quantifies the importance of NP aspect ratio
in determining preferential adsorption sites on LC droplets. The cubic NPs considered
here did not have sides long enough to penetrate through the droplet surface. Which
is a strong mechanism to drive the NPs towards the LC droplet tips. Being equally long

in all three directions, could not show a preferential orientation either because entropic
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forces were not strong enough, as opposed to results obtained for elongated NPs, just

discussed.
6.3.3 BRANCHED NPS

The simulation results obtained for star-shaped NPs (group F) are shown in Figure
6.3.2. Due to the length of their branches, these star-shaped NPs effectively behaved
as elongated structures, able to penetrate the LC droplet surface. Thus, these NPs
preferentially adsorbed near the boojums. Homogeneous star NPs (F.I) preferentially
adsorbed within the artic/antarctic region, while Janus star NPs (F.llI) distinctly
adsorbed on the LC droplet tip. Analysis suggests that the homogeneous star-shaped
large NPs (F.l) behave like spherical NPs (C.1). However, the Janus star-shaped NP
(F.1) behaved like ellipsoidal (B.1l) and cylindrical (C.II) Janus NPs. Coherent with the
discussion above, these results suggest that the strength of bead-to-bead interactions
determines the location of the NPs on the LC droplet surface.

The results presented in this chapter suggest that parameters such as shape
and attractiveness are equally important as the NP size in determining the preferential
adsorption site for NPs on LC nanodroplets. As in the examples of disks (A.l),
ellipsoidal (B.l) and cylindrical (D.I) NPs, not all large NPs necessarily move towards
the boojums. Some prefer to locate at the equator. The results also show that entropy-
driven self-assembly is only possible if enthalpic forces are also in favour of it.
Chemical functionalisation yielding Janus structures, for some NPs, can alter the
preferential adsorption sites for NPs on LC droplets, which could provide a useful
handle to create self-assembled structures with desired morphology and size for a

variety of applications.

Perhaps there are many other conditions, e.g., different LC types and
confinements, different thermodynamic properties, to be discovered. For this particular
modelling, however, detailed analysis of surfactants’ and nanoparticles’ adsorption on
LC droplet surfaces brought the following questions to the attention: what is happening
inside the droplet when there is a change in surface anchoring conditions? How are
the defects in bulk affected? In order to elucidate LC behaviour inside the droplet, |
conducted a multiscale study with different surface conditions and provided the results

in the following Chapter.
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CHAPTER 7

LC DROPLETS UNDER EXTREME CONFINEMENT*

In this chapter, LC droplets under extreme spherical confinement where both strong
planar degenerate and strong homeotropic anchoring were applied on droplet surfaces
with different surface distributions were investigated. DPD simulations are
complemented by continuum calculations conducted within the Q-tensor approach, via
Landau — de Gennes theory, as explained in Chapter 3.4. The combination of the two
approaches allowed to map the defects generated by surface alteration and quantify
the system energy as a function of the constraints imposed on the LC droplet surfaces.
How elastic (splay, twist, bend) and thermotropic energies change in response to
confinement were identified. As discussed in Chapter 2, such modelling is highly
utilized in literature for understanding of cumulative behaviour of mesogens that form

the droplet, and when the droplet formation isn’t particularly of interest.3? %6

At the continuum level, using the finite-element method, 135 136. 139 3 clear map
of defects within the droplet as a function of surface anchoring conditions was obtained.
A very small size range was chosen to compare findings achieved by simulations (30
nm diameter) and by Q-tensor calculations (0.1 um diameter). The anchoring was kept
strong, so interfacial interactions dominate the ordering within the droplet. The findings
were then compared with those obtained for droplets of 1 um diameter. For calculations
of the droplets that are 0.1 um and 1 um in diameter, the LC mesogens are described
by a Q-tensor field, therefore losing, in part, their chemical identity. Towards the

molecular level, coarse-grained DPD simulations'?® provided detailed information

*The results given in this chapter, in part, were published in Nanoscale with following reference: Z. Sumer, F.A.
Fernandez and A. Striolo, "Engineered liquid crystal nano droplets: insights from multi-scale simulations”,
Nanoscale, 2020, 12, 20211-20219. The original manuscript has been rearranged to conform to the format
requirements of the dissertation.
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regarding the local surroundings. DPD calculations were conducted for droplets of
diameter 30 nm. In Chapter 5, asphericity analysis revealed that 30 nm droplets with
16,000 rods can easily be defined as droplets rather than aggregates.'>> Because it
was shown that the droplets that are larger than 20 nm in diameter possess acceptable
orientational order and asphericity to be considered for further analysis. The aim is to
bridge across the scope and capabilities of these two methods. To the best of our
knowledge, this is the first time that finite element and molecular models, albeit coarse-
grained, yield consistent results for LC applications within a nanocavity of spherical

geometry, which will be beneficial for device miniaturization and optimization.

Strong planar
degenerate: |
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Figure 7.1. Homeotropic and planar degenerate anchoring surface distributions for (a) Homeotropic
Centre (HC), (b) Planar Centre (PC) and (c) Two-Sided (TS) droplets. The percent ratios represent the
amount of surface on which strong planar degenerate anchoring is enforced on the simulated LC
droplets.

The droplet shells used in DPD simulations are shown in Figure 7.1. The shells
are categorized based on how they enforce anchoring. In Figure 7.1(a), strong
homeotropic anchoring occupies regions of decreasing size centred on the shell
equator (Homeotropic Centre, HC). In Figure 7.1(b), strong planar degenerate
anchoring occupies regions of decreasing size centred on the shell equator (Planar
Centre, PC). In Figure 7.1(c), shells enforce planar degenerate and homeotropic
anchoring from the two poles, with different size ratios (Two-Sided droplets, TS). In
these simulations, the shells were forced to remain in the middle of the simulation box

throughout the run, therefore periodic boundary conditions were not necessary.
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For DPD simulations, each of the shells shown in Figure 7.1 contains 20,000
beads arranged in a hollow sphere formation. Inside each one of them, 5,000 inert
beads, and 16,000 rods were inserted. Figure 7.2(a) shows a representative snapshot
(PC type droplet with 40% planar degenerate anchoring) for the initial configurations
used in the DPD simulations. The shells yield fully homeotropic anchoring (blue) or
fully planar degenerate anchoring (orange). Initial configurations were created by
random distribution of LC and water molecules inside the shell. No mass transfer was
allowed through the shell walls. In Figure 7.2(b), corresponding mesh structure for Q-
tensor calculations is shown. In order to compare DPD results with Q-tensor
calculations, LC model was modified in this chapter. The tips of the rod-like structures
have a different affinity toward the surrounding shell compared to the core to achieve
the desired anchoring. DPD parameters for the modified model is provided in Figure
7.2(c).
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Figure 7.2. (a) Initial configuration of DPD simulations, cut through to visualise the LC mesogens
inside the spherical shell. Red, yellow and light grey beads represent the inert beads, tip and body of
LC molecules, respectively. (b) Schematic representation of mesh structure used in Q-tensor
simulations. Both panels are for PC type droplet with 40% planar degenerate anchoring on the
surface, chosen as an example. (c) DPD parameters used in this chapter.

DPD simulations were performed in the NVE ensemble. Validation simulations
in Figure 7.3 are run for 6 x 108 steps, with integration time At = 0.01 1. Thus,
simulations were conducted for at least 0.9 ys, with the last 0.15 ps used for data
analysis. To ensure reproducibility, each system was simulated three times, with
different initial configurations. The rest of the simulations, provided in Figure 7.1.1,
were conducted for 0.30 us, with the last 0.15 ps used for data analysis. Because the

1000 data points collected in the last 0.15 ys showed that enthalpy and the potential
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energy of the systems did not change, DPD simulations were considered to be had
reached equilibrium. The systems were kept at 0.5 ksT. A 50 x 50 x 50 rc® simulation
box was used where the shell has the diameter of 40 rc, corresponding to ~30 nm. The
Q-tensor calculations are iterated until the largest change in Q-tensor value was below
five significant digits, which satisfied the minimum energy criteria.
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Figure 7.3. (Top) Three droplet shells with different anchoring surfaces, homeotropic (blue) and planar
degenerate (orange). (Middle) Colour-coded LC molecules with respect to Sr (up) and Su (down).
(Bottom) Snapshots of simulations performed by the finite-element method with emphasis on defect
structures, the images show surfaces of constant order for a low value of S (see Chapter 3 for details).

Validation of the proposed computational approach was achieved on three
systems, as shown in Figure 7.3. The results in this figure are organised column by
column. The first column represents the results obtained for a LC droplet on which fully
homeotropic surface anchoring was imposed. The second column shows a LC droplet
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on which fully planar degenerate anchoring was imposed. The results show that the
former droplet assumed a radial order, while the latter assumed a bipolar order.
Throughout this manuscript, the terms planar degenerate and homeotropic anchoring
will be used to represent surfaces that (by itself) impose bipolar and radial
configurations within the droplets, respectively, consistent with reports from the

literature, in particular the pioneering work of Volovik and Lavrentovich. 4! 167-169

The ratio of imposed planar degenerate anchoring surfaces on the droplets
were used to name their configurations. For example, 0% planar degenerate anchoring
represents a droplet on which homeotropic anchoring was imposed on the entirety of
its surface, whereas 50% planar degenerate anchoring represents a droplet on which
homeotropic anchoring was imposed on half of its surface (the rest being planar
degenerate anchoring). The third column summarises the results obtained for a LC
droplet in which the two anchoring conditions are both present yet divided into two
equal hemispheres. In the continuum approach, the surface of the LC droplet was
represented as two different surfaces. These surfaces show strong anchoring to yield
planar degenerate or homeotropic anchoring (see Chapter 3.4 for details). In the DPD
simulations, a shell around the LC droplets was built, which interact with the LC
mesogens via different repulsion parameters provided in Figure 7.2(c), optimised to
yield anchoring consistent with the continuum model. For consistency, | refer to planar
degenerate and homeotropic anchoring conditions also when discussing the DPD

results.
7.1 ORIENTATIONAL ORDER ANALYSIS

For the three columns in Figure 7.3, global orientational order parameters from the
DPD simulations were calculated via the protocol suggested by de Pablo and co-
workers.3 Radial (Sr) and uniaxial order (Su) were distinguished, respectively, as the
corresponding parameters approach unity if the system is in perfect radial or a linear
arrangement. In a confined system like a droplet with planar degenerate surface
anchoring, a bipolar orientation is expected. By the nature of these calculations, colour
mapping of each LC coarse-grained molecule according to its order parameter is
possible for Sr, but not for Su. For definition of different order parameters refer to
Chapter 3.4.
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To visualise the latter results, the contribution of each molecule to the linear
orientation was plotted in Figure 7.3. The DPD simulations yield for the fully
homeotropic shell a global Su value of 0.09 + 0.01 and a global Sr value of 0.80 +
0.003. These results indicate that the mesogens in the LC droplet conform to a radial
distribution, as expected. The colour-coded map of LC molecules for Sr results shows
that the only possible defect for this system appears near the core of the droplet. The
colour-coded Su map helps understand why the correspondent order parameter was
very low: the LC mesogens oriented horizontally within the droplet antagonize those
oriented vertically (in the frame of Figure 7.3), decreasing the cumulative order. The
continuum calculations help visualise the shape of the defect structure, a ring defect,
expected to emerge clearly as the droplet size increases. This defect structure could
be a hedgehog, depending on the molecular features and thermodynamic
properties.t’% 171 Note that the elastic energy and thermotropic energy parameters
used in this study for finite-element method were representative of a widely used LC
molecule, namely 5CB.13° In the DPD simulations a volume based correlation was set

in which each rod occupies the space equivalent to two 5CB molecules.

For the LC droplet with fully planar degenerate anchoring, both models show
evidence of a bipolar alignment among the LC molecules, as expected. Consistent with
expectations, the DPD simulations yield cumulative order parameters Su = 1.05 £ 0.02
and Sr =-0.18 £ 0.01, while the continuum model provides evidence for two +1 splay-
type boojums. By definition, Su < 1; the results show a larger value in some cases,
which is a numerical error caused by the discrete form of the scalar order parameter

described in previous section.

For the LC droplet with half homeotropic and half planar degenerate anchoring,
the DPD simulations yield Su = 0.31 £ 0.02 and Sr = 0.37 + 0.01. Visualisation of the
DPD results in Figure 7.3 reveals that each of the two halves of the droplet possesses
an ordered structure of its own, dictated by the surface conditions. The Sr map reveals
that, for the conditions of strong anchoring considered in these calculations, the defects
accumulate at the interface between the two halves, and that in the middle-bottom
region of the droplet a possible boojum appears. The continuum method again reveals
a well-defined structure of these defects, which appear in the form of a +% ring defect

at the interface between the two droplet halves, and a +1 splay-type boojum within the
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half of the droplet characterised by planar degenerate anchoring, the latter being

consistent with a bipolar director configuration within the droplet.43

The analysis of the results shown in Figure 7.3 demonstrates that DPD
simulations yield an accurate prediction for the alignment of coarse-grained LC
molecules, with the possibility of identifying possible defect regions within the LC
droplet. However, the details concerning the defect are not as easily extracted from
DPD results as in the continuum model. Mapping the DPD simulation results, obtained
for droplets of 30 nm diameters, on Q-tensor calculations conducted for droplets of 0.1
pm diameters is a significant step forward in modelling LC structures, because droplets
in the nm scale are difficult to probe experimentally. Because numerous studies have
shown that Q-tensor calculations match experimental results,'’?174 the approach
described here suggests that the positive relationship between experiments and finite-
element calculations can be transferred to molecular-scale simulations. This multi-
scale approach will enable the community to reliably sample LC systems, therefore

underpinning future technological applications.

Moving forward from the simulations explained in Figure 7.3, investigation
started with Homeotropic Centre (HC) droplets as shown in Figure 7.1.1(a). Su
increases as the portion of the droplet surface on which planar degenerate anchoring
is imposed increases; correspondingly, Sr decreases. This was an expected result, as
planar degenerate anchoring more strongly promotes uniaxial ordering, by definition,
whereas homeotropic anchoring strongly promotes the radial distribution of the
mesogens within the droplet. Therefore, HC droplets with 10% planar degenerate
anchoring show high Su and low Sr, while HC droplets with 90% planar degenerate
anchoring show low Su and high Sr. Example snapshots provided in Figure 7.1.1(a)
are colour-coded to distinguish the DPD results from the continuum calculations. The
examples chosen represent HC droplets whose surface anchoring is 50% planar
degenerate and 50% homeotropic. To illustrate Sr order, the tensor of each mesogen
within the system was plotted. A contribution factor, which ranges from 0 to 1, is
employed to visualise how each individual mesogen increases, or decreases the
cumulative Su order for the droplet. Molecules in Figure 7.1.1(a) were colour-coded
accordingly. Additional snapshots to illustrate the LC droplet structures are provided in

Appendix C.
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Figure 7.1.1. Orientational order as quantified by DPD simulations (Su and Sr) and Q-tensor
calculations for (a) HC (homeotropic centre), (b) PC (planar centre), and (c) TS (two-sided) type
droplets. (d) Comparison of total energy (full line with square) and total enthalpy (dashed line with
circle) of all droplets for DPD results; SH and SP represent fully strong homeotropic and fully strong
planar degenerate anchoring, respectively.

Refined mesh structures within Q-tensor theory calculations revealed that the
global order was always between 0.48 — 0.52, and the type of surface anchoring had
a little impact. Presumably because of the volumetric ratio between the defects and
the whole droplet, although defect types and locations change with respect to the
surface anchoring conditions. While DPD was effective at mapping the defect regions
within a droplet, the Q-tensor approach was essential to elucidate the defects
themselves.1’® This situation was observed in the quantitative analysis of orientational
orders, conducted for both simulation types. Having a relatively larger affected regions

in DPD calculations, created a larger volume for defects that differ from the ordered
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assembly of LC molecules. Whereas in Q-tensor calculations defects were confined in
small volumes and did not affect the cumulative order. This complementarity yields a
difference between order parameter calculations conducted via two different

computational approaches.

Second set is the droplets that endorse planar degenerate anchoring in the
equator and impose homeotropic anchoring towards the tips (therefore it is called
Planar Centre, PC), as shown in Figure 7.1.1(b). The ratio for planar degenerate
anchoring to the homeotropic anchoring in terms of surface area increases in these
PC type droplets, the orientation must be almost perfectly uniaxial due to homeotropic
anchoring on the boojums. As can be seen in Figure 7.1.1(b), Su results are correlated
with this estimation. Due to the configuration of PC type droplets Su parameter has the
value of approximately 0.2 for low planar degenerate anchoring ratio, and this value
jumps to around 0.6, particularly after 60%. The jump in the parameter is due to the
size of the rings getting smaller, enabling more molecules to be ordered towards the
direction of the polar axis of the droplet. In addition, decreasing homeotropic anchoring
surface area locally affects only the boojums. The example snapshot of 60% planar
degenerate anchoring surface revealed that the tips of droplets endorsed uniaxiality
and point defects disappeared. Instead, boojums are composed of two +7% ring defects.
The snapshots for all droplets are provided in Appendix C. Profiles in Figure 7.1.1(b),
for Sk and the Q-tensor results, are similar to that of Figure 7.1.1(a). As the
homeotropic anchoring decreases in terms of surface ratio, Sr decreases due to same
reasons explained for Figure 7.1.1(a). For Q-tensor calculations, volumetric ratio of the
defects did not significantly affect the nematicity of LC molecules, therefore the

orientational order of 0.5 was obtained for all PC type droplets.

Final set for the orientational order investigation is the two-sided (TS) droplets
that are shown in Figure 7.1.1(c). Sr parameter decreases as the planar degenerate
anchoring increases in surface ratio, and Q-tensor order slightly increases for the same
reasons as HC and PC type droplets. Su results are somewhat unexpected: they
increase as the planar degenerate anchoring increases from 10% to 40%, to the value
of from 0.23 to 0.65, and then it largely deviates between 0.3 — 0.8. Local ordering of
molecules is the reason behind. By fitting the molecules in a confined area with a

controlled defect (i.e. homeotropic anchoring) region, locally ordered LC molecules
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may or may not be aligned with the global order of the droplet. This will cause the

increase or decrease in the orientational order calculated by Su approach.

Results discussed so far show that DPD simulations propose a similar
configuration as Q-tensor calculations do, although they function with different
assumptions such as individuality and chemical responses of molecules. However, the
guantitative order parameters of the two approaches are not in line. Instead, individual
molecules form relatively less ordered structures and as a result, low values of order
were observed in DPD simulations. In Q-tensor calculations, the continuation of LC
behaviour and the fact that defects occupy much smaller volumes, results with orders
that are not so affected by surface conditions. Perhaps the phenomena could be better
analysed with the help of experimental observations. The conclusion from these
calculations is the fact that orientational order parameters would not necessarily give
the same results for molecular simulations and Q-tensor calculations due to different
priorities: molecular identity for the former and continuity for the latter although they

visually yield similar results in terms of defect regions within the droplets.

Outcome of DPD results also include the total energy and the enthalpy of each
droplet. As shown in Figure 7.1.1(d), all droplet types (HC, PC and TS), gave the same
result for the same planar degenerate surface anchoring ratio. The energy of the
system increased as the planar degenerate anchoring increased, so does the enthalpy.
The difference in the slope shows that pressure within the system also increased with
respect to planar degenerate anchoring surface. In the next section | will compare
these results with the energy results of Q-tensor calculations and analyse elastic

energy and thermotropic energy of the droplets in detalil.
7.2 TOTAL ENERGY AND ENERGY DENSITY

The Q-tensor analysis allows to extract the various contributions to the total energy
system. The results are shown in Figure 7.2.1. Figure 7.2.1(a) shows the elastic energy
density of all droplets considered in this chapter. For all cases, the elastic energy
increases as the planar degenerate surface anchoring ratio increases, regardless of
the LC droplet type. For the PC droplets, the elastic energy increase flattens as fully
planar degenerate anchoring on the surface is approached; the opposite holds for HC

droplets. For TS droplets, on the other hand, the results show similarity with HC
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droplets at one end of the graph, and with PC droplets at the other end, due to the
structural similarities of the shells of the three droplet types. In fact, TS droplets have
similar morphological properties with the HC droplets when the planar degenerate
surface area ratio is low, and similar with the PC droplets when the planar degenerate
surface area ratio is high. Similar results were obtained for the thermotropic energy

density profiles, as shown in Figure 7.2.1(b).

The energy densities of DPD and Q-tensor calculations were fitted in Figure
7.2.1(c), using the correlation y = 2.22 x 10°% — 1.11 x 108, where x represents the
energy value in reduced DPD units, obtained by DPD simulations. Comparing the
energy densities instead of the total energy is more accurate due to different sizes of

the droplets in DPD (30 nm) and Q-tensor (0.1 uym) calculations.

E

b a -i b o5 C .
gs.omo‘t( ) * gs.omo‘t( ) E (©) Py
> 2 o 1.0x10% o7
2 S s ° 7
$4.0x10% | %4.0x10* 5 o %o
e} et o [ ]
> ) P
o c = . e - e
@ o ='5.0x10" 1 A .
5 4 HC 2 4 g *
©2.0x10 52.0x10 5 0 o
2 Pe g s Yoo
3 * - 2 5 e
w TSP oleeer 7 ook : .

0 20 40 60 80 100 £ 0 20 40 60 80 100 0.0 5.0x10*  1.0x10°

Planar anchoring surface ratio (%) Planar anchoring surface ratio (%)  Total energy density by DPD-Model (J/m?)

Figure 7.2.1. (a) Elastic and (b) thermotropic energy densities of droplets from Q-tensor calculations
for HC (homeotropic centre), PC (planar centre) and TS (two-sided) type droplets. SH and SP
represents fully strong homeotropic and fully strong planar degenerate anchoring, respectively.

Legend is the same for all graphs. (c) Comparison of energy densities in Q-tensor and DPD
calculations. Dashed line is the reference for y = x.

DPD simulations yield similar results for all droplet types (HC, PC and TS),
whereas in Q-tensor calculations PC type droplets have higher energy and HC type
droplets have lower energy for at a given area of planar degenerate surface anchoring.
These results suggest that DPD does not reflect the changes in surface morphology
on energetics. Therefore, results of PC type droplets were underestimated by DPD
simulations, and it was overestimated for HC type droplets. Results for TS type droplets
on the other hand, are mostly on the reference line. The numeric results derived from

both simulations can be obtained in Appendix C.
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7.3 EFFECT OF DROPLET SIZE IN Q-TENSOR CALCULATIONS

While for DPD simulations it would be very computationally demanding to simulate LC
droplets of diameter larger than 30 nm, Q-tensor calculations could yield very large
errors for droplets smaller than 0.1 um. Because these size limits do not overlap, a
discussion was not made on the effect of droplet size, on the shape of defects and on
the droplet energy. However, using the Q-tensor calculations one can quantify droplet
size effects for LC droplets larger than 0.1 ym. For three LC droplets (60% HC, 60%
PC and 60% TS, respectively), droplet diameter was increased to 1 um while
maintaining similar surface properties.

1x10° 4
9x10%+

8x10%

Energy density - 0.1 um droplet (J/m3)

7x10%-

B 1.00

6x10% ‘q_,_)
; : ; , 2 1075

6.0x10° 8.0x10° 1.0x10* 1.2x10* 1.4x10* ©
Energy density - 1 um droplet (J/m3) 0(? 0.50

—

(O]
o 0.25

—
o 0.00

Figure 7.3.1. (a) Total energy densities for 60% HC, PC and TS type droplets with respect to droplet
size. (b) 60% HC, (c) 60% PC and (d) 60% TS type droplets with defect regions highlighted (left) and
color-coded by order parameter (right). For (b), (c) & (d), top rows represent 0.1 um droplets and
bottom rows represent 1.0 um droplets. Legend in (b) is the same for (c) and (d).

Figure 7.3.1(a) shows the respective total energy densities of the droplets that
are in 0.1 and 1 ym in diameter. The energy density of 0.1 ym droplets is almost one
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order of magnitude higher than that for the 1 ym droplets. In both cases PC type
droplets have the highest density (1.40 x 10*and 9.44 x 10* J/m?3), followed by TS (1.13
x 104 and 7.63 x 10% J/m3), and HC droplets (7.42 x 10° and 5.82 x 10* J/m3). On Figure
7.3.1(b), HC type droplets that are 0.1 ym and 1 pym in size are presented, with 60%
planar degenerate anchoring on the surface. The major difference between the two
droplets is the alignment on the surface that imposes planar degenerate anchoring.
Inside the 0.1 um droplet, there is a layer of mesogens aligned parallel to the interface
of planar degenerate anchoring. For the 1 ym droplet, however, only a thin surface
layer of mesogens is aligned parallel to the surface, with the rest of the mesogens
perpendicular to the surface; the latter configuration yields a radial alignment at the
core of the droplet. Because of the strong surface anchoring, the equilibrium order
distribution within droplets of different diameters changes because of different surface-
to-volume ratios. For the 0.1 ym droplet, the strong anchoring dominated the alignment
within the droplet while for the 1 ym droplet the bulk energy overcame the anchoring

conditions and limited their effect to a thin interfacial layer.

The difference caused by surface to volume ratio is visible also in Figure 7.3.1(c)
where a PC type droplet with 60% planar degenerate anchoring on the surface is
shown. As stated in Figure 7.3.1(b), planar degenerate anchoring became less
effective on the global order for the larger droplets, and the LCs formed two +'% defects
at the centre of the planar degenerate anchoring surface, caused by the homeotropic
alignment forced by the bulk within the droplet. Similar behaviour is also shown in
Figure 7.3.1(d) for the TS type droplet with 60% planar degenerate anchoring. Different
from 0.1 um size droplets, | also visually observed the formation of twisted structures
in 1 ym droplets although not quantitatively identified. It is anticipated that because the
surface energy is less dominant as the droplet volume increases, the bulk energy
dictates the LC mesogens alignment, yielding twisted structures in the LC droplets of

diameter 1 ym.

It is reassuring that the change in orientation due to the droplet size has been
reported previously.?% 77 As increasing the droplet diameter from 0.1 um to 1 ym yield
homeotropic alignment inside the droplet, a change from bipolar to radial configuration
was observed as the droplet size increased. What was observed for 1 ym droplets is
in line with experimental observations for 6.5 ym droplets.’” Because of the different
scales being probed, the increase in homeotropic alignment observed in this study
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corresponds to the decrease observed experimentally upon an increase in LC droplet
size. The overall differences are due to the contribution of the surface energy, which
becomes dominant when the droplet size reduces to 0.1 um and smaller. For droplets
in this size range, the surface energy dictates the alignment within the LC droplet, a
prediction which should be verified experimentally, once suitable tools are designed to

conduct defect analysis within nanoscale droplets.

Overall, this study showed that droplets under extreme confinement give
interesting results, but more importantly, nano-sized droplets behave different than
their micrometre size counterparts. This is a significant step towards understanding

nanodroplets for intensified devices.
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CHAPTER 8

SUMMARY AND FUTURE WORK

8.1 SUMMARY OF ACHIEVEMENTS

Control of mesogen orientation is fundamental for further developing optical devices
and sensors, among other applications that involve liquid crystals (LCs). Parametric
investigations such as those considered here can be conducted to quantify the effect
of many parameters on LCs anchoring, including surfactant tail-group branching,

nanoparticle interactions, surface conditions, and so forth.

In this thesis, anchoring between LC molecules within a cylindrical bridge was
investigated, initially (Chapter 4). It was discussed here how decreasing the soft
repulsion between surfactant tail-groups and LCs prevented lateral phase separation
from occurring and strongly affected LCs anchoring. LC anchoring could therefore be
affected by surfactants adsorption. In particular, the effect of surfactants adsorption on
LCs anchoring was quantified, simulating surfactants of three different morphologies.
Three rod-coil diblock amphiphiles were modelled, which have short, moderate, and

long surfactant tails, respectively.

Systems in which 55% of the surface is covered by surfactants were
investigated. It was found that short surfactant tails do not significantly affect anchoring
of LC molecules. On the other hand, surfactants with long tails affect LCs orientation,
but only at a short range, in agreement with experiments. When the surface coverage
was increased from 55% to ~ 80%, surfactants with long tail-groups had a more
pronounced effect on the number of LC molecules that changed their anchoring from
planar to homeotropic. If the surfactant tail length is short, increasing surfactant density
at the LC —water interface did not affect LCs anchoring. For all surfactants at moderate
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surface density, a lateral phase separation was observed for the surfactants at the LC
— water interface, which causes effects on LCs anchoring to be non-uniform across the
interface. It is seen that, within the conditions considered here, regardless of the
interaction parameters chosen to describe surfactant tail — LC interactions, surfactants
with longer tails were the most effective in promoting homeotropic anchoring at the LC

— water interface.

Surfactants’ interactions with LC nanodroplets were also investigated (Chapter
5). The results showed both size and temperature dependency on the nematic phase;
droplets of similar size yield nematicity at low temperatures. At high temperature all
droplets become isotropic. At a given temperature, larger droplets yield more ordered
structures. At low concentration, surfactants tend to accumulate at the boojums of the
droplets regardless of their tail size. However, the length of the surfactant tail group
can affect the droplets asphericity. While surfactants with short or moderate tails
decrease asphericity, those with long tails did not change it. As their concentration
increases, surfactants distribute on the whole droplets surface. These surfactants can
affect LC anchoring, but only at the outer region of the droplets, regardless of the size
of droplets and morphology of the surfactants. Then, the effect of surfactants on LC
droplets coalescence was observed. While increasing surfactants concentration can
decrease the rate of coalescence, the results suggest that, in these systems,
coalescence is inevitable. Although as coalescence progresses, the droplets increase
in size and the surface density of the surfactants increases, the simulation results
suggest that once the droplets become large enough, their shape tend to become

spherical.

Adsorption and self-assembly of nanoparticles on liquid crystal droplets were
studied using coarse-grained molecular models of NPs (Chapter 6). The results
strongly suggest that several factors determine both the existence of preferential
adsorption sites on LC droplets and the orientation of the adsorbed NPs. In fact, small
particles that were not expected to have a preferred location on the droplet surface
showed strong evidence of emergent phenomena. Additionally, the results highlighted
marked changes in behaviour for Janus NPs when compared to their homogeneous
counterparts. This suggests that the NP — LC molecules’ interactions are also important
parameters, in addition to the NPs size, in controlling the NPs self-assembly on LC
droplets. Overall, for the systems considered here, the simulation results qualitatively
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suggest that enthalpic forces predominantly determine the preferential adsorption

location for NPs, while entropic forces affect the orientation of the NPs, when possible.

Nanoparticle adsorption on liquid crystal droplets had no significant impact on
the overall LC molecules’ orientation within the droplet. The reason is that the NPs
considered did not penetrate through the droplet surface. Further, in the systems there
are no ligands or stabilizing agents, which are often present in experimental studies.*’®
177 Therefore, there is limited interaction between the particles and the droplet as a

whole.

Increasing the nanoparticles size, simulations confirmed that the NPs must be
above a certain size threshold to exhibit preferential adsorption location on, e.g., the
LC droplets boojums. Results presented here conclusively showed that the NP shape
is also an important parameter that can be used to control the preferential adsorption
site. For example, two NPs of similar size but different shape can show different
preferential adsorption sites. As was the case of small NPs, the NPs surface chemistry
is also important, it was quantified by comparing the results obtained for homogeneous

vs. Janus particles of the same size and shape.

After the surface anchoring analysis of surfactants and nanoparticles, |
modelled 5CB liquid crystal droplets by DPD simulations and continuum approach via
Landau — de Gennes theory to compare difference in two different scales (Chapter 7).
DPD simulations were used to quantify molecular phenomena for 30 nm droplets,
whereas Q-tensor calculations provided insights for droplets of size 0.1 ym, and for
some specific cases, 1 um. The two methodologies are complementary, with DPD
providing molecular-level insights and Q-tensor defect formation and morphology. Both

guantitative and qualitative agreement were observed.

It was shown that Q-tensor calculations show the same orientational order of
nematic droplets (~0.5) under all circumstances for all 0.1 um droplets. In DPD, these
results could deviate significantly depending on the type of calculation and surface
conditions on the droplets. Defect volume to the droplet volume ratio is high in DPD,
and low in Q-tensor calculations. Defects are more confined in Q-tensor simulations,
whereas in DPD simulations we see a broad defect area inside the droplet. As a result,

these particular defect types and locations have a little effect on global orientational
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order of droplets in Q-tensor simulations. Individual molecules reduce the order of
droplets for which | used discretised version of tensor order calculations in DPD

simulations.

Total energy profiles showed a similar trend between the two methods, in which
the energy tends to increase as the area of surface that endorses planar degenerate
surface anchoring increases. These energy profiles make the transition possible
between the two computational methods and promises comparison in different scales.
However, these results revealed that DPD could not differentiate the morphological
differences on the shells with same planar degenerate anchoring ratio, for total energy

calculations.

The defects and the energies of six droplets that are in three different surface
conditions and the size change from 0.1 ym to 1 um, were compared by using Q-tensor
simulations only. The energy density in 0.1 ym droplet was one order of magnitude
higher than 1 uym droplets, which shows the dominating effect shifting from surface to

the bulk LC. Findings related to 1 um possess similarity with other works in literature.

Consistent with both expectations from continuum theories and experimental
observations, the simulation results presented here quantify the effect of changes in
external stimuli on the orientation of LC molecules. The analysis presented here could
help interpret experimental results and guide the design of LC-systems for
applications: enhancing our quantitative understanding of self-assembly, towards
designing protocols to direct the assembly of chosen particles into supra-molecular
structures for advanced materials. The results presented in this thesis could guide the
selection of promising material models for future computational studies on controlling
LC anchoring, to clarify the effect of surface chemistry on preferential adsorption and
self-assembly on LC systems.

8.2 FUTURE WORK

It must be noted that in this thesis, LC molecules were assumed to be rigid and rod-
like in DPD simulations. LC molecules can vary in size, shape, and flexibility. It is likely
that the results could change for different mesogens e.g. partially flexible, or disc like
LC molecules. Similar to the approach implemented here, a screening study for

different LC molecules could be conducted and LC behaviour dependent on LC
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morphology could be analysed. It is anticipated that the response of LC system to the
addition of an external chemical such as surfactants, nanoparticles, and other
compounds will also depend on the structural properties of LCs. A comprehensive
screening could be useful to identify the structural effects on self-assembly prior to any
experimental investigation. Perhaps, systems with multiple types of LCs could be
investigated since LC mixtures such as E7 is also widely used in research for sensing
or display purposes. Methodology and modelling provided in this thesis could set a

basis for such mixtures.

Although the focus on this thesis was LC nanodroplets, modelling represented
here can guide investigation within bulk LC systems and other types of confinements.
In fact, |1 suggest that an LC mixture in bulk would be easier to analyse than the
spherical confinement, as the first step. The orientational and positional preference of
different types of LCs will give a clear structure for their utilization as templating agents,
which was also covered in this thesis, partially. Once their temperature dependency is
set, nanoparticles must be inserted to these systems to check if the LCs guide their
movement within the system. Investigation of LC templates would be significant for
nanoparticle self-assembly, which is an area of importance not just for optics and

sensing, also for catalysis, energy storage, drug delivery and so forth.

Surfactants and nanoparticles with different features must also be studied.
Here, | investigated three different surfactants, with similar behaviour, and six different
shapes of nanoparticles: particularly for their interactions with rigid LC molecules in
spherical confinement. Computational tools provide an efficient way of analysing
different material features, and this thesis could be a starting guide for such future
work. Moreover, the standard DPD method was implemented in this thesis, because it
is one of the most suitable methods for the scale in consideration and the liquid phase
systems.1’® Yet, it was seen that other methods could also be utilized for different
purposes: many-body DPD simulations'”® for liquid — vapor coexistence, coarse-
grained Molecular Dynamics (MD) simulations by utilizing MARTINI force-fields®° with
predefined chemical building blocks, and so forth. Utilizing different computational tools
would significantly improve the research of molecular level interactions of LC

molecules.
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The conditions chosen for DPD simulations in this thesis always propose strong
anchoring between LC molecules and surrounding. Either the mutual solubility
between LCs and water medium is low so strong planar degenerate anchoring is
endorsed, or strong repulsion (attraction) is set within the LC and encapsulating shells
for strong planar degenerate (homeotropic) anchoring. For Q-tensor calculations as
well, parameters were chosen to be high for strong surface anchoring conditions. The
conditions of both strong planar degenerate and strong homeotropic surface anchoring
for a small group of droplets were investigated. In addition to strong anchoring
calculations, computationally investigating the weak anchoring conditions could guide
experimental search on LC-based devices. Because the behaviour under weak
anchoring conditions cannot directly be estimated from the results with strong
anchoring. Another set of analysis is required. Structures modelled in this thesis can
be used for such study, with the change in anchoring strength. Building from those
results, other types of confinements can be investigated via continuum calculations,

parallel with molecular simulations.

Finally, | believe there is much more to discover: to identify the effect of LC
morphology, surfactant and nanoparticle behaviour, anchoring strength, effect of ionic
strength, confinement type and conditions, and so forth. If the number of calculations
for such correlations were increased, ultimately an empirical equation could be derived
that is computationally less demanding, and a road map for experimental studies could
be created for LC utilization. LCs are an exciting class of chemicals for what they are
proposing with their structural and optical properties. Data provided in this thesis can
guide both computational and experimental efforts for the most efficient use of this

material in many industrial applications.
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APPENDICES
APPENDIX A — SUPPLEMENTARY FOR NANODROPLET SIMULATIONS

In Figure A.1 and A.2, simulations were conducted for 3x10° steps and configurations
were recorded for last 10° steps (last 0.149 ps). Within these 10° steps of simulation
production, data are collected in every 10* steps and averages of 100 frames are used

for quantitative analysis. Last frames of each simulations are used for visuals.

Figure A. 1. Snapshot of the simulation conducted at 1.0 ksT where repulsion coefficient between
water/LC beads was 50 keT/rc. Orientational order (S) was calculated as 0.01+0.01.

Figure A. 2. Snapshot of the simulation conducted at 0.62 keT where repulsion coefficient between
water/LC beads was 30 ksT/rc.
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Density of NP beads (bead/r®)

APPENDIX B — SUPPLEMENTARY FOR NANOPARTICLE SIMULATIONS
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Figure B. 1. Left: Density profiles of NP beads with respect to distance from the oil droplet core. Lines
in graph indicate the area between 13.6 — 15.6 rc radii. Right: Corresponding snapshots of oil droplets.
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Figure B. 2. Probability distributions of LC mesogens with respect to their locations and second order
tensors, for droplets that were exposed to Group Il and Group Ill nanoparticles that were described in

Chapter 6.

Distance from core of droplet (r)



007 . l0.7
80.6- e o ' o ¢ o o 062
S 0.5 053
503 . 032
g020 ¢ | ¢, t e 023
q:') 0.1 O é ¢ 10.1
OO0V ==z ==z =z =z =z =z =z =00
< £ @ g OO0 g Wy ouw

—

Order Paramete

Figure B. 3. (top) Orientational orders (purple) and asphericity (orange) and (bottom) map of LCs on
droplets color-coded by their order parameter that were exposed to Group Il and Group IlI
nanoparticles.
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Figure B. 4. Temperature oscillation during the manipulation of the particles. Graph contains all 10
Janus particles.
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APPENDIX C — SUPPLEMENTARY FOR Q-TENSOR SIMULATIONS
C.I. THERMOTROPIC PARAMETER CHANGE

Q-tensor simulations, described in Chapter 7, were conducted by using the parameters
provided in Table C.1. The temperature dependent parameter, A, was keptas A = 0,

so that the simulations can be generalized for a wide range of LC molecules.
Table C. 1. Parameters for the Q-tensor calculations implemented in Appendix C.

Calculation Parameter Units Value

A 0
Fs B N/m? -2.26x10°
C 1.73x106
K11 6.2
Fb K22 pN 3.9
Kss 8.2
homeotropic strong
ks planar ) strong
degenerate

In these calculations, the DPD data was taken from Chapter 7, and the energy
profile analysis and order parameter calculations were conducted based on the
parameters in Table C. 1. For comparison, droplets shown in Figure 7.3, and additional
six TS type droplets were chosen. In Figure C.1(a), shells modelled for DPD
simulations were shown, alongside the colour-coded representations for Su and Sr
values of each droplet. The quantitative results for DPD simulations are provided in
both Figure C.1(b) and (c). Figure C.1(b) shows the results of Q-tensor simulations for
which A = 0 was implemented. It is revealed that the order parameter estimation in
Figure C.1(b) is a better fit than C.1(c), particularly the low values for the droplet that
have low to moderate planar degenerate anchoring on the surface. This is caused by
larger defects formed, than that of droplets with A = —1.27 x 10°, as in the main

content and Figure C.1(c).
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Figure C. 1. (a) Droplets selected for thermotropic coefficient analysis. Orientational order parameters
(S) for all droplets simulated based on parameters in (b) Table C.1 and (c) Table 3.4.1. For the colour-
coding see main content.

It is estimated that the generalized parameters result in larger defects, which
directly affects the order parameter. In Figure C.2, more detailed analysis of Q-tensor

simulations was compared, to understand the difference in defect structures.

0% 5% 10% 20% 50% 80% 90% 95%

Figure C. 2. Snapshots of simulations by finite-element method with emphasis on defect structures,
the images show surfaces of constant order for a low value of S. (top) Calculations with thermotropic
parameter A = 0, (bottom) A =-1.27 x 108.
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C.Il. SUPPLEMENTARY FOR CHAPTER 7.1

Table C. 2. Simulation results obtained for the total energy densities of the droplets. Results shown
here were divided into droplet volume.

DPD Total Energy Q-tensor Total Energy DPD Model (J/m3)
Density Density (y=2.22x%10°-

(DPD Units) (J/m?3) 1.11%10°)

HC
10% 5.10x104 1.41x104 2.12x104
20% 5.14x104 1.64x104 3.20x104
30% 5.19x104 2.42x104 4.27x104
40% 5.25x104 3.35x104 5.47x104
50% 5.30x104 4.46x104 6.64x104
60% 5.35x10* 5.82x104 7.80%x10%
70% 5.40x104 7.23x104 8.86x104
80% 5.46x10% 8.74x104 1.03x10°
90% 5.52x104 1.05%x10° 1.16x10°

PC
10% 5.10x10* 3.09%x104 2.14x104
20% 5.15x104 4.45%x104 3.26x10%
30% 5.20x10* 5.86x104 4.40x104
40% 5.25x104 7.30x104 5.60x10%
50% 5.30x10* 8.50x104 6.75x104
60% 5.36x10* 9.44x10% 8.05x104
70% 5.41x104 1.03x10° 9.00x104
80% 5.47x10% 1.09%x10° 1.04x10°
90% 5.561x104 1.13%x10° 1.14x10°

TS
10% 5.09x104 1.52x104 2.04x104
20% 5.14x104 2.30x104 3.07x10%
30% 5.19x104 3.62x104 4.14x104
40% 5.24x104 5.02x10% 5.25x104
50% 5.30x10* 6.61x104 6.65x10%
60% 5.35x10* 7.63x104 7.79%x10%
70% 5.40x104 9.38x104 8.83x104
80% 5.46x104 1.05x10° 1.02x10°
90% 5.52x104 1.12x10° 1.14x10°
0% 5.12x104 1.21x104 2.73x10%
100% 5.56x10* 1.15x10° 1.25%x10°
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Table C. 3. Droplets with homeotropic-centre (HC), with respect to their surface anchoring conditions,
defects obtained by Q-tensor calculations (0.1 ym diameter), and colour-coded LC molecules by DPD
simulations with respect to Su and Sr type orientational orders (30 nm diameter). For the colour-

coding see main text.

Planar deg. ratio

Shell

Q-Tensor

HC 10%

HC 20%

HC 30%

HC 40%

HC 50%

HC 60%

HC 70%

HC 80%

HC 90%

108



Table C. 4. Droplets with planar-centre (PC), with respect to their surface anchoring conditions,
defects obtained by Q-tensor calculations (0.1 ym diameter), and colour-coded LC molecules by DPD
simulations with respect to Su and Sr type orientational orders (30 nm diameter). For the colour-
coding see main text.
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Table C. 5. Droplets with two-sided surfaces (TS), with respect to their surface anchoring conditions,
defects obtained by Q-tensor calculations (0.1 ym diameter), and colour-coded LC molecules by DPD
simulations with respect to Su and Sr type orientational orders (30 nm diameter). For the colour-
coding see main text.
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