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Synopsis

In the present thesis, we explore a number of simple and cost-effective pathways to de-
velop micro and nanoscale patterns of liquid crystals (LCs) exploiting the self-organized
instabilities of the LC droplets and ultrathin films. The content of the thesis is divided
into five research objectives alongside an overall introduction in the beginning and im-
portant conclusions at the end. The Chapter 1 of the thesis deals with the overall
introduction. The Chapter 2 aims to uncover the pattern directed dewetting of an
ultrathin polymer film to form dense and ordered nanostructures. Following this, in the
Chapter 3, we show the solvent vapour mediated phase transition and dewetting of LC
films followed by the spontaneous healing of defects of the same with the solvent expos-
ure removal. In the Chapter 4, we demonstrate the pattern directed phase transition
of the LC films while in the Chapter 5, we show the details of the spin-dewetting of
the LCs to form a large area patterns of LC micro or nanodroplets. Thereafter, in the
Chapter 6, we show the formation of LC microlenses from the solvent vapour mediated
contact line instabilities of LC droplets. In the process, we demonstrate a number of
simple applications associated with the micro or nanoscale LC reflectors, locomotives,
lenses, sensors, and oscillators, among others. Finally, we summarize the thesis in the
Chapter 7 with the important conclusions drawn from the research objectives and the

future scopes associated with the extension of these works.

Chapter 1: Introduction

The scientific understanding of the stability and dynamics of thin liquid films have at-
tracted attention for ages owing to their presence in various important products and
processes such as the soap films, emulsions, foams, adhesives, and coatings. Further,
the thin film dynamics is found to play crucial roles in the performance of the various
technologically important processes such as, (a) phase change — condensation, evapora-
tion, or boiling of fluids, (b) wettability of diverse materials, (c) recovery of petroleum
products from the oil wells, (d) reflective or antireflective coatings on the lenses or solar
cells or mirrors or filters, (e) corrosion resistance protective layers, (f) coatings inside
the optical waveguides, and (g) modern day display units. Thin films have also been
found to be ubiquitous in nature as the pre-corneal films on eyes, thin mucus layers on

the organs, protective layer on the eggs, waxing on the plant leaves, and epidermal skin,
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to mention a few. While a stable thin film composed of an inert material can act as
protective coating, the breakup of the same can form micro to nanoscale patterns such
as droplets, labyrinths, pillars, channels, or holes having exceptionally high surface to
volume ratios. Of late, a number of research works have shown that these miniaturized
patterns can be employed to improve the efficiency of a number of cutting-edge applic-
ations which include solar and fuel cells, super-hydrophobic surfaces, pressure sensitive
adhesives, digital micro/nanofluidics, and optoelectronic devices. Thus, in the past few
decades, extensive research activities have been observed in studying the various facts
of the stability and dynamics of the thin films.

The thin films can be coated on the substrates employing different types of methodologies
such as spin-casting, dip coating, chemical or physical vapour deposition, electrochem-
ical deposition, monolayer deposition, pulsed laser deposition, atomic layer deposition,
and molecular beam epitaxy. In general, the methodologies for film deposition is chosen
based on the thickness and uniformity requirement. For example, the spin or dip-coating
processes are perhaps the most widely employed low-cost techniques for deposition of
organic or polymer films having micro to nanoscale thickness while the molecular beam
epitaxy or atomic layer deposition has been employed for the layer by layer deposition of
atoms. Importantly, most of these techniques deposit the films of the desired materials
on a solid substrate before any further processing. Thus, it is not very surprising that
a thin film resting on a solid substrate is perhaps among the most widely explored the-
oretical or experimental prototypes. In particular, the uniformity of the film thickness,
surface roughness, and the stability or instability of the films of the coating materials
under varied conditions is found to have long lasting impact on the performance of dif-
ferent products and processes.

In this direction, one of the very important scientific breakthrough in the past century
has been the discovery of the self-organized instabilities of the ultrathin liquid films. An
extensive exploration on this topic has uncovered that the ultrathin liquid films of thick-
ness less than 100 nm are inherently unstable under the destabilizing influence of the
long range van der Waals forces. The self-organized instabilities of the ultrathin films
having thickness less than 20 nm are termed as spinodal dewetting in which the thermal
or mechanical fluctuations at the film surface grow to form randomly placed holes on
a homogeneous flat surface with the average spacing decided by the imbalance of the

destabilizing van der Waals force to the stabilizing surface tension force. In comparison,
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the films having thickness larger than 20 nm follow the heterogeneous nucleation path-
way in which the lateral wettability gradient present on the surface due to the physical
or chemical defects decides the locations of the hole formation. In both the processes,
with the progress in time, the holes expand to achieve equilibrium contact angle before
they coalesce to form Voronoi tessellation of ribbons like structures. Finally, these ‘liquid
ribbons’ break due to Rayleigh-Plateau instability to form randomly placed droplets on
the substrate. Interestingly, when these self-organized instabilities of the thin films are
guided by the physical or chemical patterns decorated on the underlying substrate, they
can show large area ordering of the patterns useful for fabrication or micro or nanoscale
channels, formation of micro or nanolenses, droplet or digital electronic applications,
hierarchical structure formation suitable for superhydrophobic surfaces, and 3D print-
ing.

It may be noted here that the studies associated with the self-organized instabilities
largely employ polymers rather than the commonly available simpler inorganic or or-
ganic liquids due to the following reasons: (i) polymer has less volatility than the com-
monly available liquids, which helps in studying the dynamics in absence of evaporation;
(ii) the polymers are in general solid at room temperature and can easily be made to
flow beyond their glass transition temperature (7 ); (iii) the viscosity of the polymers
beyond their T is high, which helps in slowing down the kinetics of the process; and
(iv) the evolution of the self-organization can easily be followed by freezing the dynamics
at any instant simply by reducing the operating temperature below 7. However, apart
from the polymers, in the recent past it is also realized that the self-organized instabilit-
ies of the smart or functional materials can be another exciting area of research. In this
direction, the self-organized instabilities of various smart materials such as conducting
polymers, block-copolymers, polymer blends, and LCs, have started gaining a lot of
attention. In this thesis, we take up a number of unexplored areas associated with the
self-organized instabilities of the LC droplets and ultrathin films.

It is now well established that the LCs are one of the states of matter having solid like
orientational order and liquid like fluidity. The LCs show anisotropic physical properties
owing to the presence of the orientational order in the molecular arrangements. They
show tuneable optical, electric, magnetic, thermal, and mechanical properties under vari-
ous external stimulus, which is perhaps the backbone of the modern day display units of
televisions, computers, digital watches, and temperature sensors. All these technologies

employ the capacity of the LC materials to precisely adjust the director field orientation
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with the variation in the externally applied electric or magnetic and temperature fields.
LCs are also employed extensively used in the optical imaging of in-situ diagnosis, switch-
able windows for light transmitters and reflectors, bullet proof vest, heavy duty ropes,
and puncture resistant tubes. The previous studies associated with the various aspects
of the LCs suggest that the fabrication of nanoscale LC patterns such as droplets, holes,
pillars, stripes, or columns, with large area ordering is one of the most challenging tasks.
This is because, while in one direction, the conventional micro or nanofabrication tech-
niques such as the lithography struggle to size down the macroscopic structures of LCs
owing to the presence of the liquid like fluidity. On the other hand, the self-organization
of the LC materials often leads to microstructures rather than the nanoscopic ones ow-
ing to the presence of the restoring elastic orientational order of the molecules. Thus,
at this stage, the invention of low-cost self-organized methodologies, which can produce
high-density nanoscale LC patterns with can facilitate the design and development of
next generation nanoelectronic displays, nanopolarizer arrays, optical nanoresonators,
photon quibits, high-performance photovoltaics, electro-optical switches, optical wave
guides, and beam scanners for high frequency imaging. In view of the above, the five

major research objectives are laid down in the following manner:
e In the beginning, we study the pattern directed dewetting of ultrathin polymer
films to fabricate ordered nanostructures.

e The second objective is aimed to study the solvent vapour mediated spontaneous

healing of self-organized defects of liquid crystal films.

e In the third objective, we explore the pattern directed phase transition of the

nematic, smectic, and crystal state ultrathin films.

e As the fourth objective, we study the pattern directed ordering of spin-dewetted

liquid crystal micro or nanodroplets.

e The final objective is to study the solvent vapour mediated contact line instabilities

of liquid crystal droplets.
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Chapter 2: Pattern Directed Dewetting of Ultrathin Polymer Films to
Fabricate Ordered Nanostructures

In this chapter, the pathways to fabricate self-organized nanostructures have been iden-
tified exploiting the instabilities of ultrathin (< 100 nm) polystyrene (PS) films on the
polydimethylsiloxane (PDMS) substrates loaded with discrete and closely packed gold
nanoparticles (AuNPs). The AuNPs were deposited on the PDMS substrates by chem-
ical treatment and the size and periodicity of the AuNPs were varied before coating
the PS films. The study unveils that the physicochemical heterogeneity created by the
AuNPs on the PDMS surface could guide the hole-formation stage of dewetting, the av-
erage spacing between the holes formed during the dewetting process, and the droplets

formed at the later stage of dewetting. The size and spacing of the holes and the droplets
Gold Nanoparticles (AuNPs) Induced Dewetting
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Figure 1: The images show the dewetting of PS films on the PDMS substrates loaded with
AuNPs.

could be tuned by varying the nanoparticle loading on the PDMS substrate. Interest-
ingly, as compared to the dewetting of PS films on the homogeneous PDMS surfaces,
the AuNP guided patterns show a tenfold miniaturization, leading to the formation of
the nanodroplets of diameter ~550 nm. The spacing between the droplets could also see
a tenfold reduction resulting in high-density random patterns on the PDMS substrate.
Moreover, on a single substrate two different sizes of polymer drops were generated by
placing the mask on PDMS substrate and exposing to UVO for lyophobic and lyophilic
patterns preparation. The reported results can be of significance in the fabrication of
high-density nanostructures and selective ordered in drop diameter exploiting the self-

organized instabilities of thin polymers films.

Chapter 3: Solvent Vapour Mediated Spontaneous Healing of Self-
Organized Defects of Liquid Crystal Films

In this chapter, we show that the ultrathin LC films can undergo a nematic to isotropic
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transition when exposed to solvent vapour for a short duration while a reverse isotropic
to nematic transition was observed when the film was isolated from the solvent expos-
ure. The phase transitions were associated with the appearance and fading of surface
patterns as the solvent molecules diffused into and out of the film matrix, resulting in de-
struction or restoration of the orientational order. A long-time solvent vapour exposure
caused the dewetting of the film on the surface, which was indicated by the formation of
holes and their growth in size with progress in time. Even at this stage, withdrawal of

Solvent Exposure Solvent Withdrawal

Labyrinth Hole Fingers

Figure 2: The images schematically show the solvent vapour annealed phase transition, hole-
formation, and hole-healing of a LC film.

the solvent exposure produced an array of nematic fingers, which nearly self-healed the
dewetted holes. The change in the contact angle due to phase transition coupled with
the imbalance of osmotic pressure across the contact line due to the differential rate
of solvent evaporation from the film and the hole helped the fingers to grow towards
the centre of the hole. The appearance of the fingers upon withdrawal of the solvent
exposure and their disappearance upon exposure to solvent were also found to be nearly
reversible process. The findings could significantly contribute in the development of

vapour sensors and self-healing surfaces using LC thin films.

Chapter 4: Pattern Directed Phase Transition of the Nematic, Smectic,
and Crystal State Ultrathin Films

In this chapter, we show that a host of solvent vapour annealed phase transitions of LC
films have been explored targeting various applications. While the solvent exposure led
to the crystalline or semctic phases to transform into the nematic and isotropic phases,
the reverse phase transitions from isotropic to nematic phase and from nematic to smectic
or crystalline phases have been observed upon the withdrawal of the solvent vapour

source. The phase transitions were found to be repeatable in nature with the periodic
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exposure and withdrawal of the solvent exposure and were found to be very similar to
the thermally annealed phase transitions. The only exception was that for the solvent
vapour annealing the entire process could be carried out under the ambient conditions.
Exploiting this phenomenon, emulating the principles of LC thermometers, the time
required for the phase transition of a thin LC film resting on a solid substrate was
correlated with the vapour pressure and volatility of different aromatic and non-aromatic
solvents. The times for phase transition under different solvent exposures were found to
linearly reduce with the increase in the vapour pressure and volatility of the solvents.

Further, the solvent annealed phase transitions of a gold nanoparticle-5CB composite

Phase Transition on Phase Transition
Patterned Surface Application

Solvent
Exposure &

Figure 3: The images show the solvent vapour annealed phase transition of LC films on the
patterned surface. And images also show application of phase transitions by change in electrical
resistance.

LC droplet were converted into an electrical signal with the help of a simple external
circuit. The experiments showed that the electrical resistance reduced (increased) upon
the destruction (restoration) of the orientational order of the droplet. The electrical
responses could be employed to sense the presence and absence of different volatile
organic vapours, phase transition of LC materials, evaluation of the order parameter of
an LC material during phase transition, rate of diffusion and absorption of a solvent into
an LC matrix, and the rate of desorption and evaporation of a solvent from an LC matrix.
Finally, the solvent annealed phase transition of the LC materials on the physically and
chemically heterogeneous surfaces shows a pattern directed phase transition. While in
the physically heterogeneous surface, the variations in the thicknesses ensured that the
nematic to isotropic phase transition was faster (slower) at the thinner (thicker) regimes

and in the chemically heterogeneous surfaces the weaker (stronger) anchoring of the
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LC molecules on the lyophobic (lyophilic) patches ensured a faster (slower) due to less
(more) solvent was required in both to destroy molecular orientation during the solvent
vapour exposure. The reported phenomena could easily be exploited to develop LC
based devices to identify the physical or chemical defects on the surfaces alongside the

measurement of the extent of lyophobicity or lyophilicity of the surfaces.

Chapter 5: Pattern Directed Ordering of Spin-Dewetted Liquid Crystal
Micro or Nanodroplets

In this chapter, we discuss that the chemical pattern directed spin-dewetting of a mac-
roscopic droplet composed of a dilute organic solution of LC formed an ordered array of
micro and nanoscale LC droplets. Controlled evaporation of the spin-dewetted droplets
through vacuum drying could further miniaturize the size to the level of 90 nm. The
size, periodicity, and spacing of these mesoscale droplets could be tuned with the vari-
ations in the initial loading of LC in the organic solution, the strength of the centripetal
force on the droplet, and the duration of the evaporation. The patterned LC droplets
showed a reversible phase transition from nematic to isotropic and vice versa, with the
periodic exposure of a solvent vapour and its removal. A similar phase transition beha-
viour was also observed with the periodic increase or reduction of temperature suggesting
their usefulness as vapour or temperature sensors. Interestingly, when the spin-dewetted
droplets were confined between a pair of electrodes and an external electric field was ap-
plied, the droplets situated at the lyophobic patches showed light-reflecting properties
under the polarization microscopy highlighting their importance in the development of
micro or nanoscale LC displays. The digitized LC droplets, which were stationary oth-
erwise, showed dielectrophoretic locomotion under the guidance of the external electric
field beyond a threshold intensity of the field. Remarkably, the motion of these droplets
could be restricted to the lyophilic zones, which were confined between the lyophobic
patches of the chemically patterned surface. The findings could significantly contrib-
ute in the development of futuristic vapour or temperature sensors, light-reflectors, and

self-propellers using the micro or nanoscale digitized LC droplets.

Chapter 6: Solvent Vapour Mediated Contact Line Instabilities of Li-
quid Crystal Droplets
A LC microdroplet could rapidly spread upon solvent vapour annealing to form a non-

uniform film of solvent-LC solution on a PDMS substrate, which disintegrated into a
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Figure 4: The images show the fabrication of the ordered spin-dewetted LC nanodroplets on
the patterned surfaces. The images also show the pathways to self-propel the LC microdroplets
under electric field.

collection of nanodroplets of LC upon the withdrawal of the solvent exposure. Ini-
tially, upon solvent vapour annealing the L.C droplet underwent a phase transition from
nematic to isotropic state at room temperature before spreading into a non-uniform
film upon absorption of solvent. In this situation, withdrawal of the solvent exposure
caused an instability near the contact line to facilitate the formation of the droplets

having size and periodicity as low as ~100 nm and ~200 nm, respectively. While the

LC Nanodroplet Generation
LC Drop

L

Nanodroplets

Electric &
Magnetic
Fields

Exposure Withdrawal Rotation Ejecflon

Figure 5: The images show the fabrication of the ordered LC nanodroplets through the contact
line instabilities upon solvent vapour annealing. The images also show the pathways to self-propel
the LC microdroplets under the action of Lorentz force.

lyophobic surfaces restricted the spreading of the droplet to form thicker films upon
solvent the vapour exposure, the lyophilic substrates allowed the formation of thinner
films under similar condition. Thus, upon the withdrawal of the solvent exposure, the
lyophilic surfaces allowed the formation of the droplets having smaller size and peri-

odicity. Use of a chemically patterned substrate with periodic lyophobic and lyophilic
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patches could direct these instabilities in such a manner that a large area ordering of
the nanodroplets were observed. A simple theoretical model of an evaporating droplet
composed of a solution of an L.C solute and a volatile solvent uncovered that the spacing
of the droplets was decided by the interplay between the stabilizing and destabilizing
components of the capillary forces for relatively thicker films while the van der Waals
interaction played a supportive role when the thickness of the LC-solvent film was less
than 100 nm. Interestingly, when these microdroplets were brought under the exposure
of an electric field employing an experimental setup similar to electrowetting process,
they showed an anomalous oscillatory rotational motion originating from the difference
in the Laplace pressure around the contact line. Further, at higher field strengths ap-
plication of Lorentz force to these rotating droplets showed exciting translational motion
and ejection of miniaturized droplets. Concisely, the study demonstrates a single-step
room temperature process to fabricate an array of nanoscale lenses of LC, which can be
of significance in the developments of nanoscale locomotives, oscillators, rotors, optical,

electronic, and energy harvesting devices.

Chapter 7: Conclusions and Scope for the Future work

In conclusion, the thesis deals with a number of unexplored problems associated with
the self-organized instabilities of the LC droplets and ultrathin films. The study on
the pattern directed dewetting of the ultrathin polymer film uncovered a unique way
of substrate patterning using gold nanoparticles, which helped in developing polymer
nanodroplets. It may be noted here that most of the previous works employed thermal
annealing of the LC films to study the various self-organization processes. In the Chapter
3, arguably, for the first time we show the solvent vapour mediated phase transition and
dewetting of the LC films at room temperature. We also showed the dewetting of the
film through hole formation due to solvent exposure followed by the spontaneous heal-
ing of holes with the withdrawal of the solvent annealing. The study uncovered the
potential of the LC materials for self-healing under solvent vapour annealing. In the
Chapter 4, we demonstrate the underlying physical or chemical patterns decorated on
the substrate can cause a pattern directed phase transition of the LC films upon solvent
vapour annealing at room temperature. Further, we have shown the diverse phase trans-
ition behaviours of semctic, and crystalline states of the LC films under solvent vapour
annealing. Importantly, various solvents with different solubility and vapour pressure

could show different times for phase transition, which can be employed to develop LC
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based devices to estimate solubility and vapour pressure of materials. In the Chapter
5, we showed that the spin-dewetting of the macroscopic LC droplets could form high-
density ordered LC nanodroplets, which can be employed as reflectors or self-propellers
under the influence of an external electric field. In the Chapter 6, we described the
formation of LC nanolenses from the solvent vapour mediated contact line instabilities
of LC droplets. A simple theoretical model of an evaporating droplet composed of a
solution of an LC solute and a volatile solvent could predict the experimental spacing
between the LC nanodroplets formed. We also show that the application of electric field
and magnetic fields could lead to interesting self-spinning, self-propulsion, and droplet
ejection behaviours. Concisely, the study demonstrates a number of interesting self-
organized behaviours of LLC droplets and films, which can be of significance not only
in the fabrication of high-density nanoscale LC patterns but also will contribute to the
developments of the futuristic nanoscale locomotives, oscillators, rotors suitable for vari-
ous optical, electronic, and energy harvesting devices. The research problems reported

here can be extended in future for,

1. The studies on the spin-dewetting can be extended to different other LC materials

such as the discotic or smectic or polymeric LCs.

2. The studies on the breakup of the droplets under solvent vapour annealing can
be extended to different other LC materials such as the discotic or smectic or

polymeric LCs.

3. The studies on the self-healing of the LC materials under solvent vapour annealing
can be extended to different other LC materials such as the discotic or smectic or

polymeric LCs.

4. The response of the nematic LC materials under various solvent exposure can be

extended to develop vapour sensors.

5. The micro and nanaoscale lenses fabricated employing the spin-dewetting and the
LC droplet breakup can be extended for the commercial production of micro or

nanolenses compose of LCs.
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Schematic representation of the experimental procedure for the spin-
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(Row I) Optical micrographs showing the spin-dewetted 5CB droplets
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0.1%, 0.3%, 0.7%, 0.9%, and 1% (w/v), respectively. In the insets, the
cross-polarized micrographs of the respective images are shown. (Row
IT) Optical micrographs showing the spin-dewetted 5CB droplets with
increasing spin-speed (1000 — 7000 rpm) for 5CB concentration of 1%
(w/v) in hexane on a chemically heterogeneous substrate. The spin-speeds
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(Rows I and II) Optical micrographs of spin-dewetted LC droplets from
the solution of 0.7% and 0.9% (w/v) 5CB in hexane, respectively. The
spin-speed in both cases was 2500 rpm. Images (A — E) in both rows
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The schematic diagram shows the production of 5CB LC nanodroplets
on the PDMS substrates. (A) Substrate preparation — step (I) shows the
fabrication of homogenous lyophilic PDMS substrate by UVO exposure.
The step (II) shows the fabrication of chemically heterogeneous PDMS
substrate when it was covered with a TEM grid before the UVO exposure.
The optical micrograph shows chemically heterogeneous PDMS substrate
after treating with UVO for ~2.5 h where the scale bar is 100 ym. (B)
Experimental setup — step (III) shows the placement of the LC droplet
on the PDMS substrate, which was then placed inside a chamber hav-
ing a source of solvent vapour, as shown in the step (IV). (C) Micro or
nanodroplet formation — step (V) shows the withdrawal of the solvent
exposure and formation of LC micro or nanodroplets. The AFM images
show the typical morphologies of LC droplets. . . . . . . . .. .. ... ..
Schematic representation of an evaporating droplet connected to a non-
uniform thin liquid precursor film evaporating at a rate E(r,t) on a solid
substrate. The image shows the typical geometry employed in the problem
formulation where the local thickness of the liquid domain is h(r,t) and
the mean film thickness, hg. . . . . . . . . . . . ...
Optical micrographs in the columns (I — III) show the evolution of 5CB
droplets of size 36 £+ 0.5 pm, 167 + 1 pm, and 209 £ 1 pm, respectively,
under a solvent vapour exposure on a homogeneous PDMS substrate. The
column (IV) schematically shows the different stages of the evolution as
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12.59 min, and 63.40 min of solvent exposure, respectively; and images
(ITIC — ITIE) were taken after, ¢ = 25.34 min, 29.18 min, and 120.00 min
of solvent exposure, respectively. . . . . . ... .. oL
Schematic diagrams in the columns (I — III) show the side, isometric and
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the solvent vapour exposure was withdrawn. Images (A — C) schemat-
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6.9 The schematic diagram (A) shows the experimental setup for the Lorentz
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Chapter 1

Introduction

1.1 Ultrathin Film

Ultrathin films are defined as the coatings of very small thicknesses ranging from a
few microns to even a few nanometres [1]. These films are ubiquitous in a number of
naturally occurring phenomenon such as the formations of frost, soot, bubble or foam,
the pre-corneal film on the eyes or the mucus layer on the organs, extra cellular matrix
or cell membrane, epidermal skin, protective layers on egg, and waxing on the plant
leaves, to mention a few [2]. In the recent years, ultrathin films of polymeric or func-
tional materials have attracted a lots of attention due to their significance in many
cutting-edge applications. For example, these films have been extensively used in the,
(i) reflective, antireflective, or refractive optical coatings [3, 4]; (ii) protective coatings
on micro or nanoelectronic chips and mechanically moving parts [5]; (iii) functional
coatings on the magnetic recording media [6] and semiconductor devices; (iv) liquid
crystal displays (LCDs) [7] and light emitting diodes (LEDs) [8]; (v) active and hole
transport layers in the solar cells [9]; (vi) electrochemical or fuel cells and batteries [10];
(vi) sensors and actuators [11]; and (vii) biomedical applications [12]. Later, the sci-
entific understanding on the dynamics of the ultrathin films has evolved a lot over the
years. Presently, a number of fundamental phenomena have been studied in the laborat-
ories following the dynamics of ultrathin films such as, phase change- phase separation
[2], wetting-dewetting [13], flotation-sedimentation [14], emulsification-coalescence [15],

foaming-defoaming [16], adsorption-desorption [17, 18], and adhesion-debonding [19].
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1.2 Film Deposition

Ultrathin films can be deposited following many different pathways. The methodology
for deposition is chosen based on the requirements of the thickness and uniformity of the
film. Typically, the deposition techniques are classified into two main sub-categories such
as physical and chemical. In physical deposition method, the thin film is deposited on
a solid substrate with the help of a mechanical or thermal process while in the chemical
method, the deposition takes place on a solid substrate by chemical conversion of a

precursor on the target substrate.

1.2.1 Physical Deposition

Evaporation, sputtering, electrohydrodynamic (EHD), and epitaxial pathways of depos-
itions are some common examples of physical deposition methods [1]. In evaporation,
the source to be deposited is heated electrically to convert the same into gas under va-
cuum, which travels to a target due to a small pressure gradient maintained near the
same [20]. In comparison, sputtering is the most desirable deposition technique for com-
pounds or mixtures wherein the deposited material is converted into plasma with the
help of an inert gas (e.g. argon) and laser or electrical arc before deposited on a target
substrate [21]. The EHD deposition is a relatively more advanced technique wherein
the source material is fed as a solution to a capillary nozzle. One end of the nozzle
and the substrate are connected with two opposite electrodes, later a high field intensity
is generated [22]. As a result, Taylor cone is formed at end of the drop of the pump-
ing liquid, which emanates electrically charged droplets to be deposited as the film on
the target substrate. Molecular beam epitaxy is a more advanced deposition technique
where an overlayer is epitaxially grown on a crystalline plane to cause a layer after layer

deposition of target molecules as thin films [23].

1.2.2 Chemical Deposition

Plating or chemical bath deposition, Langmuir-Blodgett deposition, spin or dip-coating,

chemical vapour deposition, plasma enhanced chemical vapour deposition, and atomic
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layer deposition are some of the well-known chemical deposition methods. Plating or
chemical bath deposition is known for depositing accurate crystalline phases of thin film
[24]. On the other hand, Langmuir-Blodgett method deposits mono or multilayer of
polymers, nanoparticles and lipids [25]. In this method, initially a liquid precursor is
dispensed on an aqueous sub-phase. Following this, the scattered floated molecules are
compressed mechanically before depositing on a solid substrate by controlled dipping
and lifting of a substrate into the sub-phase to deposit mono or multilayer of molecules.
In comparison, spin-coating is a relatively simple and inexpensive thin film deposition
technique in which a solute-solvent solution is spun at a high velocity to spread the same
on a substrate [26]. After casting, the films are obtained by evaporation of the solvent.
The film thickness in this method is controlled by varying the solute loading, spin-speed,
viscosity, and volatility of the solvent. In dip coating, the target fully submerged into
a solution before withdrawn in a controlled manner and dried. The film thickness in
this method is controlled by based on speed of withdrawal, viscosity of the solution,
and volatility of the solvent [27]. In comparison, the chemical vapour deposition or
plasma enhanced chemical vapour deposition are very complex and costly processes,
which use gas or plasma precursor for reactive deposition of materials on the target [28].
In the atomic layer deposition, unlike the chemical vapour deposition process, reactants
are deposited stage wise before chemical reactions take place to form a film of desired
composition on the substrate [29].

Importantly, the efficiency of the deposition of ultrathin films on solid substrates is
decided based on, the minimum amount of material deposited, uniformity of the film
thickness, roughness of the film surface, area of film deposition, portability of the process,

cost-effectiveness, eco-friendliness, and repeatability.

1.3 Dynamics of Ultrathin Liquid Films

Ultrathin liquid films (< 100 nm) show interesting self-organized instabilities to rupture
spontaneously into various interesting morphologies such as holes, droplets, rods, pillars,
channels, and labyrinths [30]. From the perspective of a coating technology the breaking

of the ultrathin films has been a serious disadvantage, which led to an extensive research
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spanning over past few decades. These efforts are mainly aimed for better understanding
of the stability and dynamics of the thin films. In particular, the number of fundamental
works on these systems have increased very fast since early 90’s owing to the use of
polymers rather than the commonly available simple inorganic or organic liquids [31].
The polymers provided many important advantages in studying these systems such as,
(i) they have less volatility than the commonly available liquids, which helps in studying
the dynamics in absence of evaporation; (ii) they are solid at room temperature and can
easily be made to flow beyond their Ti; (iii) the viscosity of the polymers beyond their
T is high, which helps in slowing down the kinetics of the process; and (iv) the evolution
can easily be followed by freezing the dynamics at any instant simply by reducing the
operating temperature below T¢; [31].

It is now well understood that a liquid film of thickness less than 20 nm is unconditionally
unstable due to the dominance of the destabilizing van der Waals forces on the stabilizing
component of the surface tension force [31-34]. This phenomenon is also popularly
known as the spinodal dewetting in which the mechanical or thermal fluctuations present
in the surroundings grow to form surface undulations in the beginning of the process.
At this stage, the time and length scales of these undulations are in general decided by
the interplay of the intermolecular and surface tension forces [30, 35-38]. Following this,
these surface undulations grow to form random holes on the film [13, 15, 39-44]. Later,
the holes grow to achieve equilibrium contact angle and coalesce to form network of
liquid ribbons, which eventually undergoes Rayleigh-Plateau instability to finally form
a collection of the droplets [31, 35, 45, 46].

In comparison, relatively thicker films dewet following the heterogeneous nucleation
route [47-53]. In this mechanism, the physical [54-58] or chemical [59-63] defects present
on the substrate or on the film surface generates an additional destabilizing force due to
the lateral wettability gradient near the defect, which can dictates the hole formation
stage of the dewetting process [64-69]. After the holes are formed, the hole-growth,
hole-coalescence, and drop formation stages remain similar to the spinodal mechanism.
A few studies have shown that, if the substrate is a low surface energy, during the hole
growth stage the hole-rim can also undergo a secondary instability to generate micro

or nanodroplets [70-74]. A number of recent works have highlighted that there can be
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another pathway of the dewetting, namely, the spin-dewetting, in which the centripetal
force due to the rotation during the spin-casting of a polymeric solution may for large-
area micro or nanodroplets [75].

The different stages of dewetting of thin liquid films have been extensively investigated
with the help of a number of theoretical [76-84] and experimental [54, 64, 85-92] analyses
over the past few decades. These studies unveil that for the studies related to the
dewetting the polymeric thin films are deposited on the silicon wafers of the glass or
quartz substrates by the spin-coating process [93]. The film thicknesses are in general
controlled by varying the polymer loading in the solvent and the spin-speed during the
spin-casting. A solution of lower (higher) concentration and high (small) spin-speed
leads to a film of smaller thickness [94]. After coating the films are annealed following
the thermal [45] or solvent vapour [95] route, which eventually converts the film into a
liquid one before any of the aforementioned dewetting mechanisms set in the dewetting
processes.

Interestingly, the self-organized micro or nanopatterns generated by the dewetting of
ultrathin liquid films are found have significant potential in improving the efficiency of
a number of modern appliances which include memory devices [96], solar [97] or fuel
cells [98], super-hydrophobic/hydrophilic surfaces or self-cleaning surfaces [99], digital
micro or nanofluidics [100], optoelectronics [101], MEMS/NEMS [102], and biomedical
applications [103]. The large-area micro or nanopatterns obtained from this methodology
is found to be far more economical than the other conventional top-down patterning
techniques such as focused ion beam etching [104], contact printing [105], ink-jet printing
[106], photolithography [107], AFM lithography [108], electron beam lithography [109],
and nano-imprint lithography [110]. Presently, one of the major challenges in the area of
dewetting is the use of smart or functional materials such as LCs [111], carbon allotropes
[112], biomolecules [113], conductive polymers [114], blended or block co-polymers [91],
hydrogels [115], instead of simple polymers to improve the commercial viability of the
process. In this thesis, we take up a number of unexplored areas associated with the

self-organized instabilities of the LC droplets and ultrathin films.
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1.4 Liquid Crystal

Molecular Orientational Order

\
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Figure 1.1: Molecular orientation of various states of matter.

LCs are one of the anisotropic states of matter between isotropic solid and liquid as
shown in Fig 1.1. The state is also termed as the mesomorphic (intermediate form) or
LC [116, 117]. Typically as shown in Fig. 1.1, in an isotropic solid state the molecules
have a long-range positional and orientational order while these orders are absent in the
isotropic liquid. The LC phase possesses only the solid like oreintational order while the
positional order goes missing in this state owing to the inherent fluidity [116, 117]. This is
the reason the L.Cs show solid like optical, thermal, electrical, magnetic, and mechanical
properties while they also show liquid like fluidity and coalescence [118, 119].

The presence of the orientational order of the LC phase emanates an order to the LC
molecules, which is quantified by, S = f(0), where 6 is the angle between the long
axis and the director orientation of the LC molecules. An order parameter of S of
unity signifies a perfectly aligned LC sample while the value of zero signifies an isotropic
liquid state [120]. The orientation order of the LC molecules are found to vary under the
exposure of various external stimuli such as temperature [121], light [7], and electric[122]
or magnetic fields [123]. The variations in the optical, thermal, electrical, magnetic, and
mechanical properties of the LC materials under the influence of external stimulus have
been exploited extensively to develop the modern display devices such as televisions,
laptops, digital watches, computers, and advertising boards [124], flexible thermometers
[125], UV screening glasses or switchable windows for light reflectors and transmitters
[126], heavy duty ropes, bullet proof vests, puncture resistance tubes, optical imaging

of in-situ diagnosis [127], mechanical stress measurement [128], RF wave-guides [129],
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solar panels [130], biomedical devices [131], and organic electronics [132], among many
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Figure 1.2: Classification of liquid crystal.

1.4.1 Classification of Liquid Crystal

Fig. 1.2 concisely shows that initially LCs are broadly classified into thermotropic and
lyotropic based on their response to the external stimuli [133]. The thermotropic LCs
show the phase change behaviour with the supply and withdrawal of thermal energy
whereas while the lytropic LCs show the phase change with the chemical potential in a
solution. The thermotropic LCs can be sub-classified into high (long chain polymer) and
low molar mass LCs. Finally, they can be sub-classified based on their rod (calamatic),
disc (discotic), or banana (exotic) shapes and also by the order parameter as nematic,

chiral nematic (cholesteric), and smectic phases [116, 117].

1.4.1.1 Nematic Liquid Crystals

Nematic phase is perhaps the simplest phase among all the LC phases. The Greek
word nematic has the meaning of thread, which resembles the thread like disclinations

observed on the surface of a nematic LC surface. Fig. 1.3 shows that in the nematic
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Figure 1.3: Phases of liquid crystal.

phase the building blocks are a collection of rod-like molecules with a rigid aromatic
core and with flexible aliphatic tail. Typically, the orientation of the nematic LCs in the
bulk are uniaxial, however, some are also available with biaxial orientations wherein the
orientation of the molecules changes along with the director. Examples of nematic LCs

are 5CB and 4'-(hexyloxy)-4-biphenylcarbonitrile, etc.

1.4.1.2 Cholesteric Liquid Crystals

The cholesteric LCs are also known as chiral nematic in which the one plane have a
twist to its adjacent plane components due to the asymmetric orientation, as shown
in the Fig. 1.3. The twist is in general of small degree of angle to ensure that the
components have a long range chiral order. The full twist (360°) is called pitch, which
is sometimes equal to the wavelength of the visible spectra leading to excellent Bragg
reflection properties. Examples of cholesteric LCs are cholesteryl acetate, cholesteryl

benzoate, and cholesteryl hemisuccinate, etc.

1.4.1.3 Smectic Liquid Crystals

Smectic liquid crystals have more ordered than other liquid crystals because of the
presence of the positional order along with the orientational order. Unlike nematic or

cholesteric liquid crystal phases the density of the smectic liquid crystals is not uniform
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Figure 1.4: Sub-phases of smectic liquid crystal

across the space because there is correlation between the centre of mass of the mo-
lecules “.Moreover, the operative intermolecular forces are weaker than the intramolecu-
lar forces, which facilitates, the layers to move leading to a higly viscous soapy nature.
Smectic liquid crystals are classified further based on packing formation and tilt of
molecules with the layer normal. The sub-phases names are given from A to K in al-
phabetical order. For example, Smectic A, Smectic C, Smectic C*, and Smectic G, etc.
are well known and widely used smectic liquid crystals for many applications.
Smecit A is a least ordered smectic phase. As shown in Fig. 1.4 it possesses a layered
structure. Whereas, within this layer molecules are oriented in a nematic order and hav-
ing one dimensional positional order. In Smectic C as shown the molecules are tilted in
a single direction and having two dimensional positional order, as shown in Fig. 1.4. In
Smectic Cx as shown in Fig. 1.4 the molecular orientation is same as a cholesteric except
that the molecules are tilted at an angle to a layer normal. Because of this molecular
orientation in smectic Cx, they can show ferroelectric, ferrielectric, and antiferroelectric
properties. Finally, in Smectic G liquid crystal the molecules are arranged in a three-
dimensional tilt [134].
Unlike the nematic LCs, the smectic LCs have one dimensional positional order along
with orientational order resembling the arrangement of books in a shelf, as shown in
the Fig. 1.3. They are further classified into smectic A, smectic C, smectic C*, and
smectic G phases based on their nature of the orientational orders. Examples of this
phase are 4'-(octyloxy)-4-biphenylcarbonitrile (8CB), 4-(s,s)-2,3-epoxyhexyloxyphenyl
4-(decyloxy)benzoate (WP 46), 4-(decyloxy)benzoic acid, 4-(undecyloxy)benzoic acid,
and 4-(heptyloxy)benzoic acid, etc.
Whenever LC molecules are brought near to the solid or liquid boundary the orient-

ations of them change. The LC molecules weakly or strongly ‘anchor’ themselves in
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either of homeotropic, planer, or angular orientations depending upon the properties of
the confining surface. Largely, the properties of the confining surfaces are tuned either
by mechanical or chemical treatment to impose a specific anchoring. For example, the
LC molecules near the boundaries show, (a) planar anchoring when the confining sur-
face is rubbed with a fabric in a particular direction [135], (b) homeotropic orientation
when the substrates are treated with surfactants or by rotational oblique evaporation
of silicon-oxide [136], and (c) angular anchoring when double deposition or simple ob-
lique evaporation of the silicon-oxide is employed [137]. The anchoring conditions of
the LC molecules near the boundaries are also found alter with the adhesive properties,
polarity and cleanliness of the confining surface [138-140]. Importantly, the anchoring
condition near the boundaries have significant influence on the direction orientation in
the bulk [141-144]. While in a cell the LC molecules can be weakly or strongly anchored
to the confining substrates, near a freely deformable surface the LC molecules are al-
ways weakly anchored. For example, when a L.C droplet is placed on a silicon substrate
it always wets the substrate [145, 146]. In such a scenario, the LC molecules show
planar anchoring near the substrate and homeotropic anchoring near the free boundary
[119, 121, 145, 147-150).

In the past few decades a lot of theoretical [151-156] and experimental [7, 121, 122, 147,
157-162] research works have been performed to study the instability and dynamics of
the thin LC films. When the nematic L.C films are heated above the NI phase transition
temperature (Tp) the orientational nematic order of the LC molecules are destroyed
and an isotropic liquid film is obtained [121, 145, 159, 160]. In this situation, the phase
transition is indicated by the appearance and disappearance of the undulatory surface
patterns. At this stage, if the isotropic material is cooled steadily below Tp, a reverse
IN phase transition is observed where the orientational order of the LC molecules is
restored. The NI and IN transitions with periodic heating and cooling around Tp are
nearly a reversible process [121, 145, 155, 159, 160, 162].

Interestingly, when an LC film is converted into an isotropic liquid by heating above its
phase transition point, the films may undergo spinodal dewetting when the thickness
is less than 20 nm [147, 159, 160]. Previous studies argued that the long-range Lif-

schitz—van der Waals interaction [116, 117, 147, 159, 163], pseudo-Casimir force based
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director fluctuations [154, 164], and the textures of the LC film surface [160] could be
the different reasons for these instabilities. For the relatively thicker films the lateral
wettability gradients near the physical or chemical defects stimulate the hole-formation
following the heterogeneous nucleation pathway when the LC films are heated to the
isotropic stage [147, 160]. After the hole formation, if the temperature is kept above
Tp, the dewetting pathway remain similar to the isotropic films. In such a situation,
the holes grow and coalesce to form a network of ribbon like structures before undergo-
ing capillary instability to form micro or nanoscale isotropic droplets. These isotropic
droplets can be converted into LC drops upon reduction in the Tp. Thus, the dewetting
of ultrathin LC films above its Tp provide a simple self-organized recipe to form large-
area LLC micro or nanodroplets. It is important to note here that if the temperature
brought below Tp at any stage of dewetting various anomalous self-organized behaviours
are observed owing to the IN phase transition [165].

The prior-art suggests that the formation of large-area micro or nanopatterns com-
posed of LC materials can be of significance in the design and development of the next-
generation pixelated micropolarizer arrays [111], optical microresonators [166], photon
qubits [167], high-performance photovoltaics [130], electro-optical switches [168], and
beam scanners for high frequency imaging [169]. The possibilities are owing to the ca-
pacity of the LC materials to precisely modulate the director field reorientation under

the influence of thermal, solutal, and electric or magnetic fields.

1.5 Objectives of the Thesis

In the view of above, at this stage, exploring the new pathways to generate high density
micro or nanopatterns are very important. In this direction, a lot of research has been
explored for generation of micro or nanoscale polymer structures, by solely under the
influence of physical or chemical effects. However, the combined physicochemical effect
on miniaturization and pattering of polymers has not been explored fully. Moreover,
fabrication of nanoscale LC structures such as droplets, holes, pillar, stripes, or columns
with large area ordering is again one of the challenging tasks. This is because the fluidity

of the LC materials promotes deformation and coalescence of the mesoscale structures
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developed by any conventional process such as the lithography. On the other hand,
restoring orientational order of the film restricts the downsizing of the structures to the
level of micro or nanoscale. Thus, there is an immediate need to explore the pathways
to develop micro or nanostructures composed of LC materials with large-area ordering.
In the present thesis, we show some of the very exciting and economical way to break
down polymeric and LC films into large area micro or nanostructures following the

self-organization routes. In this direction, the major five research objectives are:

1.5.1 Chapter 2: Pattern Directed Dewetting of Ultrathin Polymer

Films to Fabricate Ordered Nanostructures

In this chapter, we study the possibilities of miniaturization and ordering via intensifying
the self-organized instabilities of ultrathin polymer films by the combined influence of
physicochemical defects, which are created by chemically deposited gold nanoparticles
on a PDMS substrate. Due to the physicochemical patterns, which are deposited un-
derneath the polymer films, a high-density micro or nanoscale polymer droplets are
generated. In addition, the randomly distributed micro or nanostructures are aligned
due to the controlled wettability gradient provided by the underneath patterned gold

nanoparticles.

1.5.2 Chapter 3: Solvent Vapour Mediated Spontaneous Healing of
Self-Organized Defects of Liquid Crystal Films

In this chapter, solvent vapour induced phase transitions of nematic LC thin films coated
on silicon substrates has been studied at room temperature. The effects of different
types of solvents have been studied on phase transition of LC films alongside comparing
the results with the thermal temperature induced LC phase transitions. The study is
extended further to study the dewetting of LC thin films due to solvent vapour exposure

followed by the self-healing of the holes formed due to solvent vapour withdrawal.
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1.5.3 Chapter 4: Pattern Directed Phase Transition of the Nematic,
Smectic, and Crystal State Ultrathin Films

In this chapter, various solvent vapour induced phase transitions of other phases such as
nematic, smectic, and crystal state LC thin films have been studied. The effects of dif-
ferent topographical and chemical patterns on phase transition of LC films has been also
studied. Further, exploiting the response of the LC materials under the solvent vapour
exposure, a simple vapour sensor has been developed emulating the LC thermometer.
With the help of the sensor we could identify the presence and absence of different volat-
ile organic vapours, phase transition of LC materials, evaluation of the order parameter
of an LLC material during phase transition, rate of diffusion and absorption of a solvent
into an LC matrix, and the rate of desorption and evaporation of a solvent from an LC

martrix.

1.5.4 Chapter 5: Pattern Directed Ordering of Spin-Dewetted Liquid

Crystal Micro or Nanodroplets

In this chapter, an array of ordered micro or nanoscale LC droplets are generated by
the controlled evaporation of the spin-dewetted LC microdroplets on the chemically pat-
terned substrates. The miniaturization of the size and number density of the LC droplets
have been explored by varying the initial loading of LC in the solution, spin-speed, and
the duration of evaporation. In addition, we could show some simple applications by
using these miniaturized LC micro or nanodroplets such as the solvent vapour sensor,

temperature sensor, light reflectors, and self-propellers.

1.5.5 Chapter 6: Solvent Vapour Mediated Contact Line Instabilities

of Liquid Crystal Droplets

In this chapter, a high-density micro or nanoscale LC droplets are generated by contact
line instabilities of LC micro droplets. The contact instabilities are generated by simple
exposure and withdrawal of the solvent vapour exposure to the droplet. The diameter

and the number density of the droplets are further tuned by exploiting this contact line
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instabilities of LC droplets on lyophilic substrates. The randomly distributed nanoscale
structures are decorated into array of ordered LC droplets by the use of chemically
patterned substrate. The miniaturized droplets thus generated could be show rotational
or translational motions and satellite droplet ejection under the influence of the electric
and magnetic fields.

Briefly, the thesis shows some very novel self-organized pathways to decorate large-area
LC patterns on the surfaces. The results reported in thesis can be employed for a
number of futuristic applications such as miniaturization of the LC cells or LC light
reflectors, development of the self-propelling LC objects, development of the self-healing

LC coatings, and LC based vapour sensors.
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Chapter 2

Pattern Directed Dewetting of Ultrathin
Polymer Films to Fabricate Ordered
Nanostructures

2.1 Abstract

Pathways to fabricate self-organized nanostructures have been identified exploiting the
instabilities of ultrathin (< 100 nm) PS film on the PDMS substrates loaded with both
discrete and closely packed AuNPs. The AuNPs were deposited on the PDMS substrates
by chemical treatment and the size and periodicity of the AuNPs were varied before
coating the PS films. The study unveils that the physicochemical heterogeneity created
by the AuNPs on the PDMS surface could guide the hole-formation stage of dewetting,
the average spacing between the holes formed during the dewetting process, and the
droplets formed at the later stage of dewetting. The size and spacing of the holes
and the droplets could be tuned by varying the nanoparticle loading on the PDMS
substrate. Interestingly, as compared to the dewetting of PS films on the homogeneous
PDMS surfaces, the AuNP guided patterns show a tenfold miniaturization, leading to
the formation of the nanodroplets of diameter ~550 nm. The spacing between the
droplets could also see a tenfold reduction resulting in high-density random patterns on
the PDMS substrate. The reported results can be of significance in the fabrication of
high-density nanostructures exploiting the self-organized instabilities of thin polymers

films.

15
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2.2 Introduction

In this chapter, we show that indeed dewetting a PS film on a PDMS surface decorated
with periodic physicochemical patterns can indeed lead to droplets and holes of size
and spacing in the nanoscale regime. The physicochemical substrates in this study were
created by loading the activated surface of a PDMS film with AuNPs of size ranging from
25 — 250 nm. The placement of AuNPs of finite size on the PDMS surface ensured that
the surface was physically heterogeneous. In addition, placement of discrete AuNPs on
the PDMS surface ensured a sharp lateral wettability gradient near the junctions where
the AuNPs attached to the PDMS surface, as schematically shown in the Fig. 2.1. The
AuNPs of different size were loaded in different proportions on the PDMS surface to
create the surfaces with different lateral wettability gradients. Remarkably, with the
help of atomic force microscopy (AFM, Innova Iris, Bruker-Icon Analytical Equipment),
we could experimentally locate physicochemical sites where the holes nucleated at the
initial stages of dewetting. Further, we identified the pathways to control the size and
the spacing of the nanoscopic holes nucleated in the beginning of the dewetting and the
nanodroplets formed at the later stages of dewetting with the variation in the AuNP
loading on the physicochemically patterned PDMS surface. The study also shows a
simple way to fabricate these high-density nanostructures across the space. In addition,
the methodologies to prepare the gradient surfaces with periodic high-density smaller
and larger nanostructures of PS on a surface with physicochemical patterns were also
shown. The results reported can be of significance in developing nanoscale patterns

following the self-organized instabilities of polymer films.

2.3 Experimental Section

2.3.1 Materials

The PDMS was obtained from Dow Corning, India (SYLGARD® 184 kit). Among the
other materials PS, sodium hydroxide (NaOH) pellets, 3-aminopropyltriethoxysilane (3-
APTES, CgH17NO3Si), gold (III) chloride solution (30%wt HAuCly : HCI), sodium
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borohydride (NaBH4), toluene (C7Hg), hexane (CgHi4), and ethanol (CoH50H) were
procured from Sigma-Aldrich. The copper TEM grids with 300 mesh (lines/inch) were
procured from SPI supplies, USA, which had hole width, pitch, and bar width of 58
pm, 83 pum, and 25 pum, respectively. Among the other materials, 98% sulfuric acid
(H2S04), 50% hydrogen peroxide (H2O2), nitric acid (HNOg), hydrochloric acid (HCI),
and ammonium hydroxide (NH4OH) were obtained from Merck (India). The AR grade
chemicals were directly used for experiments without any further treatment. Si (<100>
Orientation, Boron doped P type, resistivity 0.01 — 0.02 €2 ¢cm) and quartz substrates
were purchased from N. J. Int. Cop. and Macwin, India. Solutions were prepared by
Milli-Q grade water and the glassware was thoroughly cleaned using aquaregia solution

and Milli-Q grade water.

(A) 5% aq 3-APTES AuNP Deposition
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(B) & &, Thin Film Deposition and Dewetting
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Figure 2.1: Schematic representation of experimental procedures. Image (A) shows the steps
of the deposition of AuNPs on the flat PDMS substrate. Image (B) shows the procedure of
transferring of the PS film on to the AuNP loaded PDMS substrate and subsequent dewetting
of the film to form holes and droplets.

2.3.2 Methods

2.3.2.1 Deposition of AuNPs on PDMS Surface

The experimental procedure is schematically shown in the Fig. 2.1(A). The PDMS

composed of an oligomer and a cross linking agent were mixed with hexane solvent
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(10:1:110 - v/v/v) and then spin-casted (2500 rpm) on thoroughly cleaned Si substrates.
After coating, the film was annealed in air-oven for 24 h at 120°C to simultaneously
relax the film, evaporate out the solvent, and curing [170]. Thereafter, the PDMS
surface was activated by treating them in UVO plasma treatment chamber (PSDP-UV4,
Novascan Tech. Inc., USA) for different time durations varying from 5 — 30 min. The
purposes of this treatment was to make the PDMS surface more lyophilic and reactive
by replacing the lyophobic methyl groups on the surface with lyophilic hydroxyl groups
[171-173]. Following this, the activated PDMS surface was treated with 5% (v/v) 3-
APTES in ethanol solution for 40 min followed by a thorough cleaning with pure ethanol
[172, 173]. The 3-APTES activated PDMS was then baked at 120°C for 1 h to complete
the process of Si-O bond formation on the PDMS surface. Subsequently, AuNPs were
immobilized on the silanized PDMS surface by drop casting the AuNP suspension on the
film for 1 h and then dried for 1 h at 120°C. The AulNPs were synthesized by reducing
gold (III) chloride solution (30% HAuCly : HCI) with NaBH4 in NaoH solution [174].
The AuNPs stabilized on the PDMS surface was subjected to X-ray diffraction (XRD,
Bruker) analysis. The peaks obtained for the Au during XRD analysis ensured that the

AuNPs were stabilized on the PDMS surface before the PS films were coated.

2.3.2.2 Patterning AuNP Loaded PDMS Surface

In order to tune the position of the deposition of AuNPs on the PDMS surface, TEM grid
was used to pre-pattern the PDMS surface. In this method, the TEM grid was placed
on PDMS surface and then the exposed PDMS surface was treated in UVO chamber for
different time durations ranging from 5 — 30 min in order to vary the degree of lyophilicity
imparted on the PDMS surface. At the end of this process, we obtained PDMS surface
with the patches of periodic lyophilic (exposed area) and lyophobic (masked area) zones.
After the TEM grid was removed from the PDMS surface and previous protocol was
followed to deposit AuNPs. With the help of this pre-patterned surface we could not
only order the dewetted patterns but also could create periodic dewetted patterns of

different size across the space, which helped in preparing a gradient surface [64].
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2.3.2.3 Coating of PS Films on AuNP Deposited PDMS Surface

It may be noted here that direct spin-casting of the PS film on the AuNP coated PDMS
surface may not lead to the systems with uniform thickness owing to the presence of
the surface physical heterogeneities [49, 175]. In particular, presence of the AuNPs of
size ranging from 25 — 150 nm ensured the films were relatively thicker in the domains
where the AuNPs were absent. Thus, the chances of getting PS nanoparticles were very
limited in such situations. Further, the physicochemical heterogeneities on the PDMS
surface led to the rapid spin-dewetting [56] of the films when we intended to coat very
thin films (< 15 nm) with very less initial PS loading in the solvent toluene. In order to
avoid these limitations, we initially spin-casted the PS films (Mw = 280,000 g/mol) on
clean and smooth pieces of Si wafer and then vacuum dried for 1 hour. Typically, the
experiments suggested that 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.8%, and 1% (w/v) PS to
toluene solution of spin-casted at 2500 rpm for 120 s led to average PS film thicknesses
of, 5.83 (£ 0.13) nm, 12.18 (£ 0.38) nm, 18.68 (£ 0.075) nm, 25.78 (£ 0.175) nm,
29.28 (£ 0.13) nm, 49.95 (£ 0.25) nm, and 72.13 (£ 0.03) nm, respectively. Imaging
Ellipsometer (EP3, Nanofilm, Accurion Scientific Instruments Pvt. Ltd.) was employed
to measure the thickness of the coated PS films. After drying, the PS film was gently
peeled from the Si substrate using a water surface and then vertically picked up on the
AuNP coated PDMS surface to ensure conformal adhesion [49], as schematically shown
in the Fig. 2.1(B). The film was then vacuum-dried for 1 h and then baked at 60°C
for 24 h in order to evaporate the residual water. The PS film coated on the AuNP
coated PDMS surface was then subjected to exposure of solvent vapour (toluene) in
order to perform the dewetting experiments [64]. The dewetting pathways were followed
by Optical Microscopy (Leica DM 2500M) where in situ observations were made with a
CCD camera using white light in reflection mode. The different stages were dewetted
samples were also characterized through AFM (Bruker, 5500 SPM, Agilent Technologies

and Innova Iris, Bruker-Icon Analytical Equipment).
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2.4 Results and Discussion

2.4.1 AuNPs Induced Dewetting
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Figure 2.2: The AFM images (A) — (D) show the variation in the distribution of the AuNP
morphologies on the PDMS surface with the variation in the UVO exposure time, 0 min, 5 min,
15 min, and 30 min, respectively. Inset images show the typical cross-sectional surface profile of
images depicting the typical height and spacing of the AuNPs on the PDMS surface. Image (E)
shows the corresponding frequency (f) versus diameter of AuNP (D,,,) plot. Image (F) shows
the XRD image of PDMS surface coated with AuNPs. Images (G) shows the increase in D 4,, of
AuNPs with increasing UVO exposure time (tyyvo).

Figs. 2.2(A — D) show the AFM images of the surface with physicochemical patterns
prepared from the aforementioned experiments when the duration of the UVO exposure
was varied from 0 — 30 min. Fig. 2.2(E) shows the typical distribution of D4, of the
particles across the space at different times of UVO exposure. The curves in the Fig.
2.2(D) shows the XRD plots for the uncoated and the AuNP coated PDMS surfaces.
The plots display characteristic diffraction peaks at 260 = 62.6° and 70° corresponding
to the (220) and (311) crystallographic planes of Au and Si [176]. Figs. 2.2(A — F) show
the AFM and XRD images, which together confirmed the presence of the AuNPs on the
PDMS surface. Fig. 2.2(E) shows the variation in the D 4y q0¢ of the particles with the
variation in the time for UVO exposure (tyyo). Briefly, the plots suggest that indeed
the PDMS surfaces were randomly coated with AuNPs to develop a physicochemically

patterned surface.

Fig. 2.3 shows the typical dewetted patterns of a PS film of thickness 13.1 4+ 0.1 nm

on a physicochemically patterned surface. The film thickness was chosen to be really
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Figure 2.3: Images (A) — (D) in row (I) show the holes at the initial stages of dewetting when
the PDMS surface was exposed with UVO for 5 min, 10 min, 15 min and 20 min, respectively,
which led to the formation of the AuNPs of D4y qvg = 25 nm, 50 nm, 75 nm, and 150 nm,
respectively. Images (A) — (D) in row (II) show the formation of nanodroplets at the final stages
of dewetting corresponding to the images (A) — (D) in row (I). Images (IE) and (ITE) show the
magnified image of shown the nucleation of the holes near the AuNPs at the initial stages of
the dewetting the AuNP loaded PDMS surface at the later stages of dewetting. The PS film
thickness is kept constant at 13.1 £ 0.1 nm for all the cases.

thin to ensure that the strength of the force was really strong (f o %), which enabled
reducing the size and spacing of the dewetted structures. The Figs. 2.3(IA — ID) show
the morphologies of the densely populated holes on the PS free surface at the initial
stages of dewetting when the PDMS surface was loaded with AuNPs of diameter, 25
nm, 50 nm, 75 nm, and 150 nm, respectively. The magnified Fig. 2.3(IE) suggests that
the holes nucleate exactly at the places where the AuNPs are integrated on the PDMS
surface. The figures confirmed that in the present case the dewetting was guided by
the physicochemical patterns present on the PDMS surface. The Figs. 2.3(IIA — IID)
show the images at the late stage of dewetting after the droplets are formed on the
PDMS surfaces loaded with AuNPs of diameter, 25 nm, 50 nm, 75 nm, and 150 nm,
respectively. The magnified Fig. 2.3(IIE) suggests that at the late stages of dewetting
the PS droplets were resting on the AuNP coated PDMS surface. Different information
obtained from the Fig. 2.3 such as the spacing between the holes at the initial stages
of dewetting (Sg) and the diameter (Dg) and spacing (Sg) of the dewetted droplets at
the later stages of dewetting are summarized in the Fig. 2.4. The plots clearly suggest
that all the three parameters could really be reduced significantly when the PS films
were dewetted on the surfaces with physicochemical patterns. Interestingly, the plots

suggest that when the size of the AuNPs were too small (e.g. 25 nm) or too large (e.g.
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250 nm) the extent of miniaturization was not that significant. In comparison, when the
size of the AuNPs were rather intermediate (e.g. 75 nm) we could observe the extent of

miniaturization was largest, Sy = 500 nm, Dy = 500 nm, and Sy = 1.3 um.

2.1 . 2.4
1} =0=S§, without UVO  (A) == Drop Spacing (B)

1.8+ —0=S, with UVO 2.0 —O=Drop Diameter

- 1.5
1.6

E 1.2 =
3 - g
~ 1.2
5091 @ 3

0.6 0.81

\III/ Q\\/
034 T T T T v v 0.4 ” r ' . .
3 6 9 12 15 18 21 4 7 10 13 16 19 22
t,,, (min) t,,, (min)

Figure 2.4: Variations in the spacing between the holes at the initial stages of dewetting
(Su) and the diameter (Dy) and spacing (Sg) of the dewetted droplets at the later stages of
dewetting when the PDMS surface was exposed with UVO for 5 min, 10 min, 15 min, and 20
min, respectively, which led to the formation of the AuNPs of D 44 qvg = 25 nm, 50 nm, 75 nm,
and 150 nm, respectively, on the PDMS surface.

The experiments also suggested that the spacing between the AuNPs played a crucial role
in miniaturizing the size of the dewetted morphologies as well as reducing the spacing
between them. This is because when the AuNPs were small and densely populated on the
PDMS surface it essentially led to a lyophilic Au surface with physical heterogeneities.
Thus, in such a situation, the dewetting of the PS film was expected to follow the sole
influence of the lateral wettability gradients originating from the physical patterns. On
the other hand, when AuNPs were bigger in size and sparely populated on the PDMS
surface, the PS film was expected to follow the length scale of dewetting associated
with the PDMS surface apart from some nucleated dewetting on the zones of AuNP
deposition. The experiments suggested that for the physicochemical surfaces an optimal
spacing and size of the AuNPs were necessary in order to shift the length scale from a few
microns to the level of sub-micron. Fig. 2.4 also highlights the maximum to minimum
size of the droplets obtained during experiments, which suggests the frequent formation

of 100 nm droplets during the experiments.
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2.4.2 Ordering of Dewetted Structures

Fig. 2.5 shows the pathways to order the dewetted nanostructures formed on the physi-
cochemically pattern surfaces. For this purpose, we initially placed one TEM grid on
the PDMS surface and exposed it to the UVO for about 15 min. Since the TEM grid
possessed holes of the shape of square boxes the UVO could convert the PDMS surface
into a more lyophilic one in those locations. In comparison, the UVO exposure could
not penetrate in the locations were the grid was placed, which ensured that those loca-
tions were relatively less lyophilic. In such a situation, when the AuNPs were loaded on

the PDMS surface we observed that the lyophilic boxes were populated with AuNPs of

smaller size (~50 nm) and spacing (~50 nm).
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Figure 2.5: AFM images of the dewetting of a PS film (13.1 & 0.1 nm) on a physicochemically
patterned PDMS substrate using a TEM grid. In the row (I), images (A) shows the AuNPs
distribution on both the exposed square box area (58 pym x 58 pum) and the unexposed channels
at the periphery of the areas surrounding square boxes (25 pm). The magnified images of the
AuNPs inside the boxes and in the peripheral area are shown in the images (B) and (C). The
images in the rows (II) and (III) show the dewetted morphologies at the initial and final stages
on the substrates shown in the row (I).

In comparison, the less lyophilic grid area was populated with AuNPs of relatively larger
size (~100 nm) and spacing (~100 nm). The AFM images in the row (I) shows the typical
AuNP distributions on the boxes and at the periphery of the boxes. Interestingly, when
a very thin PS film was dewetted on this substrate with physicochemical patterns we

could see holes of different size and spacing at the initial stages of the dewetting on
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the boxes with densely populated smaller AuNPs and at the sparsely populated larger
AuNPs at the periphery of the boxed areas, as shown by the images in the row (II).
The images in the row (III) show the dewetted morphologies at the final stages on the
substrates shown in the row (I), which suggests the formation of droplets of two different

sizes on the boxes with sparsely populated larger AuNPs and more densely populated

smaller AuNPs.

2.5 Summary

In this study, a self-organized instability of ultrathin (< 20 nm) PS films was explored by
using underlined physicochemical heterogeneity created by AuNPs deposited on PDMS

substrates. The summary of the study is,

(i) Initially, AuNPs were deposited on PDMS surface in the following way. First,
PDMS surface was activated by treating them in UVO plasma treatment for dif-
ferent time durations. After that, activated PDMS surface was treated with 5%
(v/v) 3-APTES solution for 40 min by immersing the substrates in solution. Fol-

lowing this, the silanized substrates were treated with AuNPs solution.

(ii) AuNPs solution was prepared by adding the 50 mM of gold chloride solution in
HCI to the 50 mM of NaBH, in NaOH solution.

(iii) With increasing the UVO exposure time from 5 — 20 min, AuNPs diameter was

also controlled from 25 — 150 nm.

(iv) Later, PS thin (~13.1 £ 0.1 nm) films were coated on to this substrates by ensuring

that conformal adhesion.

(v) Physicochemical heterogeneity created by AuNPs could guide the hole formation
of initial stage dewetting and caused tenfold miniaturization in final stage drop
diameter (Dy) and spacing (S;) when it is compared to dewettting on homogeneous

PDMS substrates.

(vi) Interestingly, when the size of the AuNPs were too small (e.g. 25 nm) or too large

(e.g. 150 nm) the extent of miniaturization was not that significant. Whereas,
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(vii)

(viii)

(ix)

2.6

when the size of the AuNPs were rather intermediate (e.g. 75 nm) we could
observe the extent of miniaturization was largest, Sy = 500 nm, D; = 500 nm

and S; = 1.3 pym.

The experiments suggested that for the physicochemical surfaces an optimal spa-
cing and size of the AuNPs were necessary in order to shift the length scale from

a few micrometers to the level of sub-micron.

Further, randomly placed dewetted structures could be ordered by creating pre-
patterned physicochemical substrate. For this purpose, TEM grid was placed
on PDMS surface and exposed to UVO to create periodic lyophilic “boxs” and

lyophobic “grids”.

Interestingly, the dewetted PS structures were not only ordered but also densely
populated smaller structures on the “box” patterns and sparsely populated bigger

structures on the “grid” structures were formed.
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Chapter 3

Solvent Vapour Mediated Spontaneous Healing
of Self-Organized Defects of Liquid Crystal Films

3.1 Abstract

Ultrathin LC films showed a NI transition when exposed to solvent vapour for a short
duration while a reverse IN transition was observed when the film was isolated from
the solvent exposure. The phase transitions were associated with the appearance and
fading of surface patterns as the solvent molecules diffused into and out of the film
matrix, resulting in the destruction or restoration of the orientational order. A long-
time solvent vapour exposure caused the dewetting of the film on the surface, which was
demonstrated by the formation of holes and their growth in size with the progress of time.
Even at this stage, withdrawal of the solvent exposure produced an array of nematic
fingers, which nearly self-healed the dewetted holes. The change in contact angle due to
the phase transition coupled with the imbalance of osmotic pressure across the contact
line due to the differential rate of solvent evaporation from the film and the hole helped
the fingers to grow towards the centre of the hole. The appearance of the fingers upon
withdrawal of the solvent exposure and their disappearance upon exposure to solvent
were also found to be a nearly reversible process. These findings could significantly
contribute to the development of vapour sensors and self-healing surfaces using liquid

crystal thin films.

27
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3.2 Introduction

In the present work, we show room temperature NI and IN phase transitions in thin
LC films after periodic solvent vapour exposure and withdrawal. Similar to the thermal
annealing route [160], the solvent vapour induced NI and IN transitions were marked by
the appearance and fading of surface undulations. The transitions were found to be a
quasi-reversible process as the cycles of the NI and IN transitions could be performed re-
peatedly through periodic solvent exposure and withdrawal. The experiments conformed
that in LC films, solvent exposure could act as an analogue to thermal annealing in am-
bient conditions. Importantly, a long-time solvent exposure beyond the NI transition led
to the dewetting of the film with the appearance and growth of holes. Remarkably, at
this stage, withdrawal of the solvent exposure produced an array of branched nematic
fingers, which nearly self-healed the dewetted zones. Even at this stage, the forma-
tion of the nematic fingers upon withdrawal of the solvent contact and disappearance
of the nematic fingers through solvent annealing were found to have quasi-reversible

characteristics, as these events could be performed periodically for many cycles.

3.3 Experimental Section

In the experiments, 5CB nematic LC (99.99% pure, Sigma Aldrich, Tp = ~33.5 £+ 0.5°C)
was used without any further processing. The films were spin-coated from a solution of
5CB, either in toluene or in hexane (HPLC grade, Merck) on square (~1 cm x ~1 cm)
and thoroughly cleaned pieces of Si wafer (<100> Orientation, Boron doped P type,
resistivity 0.01 — 0.02 ©Q cm). The coated samples were kept under vacuum at ambient
conditions (24 £ 1.0°C) for about 15 min to remove any excess residual solvent. The
5CB film is nematic at room temperature, 24 4+ 1.0°C, although it can show the isotropic
liquid with an increase in temperature beyond Tp ~33.5 + 0.5°C. The dipole moment
associated with the ~CN group of the 5CB molecules enables them to form dimers in the
bulk of the film of length 25 A with their polar head facing each other while the length of
a single 5CB molecule is 18.7 A [119, 145, 177]. On a thoroughly cleaned Si wafer with a

few nanometers of native oxide layer, the 5CB molecules show a planar or quasi-planar
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Figure 3.1: Schematic diagram (A) shows the experimental procedure for phase transition and
dewetting of 5CB ultrathin films by solvent annealing. (B)In-situ experimental setup.

anchoring molecular arrangement at the Si-nematic interface [119, 121, 145, 147-150].
In comparison, the molecular arrangement is homeotropic at the nematic-air free surface
[119, 121, 145, 147-150]. The 5CB completely wets a Si surface to form a film in the
nematic phase while the isotropic 5CB film is only partially wettable on the Si wafer
[145, 146].

The phase transition and dewetting of the 5CB films were carried out by exposing the
films to solvent vapour as shown in Fig. 3.1. For this purpose, the spin-casted 5CB
films were initially placed in a closed chamber with a glass cover and subsequently a
container containing a fixed quantity (100 pl) of the solvent was introduced inside the
chamber showed in Fig. 3.1(B). The solvent molecules diffused into the film and reduced
the Tp of the nematic film to the ambient temperature. The experimental chamber
was mounted on the stage of an optical microscope (Leica DM 2500M) where in situ
observations were made with a CCD camera using white light in reflection mode. The
rate of evaporation in the chamber could be controlled by introducing multiple solvent
sources, each having a fixed volume of 100 ul. The thicknesses of the films were measured
using an Imaging Ellipsometer (EP3, Nanofilm, Accurion Scientific Instruments Pvt.
Ltd.). Fig. 3.2(A) shows the variations of film thickness (h) with the concentration

of 5CB in the two solvents.The average rate of evaporation of the solvent vapour in
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Figure 3.2: (A) Change in film thickness (h) after spin-coating with concentration (C' in %
w/v) of 5CB in different solvents. (B)The circular symbols denote the rate of change of mass of
the solvent (mg) with time (t-bottom y-coordinate) when the volume of the solvent (V) at the
source was kept constant at 100 pl. The hollow square symbols show the rate of evaporation
of solvents (Ams/At) with the change in the volume of the solvent (V-top y-coordinate). The
joining of the data points act as a guide only. (C) Change in film thickness (h) with concentration
(C in % w/v) of the nematic and isotropic films before and after the NI or IN phase transition.
(D) Change in the surface roughness (R) with time during NI and IN transitions for a film of
thickness, h = 53.3 £ 0.2 nm.

the chamber was measured by performing a control experiment on a microbalance and
calculating the ratio of the mass evaporated (Amy) over a specific amount of time (At).
Fig. 3.2(B) shows the rate of evaporation (Ams/At) from the sources. Fig. 3.2(C)
compares the thickness of the films having a homogeneous surface before and after the
NI or IN transitions. The figure suggests that the film swelled during the NI transition
due to the diffusive penetration of solvent molecules into the film matrix. Based on the
elipsometric measurement of roughness, Fig. 3.2(D) shows that the surface roughness
reached a maximum value during the NI phase transition, before dropping to a very low
value after the phase transition was complete. The figure also confirms that the film
did not dewet during the phase transition because the amplitudes of the undulations
were much lower than the initial thickness of the film. The variation in roughness of the
films (R) during NI and IN transitions were quantified using the roughness tool from
the ellipsometric images.

The wavelength (\) of the instability features were obtained from the image analysis of
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the optical micrographs using the open source software ImageJ. Initially the micrograph
was loaded and the image was converted to the 8-bit format. Following this, the pixels
were calibrated with a scale bar. In order to obtain the average spacing of the patterns
the ‘analyze/plot profile’ option of the software was used for a selected area or length.
The reciprocal of the number of cycles appeared per unit length was reported as the

average spacing between the structures.

3.4 Results and Discussion

3.4.1 Solvent Induced Phase Transitions

Figure 3.3: Optical micrographs of solvent vapour induced phase transitions observed in a 5CB
nematic film with A = 43.8 £ 0.9 nm at ambient temperature (7' = 24 + 1.0°C). Images (A — F)
show the evolution during the NI transition in the time intervals ¢ = 0 s (time marginally before
the lighter spots started appearing), 1 s, 4 s, 10 s, 13 s, and 19 s, respectively. Images (F — J)
show the morphology of the film surface during the IN transition in the time intervals ¢t = 0 s
(time marginally before the darker spots started appearing), 1 s, 8 s, 23 s, and 26 s, respectively.
The lighter shades of grey depict the thinner zones and the scale bars are 100 pm.

Fig. 3.3 shows a cycle of the forward NI phase transition upon solvent vapour anneal-
ing (images A — F) and the reverse IN phase transition upon removal of the solvent
exposure (images F — J). Figs. 3.3(A) and 3.3(B) show that the initially flat surface
of the nematic film deformed and that circular spots appeared due to the adsorption
of the solvent molecules when the solvent source was introduced into the experimental
chamber, respectively. The spots grew with time as more solvent molecules penetrated
into the film surface (Fig. 3.3(C)) and subsequently, the circular spots expanded and
coalesced to form bi-continuous structures (Fig. 3.3(D)). It may be noted here that, in
the experimental chamber, the solvent vapour source was introduced from one of the

sides of the sample, which caused the solvent vapour to diffuse across the sample from
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the side where the source was placed to the other side. Thus, as time progressed, the
solvent diffused from left to right. Further, the time ¢t = 0 s reported in the figure caption
represents the frame marginally before the first spot of solvent nucleated on the film.
The accumulation of the solvent molecules on the surface and their subsequent diffusion
into the bulk of the film resulted in the gradual destruction of the nematic orientational
order of the LC molecules, leading to the NI transition. The completion of the NI trans-
ition was demonstrated by the disappearance of the surface features, resulting in a flat
isotropic film (Fig. 3.3(F)). Figs. 3.3(F) and 3.3(G) represent a sequence where the
solvent vapour sources were removed from the film chamber following the NI transition.
This triggered a reverse IN transition, as shown in the Figs. 3.3(F — J). The removal of
the solvent exposure led to an outward diffusion of the solvent molecules from the film
matrix to the surroundings. Consequently, the extent of swelling of the film reduced,
which in turn restored the nematic ordering within the film, resulting in the IN phase
transformation. This backward IN transition was also associated with the appearance
and fading of an intermediate surface roughness. Fig. 3.3(J) shows a nearly flat nematic
thin film after completion of the IN transition. Interestingly, the NI and IN transitions
upon periodic exposure and removal of the solvent were found to be a quasi-reversible
process as the cycle could be repeated for several times, which was observed in the case

of thermal annealing [160].

Figure 3.4: Polarization microscopic images (crossed polarizers) of solvent vapour induced
phase transitions observed in a 5CB nematic film with h = 47.4 4+ 1.2 nm at ambient temperature
(T = 24 + 1.0°C). Images (A — E) show the spatiotemporal evolution during the NI transition
in the time intervals ¢t = 0's, 55, 11 s, 17 s, and 24 s, respectively. Images (E — J) show the
morphology of the film surface during the IN transition in the time intervals t =0s, 5, 6 s, 10
s, 14 s, and 26 s, respectively. The lighter shades of grey depict the thinner zones and the scale
bars are 50 pm.

The polarizing microscope Figs. 3.4(A — E) confirm that the surface texture of the
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nematic film progressively disappeared during the NI phase transition, as the solvent
molecules started aggregating on the film surface. The Figs. 3.4(A — E) confirm that
the lighter circular spots in the Figs. 3.4(A — E) were indeed the local nucleation of
the solvent molecules. The floating solvent molecules near the nematic-air interface en-
forced a grey rather than black colouration to the isotropic phase under polarization
microscopy. The Figs. 3.4(F — J) show that the surface texture of the nematic film was
progressively restored when the solvent vapour source was removed from the chamber
and the IN phase transition took place as the solvent molecules evaporated out of the
film matrix. The Figs. 3.4(F — J) confirm that the dark spots in the Figs. 3.4(F — J)
were the reappearance of the nematic phase as the solvent molecules evaporated out of

the film matrix.

Figure 3.5: Images of row (I and II) show the mechanical and chemical equilibrium of 5CB
phase transition patterns for thickness 47.3 + 1.2 nm and 64.4 + 0.55 nm, respectively. The
scale bars are 50 pm in all the frames.

It may be noted here that, during the NI transition, when the solvent molecules adsorbed
on the surface and progressively diffused into the film, the system was always away from
equilibrium due to the difference in chemical potential inside the film. However, a long-
time exposure of the solvent on the film helped in reaching equilibrium at the isotropic
state, after the film surface became homogeneous. Similarly, for the IN transition the
film was again out of equilibrium when the solvent molecules started evaporating from
the film matrix. A long-time evaporation of the solvent molecules from the film led to
a nematic film with a flat surface under equilibrium conditions. Importantly, when a
nematic film was annealed through solvent vapour exposure to its phase transition point,

the system tried to achieve two different types of equilibrium. While the coexistence of
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the solvent molecules with the nematic and isotropic phases created a difference in chem-
ical potential across the film, the molecular rearrangements due to the elastic (viscous)
response of the nematic (isotropic) phase tried to establish a mechanical equilibrium
inside the film. A few previous works [121, 155] on the thermal annealing of nematic
films have shown that thermal and mechanical equilibriums could be attained during
phase transitions when the temperature was kept constantly near Tr. These studies
showed that if the temperature (T") was kept constant (Iyy > 7' > T,) amid the upper
(Ty) and lower (77) bound of temperatures between which the patterns appeared and
disappeared on the surface of the film, a thermal as well as a mechanical equilibrium
could be attained. In such a situation, the patterns that appeared during the phase
transition could be retained for a longer duration. In order to understand the typical
experimental time scales for the chemical and mechanical equilibriums for the system
under consideration, we performed similar experiments keeping the partial pressure of
the solvent vapour nearly constant. The partial pressure on the film was maintained
at a constant value by manually adjusting the loss of vapour through the experimental
chamber with respect to the amount of solvent evaporated from the source. Fig. 3.5
show the morphological evolution of nematic films with two different film thicknesses
(h =473 £ 1.2 nm and h = 64.4 + 0.55 nm) when the partial pressure of the solvent
vapour surrounding it was kept nearly constant. The images suggest that the patterns
that appeared during phase transition could be retained for a longer duration when the
partial pressure was nearly constant. Further, the characteristic time for the molecular
rearrangement to attain the mechanical equilibrium was observed to be rather larger
for the thinner film. In comparison, for the thicker film, the evolution to attain the
mechanical equilibrium was observed to be much faster. Remarkably again, thermal
and solvent vapour annealing showed very similar behaviours in this regard.

Fig. 3.6(A) shows the variation of the average periodicity of the surface features (A) with
time (t) during the NI and IN transitions for the film shown in Fig. 3.3 (film thickness h
= 43.8 &£ 0.9 nm). It may be noted here that the time ¢ = 0 s represents the frame when
the initial lighter spots of the solvent molecules nucleated on the film. During the initial
stages of the NI transition A decreased with the progressive increase in the number of

solvent molecules adsorbed on the film-surface. The trend continued until the surface
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Figure 3.6: (A) Variations of average A with ¢ for a forward NI (time marked in the bottom
x-axis) and a backward IN (time marked in the top x-axis) cycle when h = 43.8 + 0.9 nm. (B)
Variations of A\ with ¢ for different h. (C) Variation of A,, with h at a fixed evaporation rate
(Amg/At). (D) Variation of A, with changes of Amg/At when h = 29.6 &+ 0.6 nm. The results
shown in the frames (B — D) are for the forward NI transition.

was nearly saturated with the solvent molecules and A attained a minimum value ().
Beyond this point the features progressively disappeared (increase in A) as the solvent
molecules gradually diffused into the film matrix and the film became isotropic. The IN
transition upon removing solvent vapour exposure was also initiated with a reduction
in A until a minimum was attained, which demonstrated the outward diffusion of the
solvent molecules from the film matrix. As the solvent molecules completely diffused
out of the film, A\ increased until a nearly flat nematic film surface emerged. The plot
also highlights the existence of some hysteresis in terms of A and ¢ between the forward
(NI) and the backward (IN) transitions, due to the differential rates of solvent intake
on the film surface and diffusion of the solvent molecules within the film surface. Fig.
3.6(B) shows the variation of A with ¢ during the forward NI transition at different val-
ues of h. The figure suggests that the transition took less time with increasing h. The
observation was somewhat counter intuitive because the solvent molecules would require
longer time to diffuse deeper into a thicker film to cause the NI transition. The possible
reason could be that the order of the LC molecules at the free-surface is less (more) con-
strained in a thicker (thinner) film because of their larger (smaller) distance from the

strongly anchored LC molecules on the substrate [177]. Previous studies demonstrated
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that the 5CB molecules form dimers in the bulk of the film [119, 145, 147], while at
the nematic-substrate (nematic-air) interface the 5CB molecules show a planar (homeo-
tropic) orientation [119, 121, 145, 147-150]. Thus, a less (more) constrained nematic-air
interface allowed faster (slower) kinetics of the NI phase transition or vice versa for the
thicker (thinner) films. Fig. 3.5 also demonstrate that the molecular rearrangements
could be much faster for the thicker films, which could also speed up the kinetics of
the process. We further investigated the variation of A,, with h, which is shown in
Fig. 3.6(C). The plots suggest that for h < 50 nm, \,, progressively decreased with
increasing h. However, \,, became nearly independent of h for thicker films (h > 50
nm). These observations suggest that beyond h. ~ 50 nm the number density of the
nucleation sites for the solvent molecules on the film surface become independent of h.
The rate of solvent vapour evaporation (Amg/At) into the experimental chamber also
influenced A,,. Fig. 3.6(D) shows that \,, progressively decreased with an increasing
rate of solvent evaporation from the source, which led to a faster penetration of the
solvent molecules inside the film. This particular aspect of the solvent vapour annealing
of L.C films was also similar to the thermal annealing of LC films where \,, is known to

change with the rate of heating [160].

Figure 3.7: ) Formation of a nucleated hole upon solvent vapour exposure for 697 s for a
nematic film of h = 72.9 £ 0.2 nm. (B — D) hole-healing sequence after withdrawing the film
from the solvent vapour. (B) Shows the appearance of fingers along the contact line and IN
transition on the bulk of the film; (C) growth of the fingers towards the hole centre, and (D)
near-complete healing of the hole with branching of the primary fingers. The scale bars are 100
pm in all the frames.

Fig. 3.7 shows the dewetting and subsequent hole-healing of a nematic film upon pro-
longed solvent exposure beyond the stage of the NI transition and thereafter the removal
of the solvent exposure. Previous studies showed that a 5CB film is completely wettable
on a Si surface in the nematic phase while the isotropic 5CB film is only partially wet-
table on a Si wafer [145]. Fig. 3.7(A) shows that long-time (697 s) solvent exposure led to

the dewetting of a 5CB film with the formation of a hole surrounded by a thick rim. The
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pathway appeared identical to the thermal dewetting of a polymeric film when annealed
beyond the glass transition temperature. It may be noted here that while the thermal
annealing destroyed the orientational order of the LC from the bottom substrate, the
solvent annealing did the same through the LC-air interface. Further, solvent vapour
induced dewetting of a polymer thin film leads to permanent holes and features, which
remain unaltered even after withdrawing the sample from solvent vapour exposure. In

comparison, for the nematic films, the morphology of the holes was found to change

when the solvent sources were withdrawn from the chamber.

Figure 3.8: Images show the repeated cycles of self-healing of 5CB film with thickness h = 72.9
+ 0.2 nm. Images (A — C) show the dewetting of self-healed hole upon the solvent exposure,
images (C — D) show the reself-healing upon the withdrawal of solvent exposure. The scale bars
are 100 pm in all the frames.

3.4.2 Self-Healing of Dewetted Film

Fig. 3.7(B) shows the morphology of the hole after 61 s of the solvent source withdrawal.
The key features observed were: (i) contact line around the hole becomes unstable
with the appearance of periodic wavy patterns; (ii) surface pattern on the film surface
demonstrating an IN transition in the other part of the film, as observed previously in
Fig. 3.3(G) and 3.3(H); and (iii) the drop or thread like residuals of the films start
spreading on the hole. The appearance and disappearance of surface patterns implied
that progressively the nematic order was restored inside the film as solvent molecules
started diffusing out of the film matrix. Since the 5CB film is completely wettable on
a Si surface in the nematic state [145], spreading with a change in contact angle was
observed in Fig. 3.7(B) in place of the droplets or threads on the hole in Fig. 3.7(A).
The evaporation across the contact line changed the contact angle as the isotropic film
was progressively converted into a nematic film with time and the contact line motion
towards the centre of the hole was set in. In regular circumstances, the nematic film was

expected to uniformly spread on the entire hole to fully cover it. However, the differential
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rate of solvent evaporation from the film, hole-rim, contact line, and dewetted zone was
very closely coupled with the change in contact angle, as the isotropic film was gradually
converted into a nematic film. Thus, during the IN transition, Fig. 3.7(B) and 3.7(C)
show the appearance of a contact-line instability in the form of nematic fingers around
the hole once the contact line motion set in. With the progress of time, the differential
rate of solvent evaporation from the film, hole-rim, contact line, and hole created an
imbalance of the osmotic pressure across the contact line which in conjugation with the

change in contact angle stimulated the contact line motion.

Figure 3.9: Images (A — D) show the dewetting of 5CB thin film (h = 72.9 £ 0.2 nm) with
multiple holes upon the solvent vapour exposure, images (E — H) show the self-healing of dewetted
film upon withdrawal of solvent exposure. The scale bars are 50 um in all the frames.

Fig. 3.7(C) (808 s after withdrawal of solvent source) and 3.7(D) (2071 s after withdrawal
of solvent source) suggest that the change in contact angle and the osmotic pressure
imbalance across the contact line helped the nematic fingers to grow towards the centre
of the hole. Fig. 3.7(D) shows that the fingers stretched along the contact line almost
all the way until the ruptured hole is nearly healed up. It may be noted here that
if the solvent exposure was reintroduced at any stage of the hole-healing process, the
fingers disappeared following an NI transition and the film again started dewetting
the surface, which clearly emphasized the quasi-reversible nature of the solvent vapour
induced dewetting of the LC thin film. The hole-healing through the nematic fingers
upon removal of the solvent exposure and dewetting of the film through hole-growth
upon solvent exposure could also be repeated for many cycles, which are shown in the
Fig. 3.8. The Fig. 3.9 shows that when there are multiple holes on a dewetted film the
fingering instability could again self-heal almost the entire dewetted zone upon removal
of the solvent exposure.

Fig. 3.10 shows the kinetics of hole and finger growth during solvent vapour annealing
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Figure 3.10: (A) The variation of the radius of a hole (Ry) with time (¢) for a nematic film of
h=72.9=+ 0.2 nm. (B) The variation of the length of the fingers (L) with time (¢) for a nematic
film of h = 72.9 £ 0.2 nm. (C) Change in finger-spacing (F,) when the initial hole-radius (Rp)
was varied for a nematic film of A = 53.3 = 0.2 nm.

and removal of solvent vapour exposure. Fig. 3.10(A) and 3.10(B) show the variations of
the hole diameter (Rz) during hole-growth and average length of the fingers (L) during
hole-healing with time (¢). The kinetics of hole-growth were observed to be much faster
than the hole-healing process. The plots also suggest that the isotropic holes grew almost
linearly with time during dewetting, whereas the hole-healing took place in three distinct
phases. The initial slower regime corresponds to the development of the instability along
the contact line while the film underwent the IN transition. The subsequent faster regime
corresponds to the growth of the nematic fingers towards the hole-centre because of the
change in contact angle and osmotic pressure imbalance across the contact line. Towards
the end, the healing process became exceedingly sluggish because of the reduction in the
driving force owing to the lack of solvent inside the film matrix and hole. Fig. 3.10(C)
shows that the periodicity of the fingers (Fs) was much smaller when the hole-radius
(Rp) was smaller. However, Fy initially increased and then saturated to a constant

value with increasing Ryy.
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3.5 Summary

In this study, solvent vapour mediated phase transitions and self-healing of self-organized

defects in ultrathin (< 100 nm) 5CB films were studied. The summary of the study is,

(i) Initially, spin-coated ultrathin 5CB films were annealed by solvent vapour. As a
result, NI and IN phase transitions were observed with solvent exposure and with-
drawal, respectively, at room temperature only. During the NI (IN) phase trans-
ition, randomly placed surface patterns were appeared on the nematic (isotropic)
film surface which originated by destruction (construction) of nematic orientational
order by adsorption of the solvent molecules. Following this, surface patterns grew
continuously and coalesced to form bi-continuous phase by continuous penetration
of solvent molecules into the film matrix. Finally, they disappeared and form a

flat isotropic (nematic) film.

(ii) This NI and IN phase transitions could be repeatable as many times same as

thermal annealed phase transitions.

(iii) The experiments under the cross polarized microscope conformed that the ap-
peared pattens during NI (IN) transition were indeed isotropic (nematic) patterns

by the losing (gaining) the nematic (isotropic) texture on the film surface.

(iv) While, the phase transition patterns were retained long duration by keeping the
constant vapour pressure by attaining the chemical and mechanical equilibrium.
For thinner films longer retention time of surface pattens were observed whereas

for thicker films shorter retention time was observed.

(v) The variation of the average periodicity of the surface patterns (\) with ¢ was cal-
culated during the NI and IN phase transitions. During initial stages A decreased

until a minimum value attained, later it started to increase again.

(vi) For h < 50 nm, )\, progressively decreased with increasing h, however, \,, nearly

independent of h for thicker films (h > 50 nm).

(vii) The rate of solvent evaporation (Amg/At) into the experimental chamber also

influenced the A,,.
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(viii)

3.6

After the NI phase transition the prolonged solvent exposure led to the dewetting

of a 5CB film with the formation of a random placed holes.

The hole size increased with time, however at this stage removal of solvent exposure

led to self-heal the dewetted hole.

During this stage, removing the solvent exposure led to an exciting fingering in-
stability at the contact line, surrounding the dewetted zones. The change in con-
tact angle due to phase transition coupled with the imbalance of osmotic pressure
due to the differential rate of solvent evaporation across the contact line helped
the fingers to grow towards the centre of the hole. The fingers grew with time
to attain structures with significantly high aspect-ratio and branching patterns,

which nearly self-healed the dewetted zones.

Interestingly, even at this stage, the growth of the fingers could be arrested and
dewetting could be resumed by introducing solvent vapour exposure. The forma-
tion of the nematic fingers upon withdrawal of the solvent exposure and the removal
of the fingers through the dewetting of the films upon solvent vapour annealing

were found to be a quasi-reversible process.
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Chapter 4

Pattern Directed Phase Transition of the
Nematic, Smectic, and Crystal State Ultrathin
Films

4.1 Abstract

A host of solvent vapour annealed phase transitions of LC films have been explored
targeting various applications. While the solvent exposure led to the crystalline or
semctic phases to transform into the nematic and isotropic phases, the reverse phase
transitions from IN and from NS or NC phases have been observed upon the withdrawal
of the solvent vapour source. The phase transitions were found to be repeatable in nature
with the periodic exposure and withdrawal of the solvent exposure and were found to
be very similar to the thermally annealed phase transitions. The only exception was
that for the solvent vapour annealing the entire process could be carried out under
the ambient conditions. Exploiting this phenomenon, emulating the principles of LC
thermometers, the time required for the phase transition of a thin LC film resting on
a solid substrate was correlated with the vapour pressure and volatility of different
aromatic and non-aromatic solvents. The times for phase transition under different
solvent exposures were found to linearly reduce with the increase in the vapour pressure
and volatility of the solvents. Further, the solvent annealed phase transitions of a gold
nanoparticle-5CB composite LC droplet were converted into an electrical signal with the
help of a simple external circuit. The experiments showed that the electrical resistance

reduced (increased) upon the destruction (restoration) of the orientational order of the
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droplet. The electrical responses could be employed to sense the presence and absence
of different volatile organic vapours, phase transition of LC materials, evaluation of
the order parameter of an LC material during phase transition, rate of diffusion and
absorption of a solvent into an LC matrix, and the rate of desorption and evaporation
of a solvent from an LC matrix. Finally, the solvent annealed phase transition of the
LC materials on the physically and chemically heterogeneous surfaces shows a pattern
directed phase transition. While in the physically heterogeneous surface, the variations
in the thicknesses ensured that the NI phase transition was faster (slower) at the thinner
(thicker) regimes and in the chemically heterogeneous surfaces the weaker (stronger)
anchoring of the LC molecules on the lyophobic (lyophilic) patches ensured a faster
(slower) due to less (more) solvent was required in both to destroy molecular orientation
during the solvent vapour exposure. The reported phenomena could easily be exploited
to develop LC based devices to identify the physical or chemical defects on the surfaces

alongside the measurement of the extent of lyophobicity or lyophilicity of the surfaces.

4.2 Introduction

In the present study, initially, solvent vapour mediated phase transitions of a number
of different smectic and nematic LC materials have been explored. Following this, the
roles of different aromatic and non-aromatic solvents having different vapour pressure
and volatility on the phase transition of a nematic film have been studied. Based on these
findings, we show that the solvent vapour mediated phase transitions of LC films can
easily be exploited to develop electrical sensors, which can differentiate different volatile
organic vapours and measure their vapour pressure and volatility. Further, we show that
indeed the presence of a physical or chemical defects can lead to a pattern directed phase
transition when an LC film with a free surface underwent solvent vapour annealing. We
found that the zones with thinner (thicker) films and lyophobic (lyophilic) patches are
expected to show a faster (slower) NI transition. Interestingly, although the thinner
(thicker) films show faster (slower) IN transition, the chemically lyophobic (lyophilic)
patch on the contrary exhibits slower (faster) IN transition. Remarkably, these experi-

ments uncover that the random small amplitude free surface undulation, observed during
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the NI and IN transitions, become pattern directed following the underlying periodic
topographical or chemical patterns. DSC analysis confirms the presence of hysteresis
in phase transition during heating (NI transition) and cooling (IN transition) of liquid
crystal [178]. In the present study we will show that due to dissimilar rate of absorption
and desorption of the solvent molecule in the liquid crystal matrix, similar hysteresis in
phase transition may exists in solvent mediated annealing of the LC film. The findings
of this study can be of significance in the development of futuristic physical or chemical
defect detectors, organic vapour sensors, chemically or physically patterned mesoscale

cross polarizers for various display applications.

4.3 Experimental Section

4.3.1 Materials

(B) 1-D S\t;lrirﬁg;’atterned
Surface

¥ ® e Ul : ™
Mﬁﬁ ‘u:»

(C) 2-D Box Patterned (D) 2-D Chemically
Surface Patterned Surface

Figure 4.1: Image (A) schematically shows the experimental setup for the solvent vapour
mediated phase transition of 5CB film on a patterned surface. Image (B) shows the directed
phase transition on a topographic stripe patterned PS substrate with 800 nm width, 120 nm
height, and 1600 nm periodicity. Image (C) shows the directed phase transition on a topographic
box patterned PS substrate with 10 pgm width, 300 nm height, and 20 pum periodicity. Image
(D) shows the directed phase transition on a chemical box patterned silicon substrates with
OTS patches of hole width, pitch, and bar width, 58 pm, 83 pm, and 25 pm, respectively.
The cross-polarized optical micrographs show the typical phase transitions of the film on the
substrates shown in the image (B), (C), and (D). In these images, the darker (gray) shades show
the isotropic phase and lighter (blue) shades show the LC phase.
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Si (<100> Orientation, Boron doped P type, resistivity 0.01 — 0.02 £ ¢cm) and quartz
substrates were purchased from N. J. Int. Cop. and Macwin, India. Various LC mater-
ials (99.999% purity) such as 5CB, 7CB, and 8CB were purchased from Sigma-Aldrich,
India. The NI phase transition temperature for 5CB is ~33.5 4+ 0.5°C, for 7CB the
phase transition temperatures for CN and NI are 29°C and 42.4°C, and for the 8CB
the phase transition temperatures for CS, SN, and NI are 22.5°C, 32°C — 34°C, and
41°C, respectively [179]. The phase transitions of the LC films were studied with vari-
ous non-aromatic and aromatic solvents such as acetophenone, benzyl chloride, styrene,
1,2-xylene, toluene, benzene, hexane, acetone, and chloroform which were purchased
from Sigma-Aldrich and Merck, India.

In order to prepare the master stamp for the physical patterns, PDMS was procured
from Dow Corning, Mumbai, India (SYLGARD® 184 kit) while the substrate material
PS (Mw = 280,000 g/mol) was procured from Sigma-Aldrich and Merck, India. The OTS
was obtained from Sigma-Aldrich, India while the TEM grids with 300 mesh (lines/inch)
were procured from SPI supplies, USA, which had hole width, pitch, and bar width of 58
pm, 83 pm, and 25 pm, respectively. For sensor experiments the LC was dispersed with
dodecanethiol functionalized gold nanoparticles (DAuNPs) in toluene at a 2% (w/v) to
improve the conductivity. The chemicals required for nanoparticle synthesis and func-
tionalization such as hydrogen tetrachloroaurate (HAuCly - 4 HoO), tetraoctylammonium
bromide (TOAB), dodecanethiol, and sodium borohydride (NaBH,) were procured from
Sigma-Aldrich, India.

4.3.2 Methods

4.3.2.1 Phase Transition Experiments

All the solvent annealed phase transition experiments were done under ambient con-
ditions near 24 4+ 1°C and 1 atm pressure. Image (A) in the Fig. 4.1 schematically
show the experimental setup employed for the study. For this purpose, initially 0.4 —
1% (w/v) concentrations of 5CB, 7CB, and 8CB were prepared in hexane solvent. They
were spin-coated on Si substrate followed by vacuum drying 15 min to remove excess

solvent. Under the ambient condition (24 £+ 1°C and 1 atm pressure) the 7CB and 8CB
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were in crystalline and smectic state respectively. The LC film coated substrates were
kept in petri dish along with solvent chamber with 200 ul of hexane solvent, as shown
in Fig. 4.1. When the petri dish lid was closed volatile solvent diffused into the film
matrix to cause the NI phase transition for 5CB, CNI phase transitions for 7CB, and
SNI phase transitions for 8CB. As soon as these phase transitions were completed the lid
was opened to isolate the substrates from solvent exposure. Subsequently, the volatile
solvent vapour diffused out of the film matrix to cause IN phase transition for 5CB, INC
for 7CB, and INS for 8CB. The experiments were followed under optical microscope
(Leica DM 2500M) and phase transitions were recorded by CCD camera using white
light in reflection mode.

For the experiments with different solvent vapours, initially, a 5CB solution was prepared
in hexane solvent with different concentrations from 0.4 — 1% (w/v). Following this, a
5CB nematic film was spin-coated on Si substrates and dried in under vacuum at 24 +
1°C for 15 min. Thereafter, separate 5CB films were exposed to various non-aromatic
(e.g. hexane, chloroform, acetone) and aromatic (e.g. acetophenone, benzyl chloride,
styrene, 1,2-xylene, toluene, benzene) solvents and the time for the phase transition after

the solvent exposure noted.

4.3.2.2 Preparation of Patterned Surfaces

After the cutting and cleaning of Si substrates following standard protocol, 5% (w/v)
concentration of PS in toluene spin-coated at 2500 rpm and 120 s duration. The films
were dried in vacuum oven at 60°C for 24 h to remove the excess solvent. The stripe
patterned PDMS master stamp was prepared previously by pouring PDMS on compact
disk [180]. A small size of the stamp was cut and immersed in toluene for 30 s before
placing on the PS film for 2 min. Thereafter, in order to transfer the PDMS patterns,
the PS film was annealed through the solvent vapour exposure. For this reason, the PS
film with the PDMS stamp on the top was kept in a petri dish for 2 — 3 min along with
8 — 10 solvent chambers filled with solvent toluene. Under this condition, the PS film
developed negative replica of PDMS master due to capillary force lithography (CFL)

[181]. Following this, after 2 — 3 min of solvent exposure the PS film was isolated and
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dried in ambient condition. The surface patterns were analysed by atomic force micro-
scopy (AFM, Innova Iris, Bruker-Icon Analytical Equipment). The dimensions of the
stripes on the PS surface were 800 nm width, 120 nm deep, and periodicity of 1600 nm,
as shown in the Fig. 4.1(B).

The box patterned PS surface with 10 pm width, 20 um periodicity and 300 nm depth,
shown in the Fig. 4.1(C), was fabricated by a modified pressure assisted imprinting tech-
nique, the details of which can be found elsewhere [58]. In order to prepare the chemically
patterned surface, initially, an OTS monolayer was deposited on the thoroughly cleaned
Si wafers by immersing them in OTS solution (5 pl OTS in 5 ml bicyclohexane) for 20
min. Following this, the substrates were sonicated in chloroform for 20 min then dried
in the stream of Ny [182]. Thereafter, the OTS coated Si substrates were masked by a
TEM grid before exposed to UVO (PSDP-UV4, Novascan Tech. Inc., USA) for 2 h. The
UVO passed through the “box” openings of the TEM grid to etch out the OTS layer
while under the Cu the OTS film remained as it was coated. Thus, after UVO treatment
led to the formation of Si/SiOs “box” patterns and OTS “grid” patterns on the Si wafer,
as shown in the Fig. 4.1(D). In order to study the pattern directed phase transition,
the 5CB films (2 — 40% w/v in hexane) were initially spin-coated on the surfaces with
physical and chemical patterns, as shown Fig. 4.1. The thicker films are coated to avoid
the issues associated with the spin-dewetting for the thinner films. Following this, the

solvent vapour experiments were conducted as mentioned previously.

4.3.2.3 Vapour Sensor

For this experiment, initially, the electrical conductivity of 5CB was increased by mixing
it with the DAuNP. In order to synthesize DAulNP, initially 30 ml, 0.03 M of an aqueous
solution of HAuCl, was mixed with 80 ml, 0.05 M of TOAB in toluene. The two-phase
mixture was stirred vigorously until all the HAucly was transferred into the organic layer
before 170 mg dodecanethiol was added to the organic phase. Thereafter, 25 ml, 0.4 M of
a freshly prepared aqueous solution of NaBH, was added slowly into the previous system
with vigorous stirring for 3 h and evaporate the organic phase in a rotary evaporator.
Then the solution was mixed with 400 ml ethanol to remove excess thiol. The mixture

was kept at -18°C for 4 h before a dark brown precipitate was obtained, which was
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filtered and washed with ethanol. A 2% (w/v) of DAuNP composite was prepared by
dissolving adequate amount of the precipitate in 10 ml of toluene. After this, 2%DAuNP
and LC were mixed (100:15) to prepare a 5CB-DAuNP composite solution [183]. The
amount of DAuNP was kept deliberately high to decrease the 5CB electrical resistance
within the multimeter range from > 200 to 30 M{2. A 10 ul droplet of this mixture was
placed at the junction of a pair of electrodes, which was a part of the circuit designed to
measure the electrical response of the droplet. The circuit was a pair of Cu electrodes
on a PDMS substrate in which the ends of electrodes were connected with a digital
multimeter (MASTECH-M92A) to measure change in electrical resistance. Thereafter,
with the help of 20 solvent chambers of size 200 ul, various non-aromatic and aromatic
solvents were introduced into the petri dish to study change in electrical resistance during
the NI phase transition of the 5CB-DAuNP composite microdroplet. The NI transition
with the exposure of solvent vapour led to the reduction in the electrical resistance while
the removal of the solvent exposure led to an increase in the electrical resistance across

the microdroplet due to the IN transition.

4.4 Results and Discussion

4.4.1 Solvent Mediated Phase Transitions of LC

Figure 4.2: Cross-polarized optical micrographs of the solvent vapour induced phase transition
of 51 &+ 1.0 nm thick 7CB film at ambient temperature (7" = 24 + 1°C). Images (A) and (L) show
the initial and final crystal states of the film. Images (A — F) show the CNI phase transitions at
time intervals t = 0's, 93 s, 99 s, 102 s, 105 s, and 116 s, respectively, after the solvent exposure
was introduced. Images (F — L) show the reverse INC phase transitions at the time intervals ¢
=0s,43 s, 45 s, 49 s, 56 s, and 63 s, respectively, after the solvent exposure was withdrawn.
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In this section, we show diverse phase transition behaviours of a set of LC films due to
solvent annealing. Although this subject has been explored in detail for thermal anneal-
ing [143, 151, 155, 156, 158, 184-192], there is hardly any study, which shows the effects
of various types of solvent vapour exposures in this regard. The cross-polarized optical
micrographs in the Fig. 4.2 shows that the solvent annealing could indeed engender CNI
phase transitions of a 7CB film under ambient condition. The Figs. 4.2(A) and 4.2(B)
show that the transition from CN state with the solvent exposure while the Figs. 4.2(B
— F) show that the NI phase transition. The progressive destruction of the textured
director orientation having brighter zones at the film surface could easily be followed
under the cross-polarizer. Figs. 4.2(F — L) show that the process was nearly reversible
as the nematic and crystal textures with brighter patches at the surface was recovered
with the withdrawal of the solvent exposure.

Fig. 4.2 show a simple way to progressively destroy the crystalline and nematic orient-
ational orders of the 7CB films with solvent vapour annealing. The Figs. 4.2(C — E)
show the appearance and progressive expansion of the darker grey spots, which indicated
the formation of the isotropic zones with the gradual adsorption and penetration of the
solvent molecules into the film matrix. Consequently, with time, the orientational order
of the LC film was lost to reach the isotropic state with a non-textures surface, as shown
in the Fig. 4.2(F). However, the withdrawal of the solvent vapour source led to the
progressive desorption and evaporation of the solvent molecules from the film matrix,
as shown in the Figs. 4.2(G — J). The CNI and INC cycles shown in the figure could be
repeated for as many times with the solvent vapour exposure and its withdrawal, as it
is in general observed for the thermally annealed cases where the temperature has to be
modulated near Tp for this behaviour.

Fig. 4.3 shows another example where smectic and nematic orientational orders of the
8CB film was progressively destroyed with the help of solvent vapour annealing. The
Figs. 4.3(A) and 4.3(B) show that the transition from SN state while the Figs. 4.3(B —
E) show that the NI phase transition. Again, the Figs. 4.3(E — H) show that the process
was nearly reversible as the nematic and smectic textures at the surface was recovered
with the withdrawal of the solvent exposure. The Figs. 4.3(B — E) show the appearance

and progressive expansion of the grey spots, which indicated the gradual adsorption and
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Figure 4.3: Cross-polarized optical micrographs of the solvent vapour induced phase transition
of 54 £+ 1.0 nm thick 8CB film at ambient temperature (T = 24 + 1°C). Initially the film was at
smectic G state having a mosaic surface texture, as shown in the image (A). Images (A — E) show
the SNI phase transitions at the time intervals t = 0's, 36 s, 41 s, 59 s, and 75 s, respectively,
after the solvent vapour exposure was introduced. Images (E — H) show the reverse INS phase
transition at the time intervals t = 0's, 14 s, 17 s, and 38 s, respectively, after the solvent vapour
exposure was withdrawn.

penetration of the solvent molecules into the film matrix. The LC film attained the
isotropic state in the Fig. 4.3(E).

Again, in this situation, withdrawal of the solvent vapour source led to the progressive
desorption and evaporation of the solvent molecules from the film matrix to restore the
semctic order in the Fig. 4.3(H). Like in the previous example, the SNI and INS cycles in
the present care could be repeated for as many times with the solvent vapour exposure
and its removal, as observed for the thermally annealed cases where the temperature is

modulated near Tp for this behaviour.

Figure 4.4: Cross-polarized optical micrographs of the thermally annealed phase transition of
54 £+ 1.0 nm 8CB film. Image (A) shows the mosaic texture at the surface of the film indicating
the smectic G phase. Images (A — F) show the SNI phase transitions with the increase in
temperature, 7' = 24 + 1°C, 30.1 + 0.5°C, 31 + 0.5°C, 38.3 + 0.5°C, 38.7 & 0.5°C, and 39 +
0.5°C, respectively. Images (F — J) show the reverse INS phase transition with the reduction
in temperature, T' = 39 £+ 0.5°C, 38.3 + 0.5°C, 37 £+ 0.5°C, 30.1 + 0.5°C, and 29 £+ 0.5°C,
respectively.

For the sake of comparison, the thermally annealed SNI and INS transitions are shown

TH-1779_11610716



Chapter): Pattern Directed Phase Transition of Ultrathin LC Films 52

in the Fig. 4.4. The figure shows that similar to the solvent vapour annealing the SNI
and INS phase transitions took place when the temperature is modulated near Tp. The
Figs. 4.4(A — C) show that the transition from SN state while the Figs. 4.4(C — F) show
that the NI phase transition. The Figs. 4.4(F — J) show that the process was nearly
reversible as the nematic and smectic textures at the surface was recovered with the
reduction in temperature. The Figs. 4.4(F — H) show the progressive restoration of the
nematic order with the reduction in the temperature while the Figs. 4.4(H — J) show
the restoration of the mosaic smectic texture at the surface with further reduction in
the temperature. The thermally annealed SNI and INS cycles could be repeated for as
many times with the periodic increase and reduction in temperature around the Tp. It
may be noted here that the temperature induced transition (4.4) of the surface texture
is much clearer than the solvent vapour induced transition (Figs. 4.3). This is because
of the solvent annealing images always possessed some solvent molecules between the
sample and the objective of the microscope, which interfered during the cross-polarized

optical imaging.

4.4.2 Sensor Arrangements
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Figure 4.5: Variation in the time required for NI phase transition (¢x7) of a 74 + 1.0 nm thick
5CB film with (A) the vapour pressure of the solvents (P,) (B) molecular weight (Mw) when
different aromatic and non-aromatic solvents are used. The table shows the typical values of the
tyr and P, at 25°C for different solvents and Mw.
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It is well known that the variation in the orientational order of an LC film with temper-
ature has been employed to develop high-precision temperature sensors. Likewise, the
solvent vapour induced phase transitions of LC films could also be employed to measure
the vapour pressure and volatility of a solvent. Fig. 4.5 shows the results from a set of
experiments where the time required for the phase transition of a 5CB film (¢y;) under
the exposure of various solvers were tabulated and plotted against the vapour pressures
of various types of solvents of 5CB (P,) [193]. The plot suggests that with the increase
in the P, as the solvents became more volatile the 57 reduced. The plot shows the
utility of a solvent annealed phase transitions of a nematic film for the development of
devices that can measure vapour pressure and volatility of organic solvents. The devices
are expected to perform very high-precision measurement of these properties, as it is
observed for the LC temperature sensors.

In fact, the solvent vapour induced phase transition behaviour of 5CB materials could
also be exploited for identifying different volatile solvents, as shown in the Fig. 4.6. In
this situation, instead of a pure LC film, we employed a LC-DAuNP composite droplet
as the sensing material. The procedure to synthesize this composite material has already
been described in detail in the experimental section. The use of DAuNP improved the
electrical response of the LC material. In Fig. 4.6 (A) schematic diagram shows the
experimental setup of the vapour sensor, which was very similar to one employed for the
previous experiments. The only difference was the use of an electrical circuit, as shown
in the Fig. 4.6 (B), which was a pair of Cu electrodes with a spacing of Dg = 120 £+ 10
pm decorated on a PDMS surface.

The LC-DAuNP composite drop was placed on the electrodes before the system was
solvent annealed and the change in the electrical resistance across the droplet was meas-
ured using a multimeter. Figs. 4.6(C — E) show the cross-polarized surface morphology
of the droplet, which suggest the progressive destruction of the surface texture leading
to an NI transition of the 5CB droplet with the exposure of hexane vapour. The images
also show the subsequent decrease in electrical resistance (R) on a multimeter during
the phase transition. Importantly, the electrical resistance of the droplet was found to
be maximum (Rp) at the purely nematic state in the beginning while at the end the

same was found to be minimum (R,,) in the isotropic state. Figs. 4.6(F — H) show the
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Figure 4.6: The schematic diagram (A) shows the experimental setup of the vapour sensor.
Image (B) shows the electrical circuit employed in which a PDMS surface was integrated with a
pair of Cu electrodes with a spacing of 120 + 10 pm. Following this the LC-DAuNP drop was
placed on the electrodes before transferring the system into the experimental chamber shown in
the image (A) for solvent annealing. Images (C — H) show the cross-polarized surface morphology
of the droplet and the subsequent decrease in electrical resistance on a multimeter with hexane
solvent exposure during NI phase transition. The plots (I) — (J) show the variation in the
normalized electrical resistance (Ry = R/Rp) with time (¢). Plot (I) shows the variation in Ry
with ¢ for different solvent exposure. Plot (J) shows the variation in Ry with ¢ for the two cycles
of exposure and withdrawal of the solvent benzene and styrene. Plot (K) shows the variation of
dRy /dt during NI cycle(r4), dRy /dt during IN (rp) cycle with the saturated vapour pressure of
the solvent and ratio of the rate of absorption (r4) and the rate of desorption (rp), ¢ = ra/rp,
for different solvent vapour exposure.

progressive recovery of the nematic texture with the withdrawal of the solvent exposure
due to IN phase transition and subsequent increase in the electrical resistance from R,,

to Ro.
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The plot 4.6 shows the variation in the normalized electrical resistance (Ry = R/Ry)
with time (¢) when the LC-DAuNP droplet was exposed to different solvent vapour.
However, we observed a steady reduction of the electrical resistance with the penetra-
tion of solvent vapour in the droplet matrix with disappearance of the orientational order
of the droplet. The experiments suggested that when the LC droplet retained its orient-
ational order, the molecules resisted the electron flow through the matrix. However, in
the isotropic state, as the director orientation was destroyed, the drop matrix facilitated
more electron flow through the circuit. Thus, the increase (reduction) in the electrical
conductance (resistance) with the solvent penetration during the NI phase transition
was solely due to the variation in the orientational order. The reduction (increase) in
the electrical conductance (resistance) during IN transition was also attributed to the
restoration of the orientational order of the 5CB film due to the solvent desortion from
the film matrix. Since the change in resistance took place only during the NI and IN
phase transitions, the rate of change of Ry was also a measure of the destruction and
recovery of the of the orientational order (S) of the LC droplet with the exposure of the
hexane vapour and the withdrawal of the same.

Plot 4.6(J) shows the variation in Ry with ¢ for the two cycles of exposure and with-
drawal of the solvents benzene and styrene, which shows that the measurements could be
repeated for many times and the sensor arrangement could faithfully track the presence
and absence of the solvent vapour. Further, the slope of the Ry vs. t plot could be
correlated to the rate of absorption (r 0odRy /dt, plot 4.6(J)) of the solvent molecules
in the drop during the NI cycle while the rate of desorption (rgoodRy/dt, plot 4.6(K))
could be obtained from the slope of the Ry vs. t plot during the IN cycle. The plot
shows that rate of adsorption and desorption were very different for dissimilar solvent
vapour exposures. For example, a volatile solvent such as chloroform showed a much
sharper rate of change of Ry during the NI cycle while a much sluggish rate of change
of Ry during IN phase transition. Understandably, a volatile solvent like chloroform
having high vapour pressure could penetrate more into the LC-DAuNP drop matrix to
destroy the nematic order very fast (time for NI transition,ty) during the solvent va-
pour exposure state. However, when the solvent vapour exposure was withdrawn, more

amount of chloroform needed to evaporate out of the drop matrix leading to a larger
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time for recovery (time for IN transition, ¢;5). In contrast, a relatively lower volatile
solvent toluene having a relatively lower vapour pressure could penetrate into the drop
matrix at a much slower rate leading to a much smaller rate of change of Ry and a
larger ¢y during the NI transition. However, absorption of less toluene during the NI
cycle helped in smaller ¢;5 and larger rate of change of Ry during desorption. The ratio
of absorption to desorption rate, ¢ = 7%’ was found to be very specific to the different
sources of solvent vapour Fig. 4.6(K).

Concisely, the sensor arrangements have shown significant potential to sense the pres-
ence and absence of different volatile organic vapours, phase transition of LC materials,
evaluation of the order parameter of an LC material during phase transition, rate of

diffusion and absorption of a solvent into a LC matrix, and the rate of evaporation of a

solvent from a LC matrix.

4.4.3 Pattern Directed Transition
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Figure 4.7: The cross-polarized optical micrographs of the solvent vapour mediated NI phase
transitions of 5CB films directed by physically heterogeneous “stripe” surfaces. The stripe pat-
terns on the PS substrates were 800 nm wide, 120 nm high, and 1600 nm periodicity. Images in
the row (I) show the phase transition on a flat surface whereas images (II) — (V) show that same
on the physically patterned surface. The initial concentration of 5CB to cast the films in the
rows were, (I) 0.5%, (II) 4.5%, (III) 5%, (IV) 10%, and (V) 40% (w/v), respectively. Images (A)
— (E) the rows correspond to (I) 0's, 50 s, 55 s, 62 s, and 70 s, respectively; (IT) 0 s, 140 s, 140.5
s, 141 s, and 142 s, respectively; (IIT) 0 s, 147 s, 148 s, 149 s, and 153 s, respectively; (IV) 0 s,
150 s, 151 s, 152 s, and 154 s, respectively; (V) 0's, 156 s, 157 s, 158 s, and 161 s, respectively.
The scale bars shown on the images are of 25 pum.
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The solvent vapour annealing could also be exploited for pattern directed phase trans-
ition, as shown in the Fig. 4.7. The figure suggests that when a thin film of LC material
was coated on a stripe patterned substrate the surface undulations appearing during
the NI (IN) transition due to the solvent vapour exposure (withdrawal) could show a
directionality following the underlying substrate pattern. For example, the row (I) in
the Fig. 4.7 show typical appearance and fading of the surface undulations during NI
transition on a flat homogeneous surface. However, when a striped substrate was used,
the surface undulations became pattern directed as shown in the row (II).

The non-uniformity of the LC film on the strip patterned substrate could engender the
NT transition at a much faster rate where the films were thinner while the thicker zones
took much larger time for the same. It may be noted here that the percentages men-
tioned in the figure caption corresponds to the initial concentration of the LC materials
in the solvent during the spin-casting. Thus, increase in the concentration meant thicker
films on the substrate. The rows (III) — (V) show that with the increase in the thick-
ness of the LC film progressively the influence of the underlying pattern diminished and
in the row (V) we observed again the typical phase transition that was observed on a

homogeneous flat surface although the underlying substrate had a stripe pattern.

(A) (B) (©) (D)

Figure 4.8: The cross-polarized optical micrographs of the solvent vapour mediated NI phase
transition of 5CB films directed by physically heterogeneous “box” surfaces. The width, peri-
odicity, and height of the box patterns on the PS substrates were 10 ym, 20 gm, and 300 nm,
respectively. The initial concentration of 5CB to cast the films in the rows were, (I) 3%, (II) 6%,
and (IIT) 10%, respectively. Images (A — D) the rows correspond to, (I) 0's, 90 s, 97 s, and 110
s, respectively; (II) 0's, 113 s, 115 s, and 117 s, respectively; and (III) 0 s, 145 s, 146 s, and 149
s, respectively. The scale bars shown on the images are of 10 pm.
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Fig. 4.8 shows the observations in the Fig. 4.7 was repeatable when the underlying
substrate had ‘box’ like ridges with a very different size and periodicity. The figure sug-
gests that the NI phase transition took place at a much faster rate on the boxes owing
to the less thickness of the LC film at that location while in the rest of the portion the
phase transition was much slower as the solvent molecules required more time for full
penetration and destruction of the director orientation. The Figs. 4.7 and 4.8 together
suggest that the solvent vapour mediated phase transition of the LC materials could

be exploited to identify the underlying physical patterns or defects below a critical film

thickness.
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Figure 4.9: The cross-polarized optical micrographs of the solvent vapour mediated phase
transition of a 212.4 + 2.1 nm thick film of 5CB on a chemically heterogeneous substrate with
“box” like lyophilic patches of SiO5/Si and “grid” like lyophobic patches of OTS. Images from
(A — E) show NI phase transition with the snapshots at the time intervals, t = 0's, 146 s, 152 s,
155 s, and 158 s, respectively. The images (E — H) show IN phase transition with the snapshots
at the time intervals, ¢ = 0's, 10 s, 11 s, and 15 s, respectively. Image (I) represents the time
required for NI and IN transitions for lyophobic (red, solid line) and lyophilic (blue, dashed line)
patch.

In fact, Fig. 4.9 shows that the chemical defects, the extent of lyiphobicity or lyophili-
city could also be followed employing a thin coating of the LC film on a surface. For
example, in this situation, initially a chemically heterogeneous substrate was fabricated
with periodic lyophilic boxes and lyophobic grids, employing the methodology discussed
in the experimental section. Following this a thin LC film was coated on the chemically
patterned substrate and the films was exposed to solvent vapour. Figs. 4.9 (A — E)
show that the solvent annealed NI phase transition was much faster (slower) on the lyo-
phobic (lyophilic) zone because of the weaker (stronger) anchoring of the LC molecules.
Figs. 4.9 (E — H) show that for the same reason even the recovery of the orientational
order during the IN transition was much faster (slower) on the lyophilic (lyophobic)
patches. Understandably, the lyophilic patches allowed easier and faster restoration of

the nematic order than the lyophobic patches (Fig. 4.9 (I)). Evidently as the rate of
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absorption of solvent molecule is much faster than the rate of desorption in lyophobic
patch, the ratio ¢ is greater than 1, whereas for the lyophilic patch the ratio ¢ is smaller
than 1. This clearly suggests that the time taken for the solvent vapour induced NI or IN
phase transitions of the LC films could easily be correlated to the extent of lyophobicity

or lyophilicity of a substrate.

4.5 Summary

In summary, a host of interesting solvent vapour induced phase transitions of crystalline,
smectic, and nematic liquid crystal (LC) films have been studied on the plane and

patterned surfaces. The major points from the study are,

(i) The solvent vapour induced phase transitions of 7CB and 8CB were studied.

(ii) Crystal state molecular orientation of the 7CB film at room temperature, changed
its phase from CNI state with the solvent exposure and reverse phase transition

also took place from INC state with removal of solvent exposure.

(iii) Smectic state molecular orientation of the 8CB film at room temperature also
changed its phase from SNI state with the solvent exposure and reverse phase

transition from INS state with the removal of solvent exposure.

(iv) Solvent induced 5CB thin film NI and IN phase transitions were done with various
aromatic and non-aromatic compounds. Interestingly, NI transition time was fast

with decrease in vapour pressure (P,) and increase in molecular weight (Mw).

(v) The solvent annealed phase transition behaviours of a LC-DAuNP composite
droplet was converted into an electrical signal with the help of an external cir-
cuit. The electrical resistance was found to reduce (increase) upon the destruction

(restoration) of the orientational order of the droplet.

(vi) In addition, the solvent annealed phase transition of the LC materials on the
physically and chemically heterogeneous surfaces show a pattern directed phase

transition. While in the physically heterogeneous surface the variations in the
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thicknesses ensured that the NI phase transition was faster at the thinner regimes,
in the chemically heterogeneous surfaces the weaker anchoring of the LC molecules
on the lyophobic patches ensured a faster NI transition during the solvent vapour

exposure.
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Chapter 5

Pattern Directed Ordering of Spin-Dewetted
Liquid Crystal Micro or Nanodroplets

5.1 Abstract

Chemical pattern directed spin-dewetting of a macroscopic droplet composed of a dilute
organic solution of LC formed an ordered array of micro and nanoscale LC droplets.
Controlled evaporation of the spin-dewetted droplets through vacuum drying could fur-
ther miniaturize the size to the level of ~90 nm. The size, periodicity, and spacing
of these mesoscale droplets could be tuned with the variations in the initial loading of
LC in the organic solution, the strength of the centripetal force on the droplet, and
the duration of the evaporation. The patterned LC droplets showed a reversible phase
transition from NI and vice versa with the periodic exposure of a solvent vapour and
its removal, respectively. A similar phase transition behaviour was also observed with
the periodic increase or reduction of temperature, suggesting their usefulness as vapour
or temperature sensors. Interestingly, when the spin-dewetted droplets were confined
between a pair of electrodes and an external electric field was applied, the droplets situ-
ated at the lyophobic patches showed light-reflecting properties under the polarization
microscopy highlighting their importance in the development of micro or nanoscale LC
displays. The digitized LC droplets, which were stationary otherwise, showed dielectro-
phoretic locomotion under the guidance of the external electric field beyond a threshold

intensity of the field. Remarkably, the motion of these droplets could be restricted to
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the lyophilic zones, which were confined between the lyophobic patches of the chemic-
ally patterned surface. The findings could significantly contribute in the development
of futuristic vapour or temperature sensors, light reflectors, and self-propellers using the

micro or nanoscale digitized LC droplets.

5.2 Introduction

The micro and nanofabrication of LC materials has been one of the very challenging
problem because of the presence of the solid like orientation order inside the LC ma-
terials alongside possessing the liquid like fluidity. While the inherent elasticity of the
LC materials due to the presence of the orientational order of the molecules restricted
the disintegration of the macroscopic LC films or droplets into the miniaturized ones,
the fluidity of them acted against retaining their shape when disintegrated into smaller
parts. In the present study, we show that the combination of a strong centripetal force
during spin-casting of a dilute organic solution of a macroscopic LC droplet followed
by evaporation of the solvent could indeed create miniaturized droplets having micro
or nanoscale size, periodicity, and spacing. The proposed one-step methodology showed
the use of chemically patterned surface in imposing long-range order to the micro or
nanostructures, which were rather randomly placed when spin-dewetted on a flat and
homogeneous surface. Lowering the LC loading in the LC-organic solutions or increas-
ing the spin-speed helped in reduction in size of the spin-dewetted LC droplets. The
study also reports a simple protocol where a vacuum evaporation could lead to further
miniaturization of the LC droplets in the sub-100-nm regime. Arguably, the proposed
methodology shows some unique ways to fabricate high-density micro or nanopatterns
of LCs through spin-dewetting, which is rather challenging to fabricate employing any
other conventional methods of patterning because of the presence of the restoring solid
like orientational order as well as fluidity in the LC materials.

Interestingly, the LC micro or nanodroplets fabricated by the aforementioned method-
ology could show a reversible NI and IN phase transition behaviours with the periodic
exposure and removal of the solvent vapour or with the periodic increase or reduction

in temperature, suggesting their usefulness as vapour or temperature sensor. Moreover,
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when the LC droplets decorated on the chemically patterned PDMS film were confined
between a pair of ITO electrodes and a moderately high external electric field was gen-
erated, the LC droplets on the lyophobic zones showed light-reflecting properties. The
droplets elongated to touch the upper electrode before undergoing a Fréedericksz trans-
ition, which helped in enhancing the light reflection properties under the polarization
microscopy. The LC droplets on the lyophilic zones, which were stationary otherwise,
showed interesting locomotion under the influence of the electric field at higher field in-
tensities. The findings hold the keys to the development of futuristic nanoscale digitized
LC displays with reduced size and weight, nano light-reflectors, self-propelling devices,

or miniaturized vapour or temperature sensors.

5.3 Experimental Section

5.3.1 Materials

In the following experiments, 5CB nematic LC (99.99% pure, Sigma-Aldrich, Tp =
~33.5 + 0.5°C) was used as procured. In order to fabricate the substrates, PDMS was
obtained from Dow Corning, Mumbai, India (SYLGARD® 184 kit). The Si substrates
(<100> Orientation, Boron doped P type, resistivity 0.01 — 0.02 2 cm) were purchased
from N. J. Int. Cop., India. For “box” patterns, copper (Cu) TEM grids with 300 mesh
(lines/inch) were procured from SPI supplies, USA, which had hole width, pitch, and
bar width of 58 pum, 83 pum, and 25 pm, respectively. ITO coated glass substrates were
procured from Global Nanotech, Mumbai, India. The solvent hexane was employed to

make solutions of 5CB and PDMS.
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Figure 5.1: Schematic representation of the experimental procedure for the spin-dewetting of
5CB microdroplets on two dimensionally patterned chemically heterogeneous PDMS substrate.

5.3.2 Methods

5.3.2.1 Fabrication of Chemical Patterns

Fig. 5.1 schematically shows the steps to fabricate the chemically patterned substrate
and an optical micrograph of a chemically patterned PDMS surface with periodic lyo-
philic “boxes” and lyophobic “grids”. To prepare this substrate, initially, the PDMS oli-
gomer, cross-linker, and hexane solvent (10:1:110 - v/v/v) were mixed and then spin-cast
on thoroughly cleaned square (~1 cm x ~1 cm) pieces of Si wafers. After spin-coating,
the PDMS film was annealed in an air-oven for 24 h at 120°C to simultaneously relax the
film, evaporate the solvent, and cure the film. The chemical patterns were decorated on
the PDMS substrate by placing a TEM grid and then exposing the masked PDMS sub-
strate with 1 h in a UVO plasma treatment chamber (PSDP-UV4, Novascan Tech. Inc.,
USA). The exposed area of the PDMS surface, through square openings of the TEM
grid, was oxidized by the UVO exposure to form the periodic lyophilic box patterns,

whereas the unexposed area under the Cu grid created the lyophobic grid patterns.

5.3.2.2 Spin-Dewetting of Droplets

The spin-dewetting experiments were performed by placing a 100 ul droplet of a known
amount of 5CB in hexane (w/v) on a patterned PDMS surface and then spin-casting
the same at different spin-speeds ranging from 1000 to 8000 rpm for about 120 s. The

samples were dried under vacuum to fully remove the volatile solvent from the matrix
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before characterization. The substrates were mounted on the stage of an optical micro-
scope (Leica DM 2500M) to optically characterize the results with the help of a CCD
camera using white light in reflection mode. The polarization microscopy was employed
to distinguish the isotropic and the nematic phases. The samples were also incubated
at ~1 mm Hg at 24 + 1°C for different durations (up to 15 days) before performing
characterization through atomic force microscopy (AFM, Innova Iris, Bruker-Icon Ana-
lytical Equipment). Thicknesses of the PDMS films were experimentally measured by
a standard imaging ellipsometer (EP3, Nanofilm, Accurion Scientific Instruments Pvt.
Ltd.). Periodicity, spacing, and size statistics were analyzed by the open source ImageJ

software.

5.3.2.3 Phase Transition of Liquid Crystals

The phase transition of the 5CB droplets was carried out by initially placing the samples
in a closed chamber and then exposing them to solvent vapour by placing 100 ul of the
solvent in a separate open container inside the same chamber. The solvent molecules
evaporated from the container inside the chamber and then diffused into the droplet
matrix to reduce the Tp to the ambient condition [194]. The solvent source was with-
drawn from the chamber in order to cause a IN phase transition of the droplets. The
thermal phase transitions of the droplets were performed by placing the PDMS sub-
strate decorated with the droplets on a thermal stage (Linkam, THEMS600) and then
controlled heating and cooling around the Tp = ~33.5 £ 0.5°C. The experiments were
imaged or video graphed with the help of a camera after placing the chamber on the

microscope stage.

5.3.2.4 Electric Field Setup

The electric field experiments were carried out by employing a six-step fabrication meth-
odology: (i) initially a PDMS film of thickness 1.2 £+ 0.1 um was spin-cast on a thor-
oughly cleaned square (~1 cm X ~1 cm) piece of ITO electrode and cured at a tem-
perature of 120°C for 24 h; (ii) then, the surface of the PDMS films were chemically

patterned by TEM grid under UVO exposure, as described previously; (iii) thereafter, a
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droplet of 5CB-hexane solution was spin-dewetted on the chemically patterned PDMS
substrate; (iv) following this the samples were dried under vacuum for 15 min; (v) after
that, another ITO substrate was placed from the top to confine the droplet loaded chem-
ically patterned surface; (vi) finally, the ITO electrodes were connected with a direct
current (DC) power source (SES Instruments Pvt. Ltd., EHT-II). The experiments were

imaged and video recorded by placing the LC cell on the microscope stage.

5.4 Results and Discussion

5.4.1 Spin-Dewetting of Diluted 5CB Solution

Figure 5.2: (Row I) Optical micrographs showing the spin-dewetted 5CB droplets with the
variation in 5CB loading in hexane at 2500 rpm on a chemically heterogeneous substrate. The
5CB loadings in images (IA — IE) were 0.1%, 0.3%, 0.7%, 0.9%, and 1% (w/v), respectively. In
the insets, the cross-polarized micrographs of the respective images are shown. (Row II) Optical
micrographs showing the spin-dewetted 5CB droplets with increasing spin-speed (1000 — 7000
rpm) for 5CB concentration of 1% (w/v) in hexane on a chemically heterogeneous substrate.
The spin-speeds for images (ITA — IIE) were 1000 rpm, 2000 rpm, 3000 rpm, 4000 rpm, and 7000
rpm, respectively. The spin-duration of 120 s was kept constant in all of the experiments. The
scale bars shown on the images are of 20 pm.

In the spin-dewetting experiments, initially a macroscopic droplet composed of 0.1 —
1% (w/v) 5CB in hexane was placed on the patterned PDMS surface and spin-cast.
Spin-dewetting took place during the spin-coating process because of the combined in-
fluence of centripetal, intermolecular, and destabilizing capillary forces. Consequently,
the macroscopic droplet disintegrated into the smaller ones, which was then dried under
vacuum to evaporate the residual solvent before the optical micrographs were taken.
Figs. 5.2(IA — IE) show the spin-dewetted morphologies of LC droplets on the chemic-
ally patterned surface after the drying took place. The polarization microscopy images

in the insets confirmed that indeed the droplets were composed of nematic LC.
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The images show that when the LC loading was on the higher side [Fig. 5.2(IE), 1%
(w/v)] the lyophilic box zones and the lyophobic grid zones contained much bigger
droplets while an array of droplets of relatively smaller size were ‘pinned’ near the
boundary of the lyophobic and lyophilic zones with an ordering much like the boxes of
the TEM grid. Figs. 5.2(IA — ID) show that the size and the number density of the
droplets increased in both the lyophilic and lyophobic zones with the 5CB loading. At
lower 5CB loadings, the droplets became progressively invisible (e.g., Figs. 5.2(IA) and
5.2(IB)) owing to their significant reduction in size. Later, an AFM analysis showed
the presence of further miniaturized nanodroplets in these situations. The size and
spacing of the microdroplets decorated on the patterned surface could also be tuned
by modulating the spin-speed of the spin-coater as shown in Fig. 5.2(ITA — IIE). The
images suggest that at lower spin-speed (~1000 or 2000 rpm) the lyophilic zones pos-
sessed bigger droplets while the lyophobic zones were populated with much smaller ones.
Again, a number of droplets were found to be pinned near the junctions of the lyophilic
and lyophobic zones to show an ordering of droplets in the pattern of the TEM grid.
With increase in the spin-speed, the droplet size reduced and the number density of the
droplets increased in both lyophilic and lyophobic zones.

Fig. 5.3 shows the sensitivities of the different parameters obtained from the optical
micrographs associated with the experiments shown in the Fig. 5.2. The optical mi-
crograph as an inset within Fig. 5.3(A) shows zones 1 — 3, which correspond to the
junction of lyophobic and lyophilic zones, the lyophilic zone, and the lyophobic zone,
respectively. The droplet size and the number density of the droplets in each of these
zones changed significantly with the variations in the 5CB concentration as well as with
the rotational speed of the spin-coater, which are shown in Figs. 5.3(A — D). Figs.
5.3(A) and 5.3(B) show the variations in the average diameter of droplets (D4) and the
number of droplets (Ng) per (100 pm x 100 pum) area with change in 5CB loading (C
in % w/v). The plots suggest that Dy and N, both increase with C' especially when
the 5CB loading was smaller than 1% (w/v). Reduction in the initial loading of 5CB
in the macroscopic droplet reduced the amount of 5CB in the spin-dewetted droplets,
which ensured a smaller sized droplet at lower loadings after evaporation of the solvent.

The experiments suggested that the size and spacing of the spin-dewetted 5CB droplets
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Figure 5.3: (A, B) Variations of the average diameter of droplets (D,;) and the number of
droplets (INg) per unit area (100 gm x 100 pm) in zones 1 — 3 with changes in the initial
concentration of LC in the organic solvent (C in % w/v). The optical micrograph shows the
edge, central, and peripheral regions of each box pattern classified as zones 1 — 3. (C, D)
Variations of Dy and Ny in zones 1 — 3 with change in the spin-speed in the number of rotations
per minute (rpm). The scale bar shown on the image is of 20 pm.

could easily be modulated by changing the 5CB loading.

Since the plots in Fig. 5.3 were obtained from the analysis of the optical micrographs,
the reduction of Dy and Ny with reduction in C' was also an indicator of the increase in
the population of nanodroplets on the patterned surface. In particular, the smaller Ny
obtained at the lower values of C' was an indicator of the increase in the population of
the nanodroplets. This was confirmed by AFM images, which are shown later with Fig.
5.5. Figs. 5.3(C) and 5.3(D) show the variations of Dy and Ny in zones 1 — 3 with the
spin-speed. The plots suggest that the droplets could be fragmented into the smaller
ones and larger in number with the increase in the strength of the centripetal force. The
plots also suggest that, in fact, strengthening the centripetal force could increase the
number density by about 2 — 3-fold in all of the zones.

Figures 5.2 and 5.3 together suggest a simple but effective way to develop an ordered
array of micro or nanoscale LC droplets on a chemically patterned surface in which the
droplet size and periodicity could be tuned efficiently by modulating the initial 5CB

loading and the strength of the centripetal force.
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5.4.2 Vacuum Drying

Figure 5.4: (Rows I and IT) Optical micrographs of spin-dewetted LC droplets from the solution
of 0.7% and 0.9% (w/v) 5CB in hexane, respectively. The spin-speed in both cases was 2500
rpm. Images (A — E) in both rows show that the droplet became invisible when the samples
were incubated under ~1 mm Hg and at 24 + 1°C for 10 min, 2 h, 24 h, 48 h, and 15 days,
respectively. The scale bars shown on the images are of 20 pm.

The optical micrographs in rows I and II in Fig. 5.4 show the spin-dewetted droplets of
the systems having 0.7% (w/v) and 0.9% (w/v) loading of 5CB in hexane. Figs. 5.4(A —
E) in both rows show that the droplet became almost invisible under optical microscope
when the samples were incubated under ~1 mm Hg and at 24 £+ 1°C ranging from 15
min to 15 days. The images in this figure suggest that the L.C droplets could further be
miniaturized simply by vacuum evaporation of 5CB droplets because the boiling point of
5CB was found to be ~140 — 150°C when the pressure was 0.5 mm Hg [195]. While the
degree of miniaturization was visible for most of the bigger droplets at the centre and
the corner of the box patterns, the nanoscale LC droplets were rather invisible under the
microscope. In some of the cases (e.g., Figs. 5.4(IIB) and 5.4(IIC)) the microdroplets
were also coalesced during the incubation, which occasionally led to a marginal increase
in size.

Fig. 5.5 shows the AFM images of the samples shown in Fig. 5.4 after 15 days of incuba-
tion under ~1 mmHg and at 24 + 1°C. AFM Figs. 5.5(IA) and 5.5(IB) show the PDMS
surface in the absence of the 5CB droplets before the spin-dewetting was performed.
The images clearly suggest the absence of any droplet on the virgin PDMS surface. Fig.
5.5(ITA) shows the presence of a number of nanodoplets across the lyophilic zone along-
side a host of ring shaped 5CB remnants (magnified in Fig. 5.5(IIB)) near the periphery
of the box. The ring shaped patterns were the signatures of 5CB evaporation leaving

the ‘coffee stain effect’ type remnants all around the box pattern. The ring structures
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Figure 5.5: (IA, IB) AFM images of chemically patterned PDMS surface after UVO treatment
and before spin-dewetting of 5CB. (IIA, ITTA, and IVA) AFM images of nanoscale droplets at the
edge (zone 1), box (zone 2), and grid (zone 3) locations when the initial 5CB loading was 0.7%,
0.8%, and 0.9% (w/v) before spin-dewetting at 2500 rpm. All of the AFM images are taken
after 15 days of incubation under ~1 mm Hg and at 24 + 1°C. Different parts of images (ITA),
(ITTA), and (IVA) are magnified in images (IIB — IIC), (IIIB — ITIC), and (IVB), respectively, to
show the presence of the relatively ‘bigger’ and ‘smaller’ nanodroplets.

were observed especially where the relatively bigger microdroplets were formed during
spin-dewetting, which evaporated during the incubation, as shown in Figs. 5.5(ITA) and
5.5(IIB). Importantly, when we magnified further, the AFM images showed a host of

nanodroplets of 5CB across the box patterned lyophilic zone, as shown in Fig. 5.5(1IC).
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Figure 5.6: (A) Variations in the size of the droplets with the duration of incubation time
(t) from AFM analysis in the zones 1 — 3 when the initial 5CB loading was 0.7% (w/v). (B,
C) Variations of average diameter of droplets (Dg) and the number of droplets (INg) per unit
area (100 ym) x (100 pm) with concentration (C in % w/v) of 5CB on the lyophilic “box” and
lyophobic “grid” after 15 days of incubation under ~1 mm Hg and at 24 4+ 1°C.

These were high-density nanodroplets because the average diameter was ~91 + 5 nm
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and distance was ~218 £ 5 nm. Interestingly these droplets were present even inside the
previously mentioned rings, as shown in Fig. 5.5(IIC). AFM Figs. 5.5(IIIA — IIIC) show
a similar phenomenon for a different 5CB loading, where the magnified view of the sub-
100-nm droplets is shown in Fig. 5.5(IIIC). The average drop diameter in Fig. 5.5(I1IC)
was ~102 4+ 5 nm, and the average distance was ~365.4 + 5 nm. The AFM images at
different 5CB loadings (e.g., 5.5(ITA) and 5.5(IITA)) suggested that, in fact, there were
two types of nanodroplets present on the lyophilic zone. The relatively ‘bigger’ variety
was rather sparsely populated and formed either because of controlled evaporation of
the relatively larger droplets or because of the coalescence of the relatively smaller ones.
The typical size range was found to be about 100 — 600 nm when the initial loading of
the 5CB was varied. In comparison, the relatively ‘smaller’ variety of the nanodroplets
was rather densely populated across the lyophilic zone and was of uniform size (~90 —
100 nm). We pretend that, during the controlled evaporation of the droplets, ultrathin
films were formed as intermediates on the lyophilic zones, which eventually broke down
to generate the class of smaller nanodroplets. AFM Figs. 5.5(IVA) and 5.5(IVB) show
that the nanodroplets were rather sparsely populated on the grid zone when the 5CB
loading was higher and were absent at lower 5CB loading.

Fig. 5.6(A) shows the reduction in the size of the droplets with progressive increase in
the duration of incubation time (¢) from the AFM analysis in zones 1 — 3 when the initial
5CB loading was 0.7% (w/v). Further, panels 5.6(B) and 5.6(C) show the variations of
the average diameter of droplets (Dg) and the number of droplets per unit area (Ng)
with the 5CB loading (C in % w/v) from the AFM images on the lyophilic box and on
the lyophobic grid after 15 days of incubation. The plots suggest that the diameter of
the relatively ‘bigger’ nanodroplets decreased and the number density of nanodroplets
increased in both lyophobic and lyophilic zones with reduction in the 5CB loading.

In comparison, as stated previously, Dy and Ny of the relatively smaller nanodroplets
were rather uniform across the lyophilic zone with the change in the initial 5CB load-
ing. Importantly, the number density of the smaller droplets was about a few orders of
magnitude higher than the bigger ones and the size was in the range of the sub-100-nm
regime. Concisely, the Figures 5.4 — 5.6 together show a simple pathway to fabricate

an array of ordered 5CB nanodroplets with high periodicity on a chemically patterned
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surface with the help of spin-dewetting. The figures also show a methodology to reduce
their size further in the nanoscale regime with the help of incubation under moderate

vacuum condition and at room temperature.

5.4.3 Applications

5.4.3.1 Vapour and Temperature Sensors

Figure 5.7: Optical micrographs of droplet spreading and retraction experiments after spin-
dewetting. Initially a droplet containing 0.3% and 0.7% (w/ v) 5CB in hexane was spin-dewetted
at 2500 rpm to form patterns (IA) and (ITA), respectively. (IA — IC) Disappearance of the 5CB
droplets with solvent vapour exposure after ¢ = 0 s, 115 s, and 215 s, respectively. (IC — IE)
Appearance of the 5CB droplets due to the withdrawal of solvent vapour exposure after t = 0 s, 23
s, and 141 s, respectively. (ITA — IIC) Surface morphologies of the 5CB droplets with increasing
temperature from 23 + 0.1°C, 54 £+ 0.2°C, and 72 £ 1°C, respectively. (IIC — IIE) Surface
morphologies of the 5CB droplets with decreasing temperature from 72 + 1°C, 68 £ 0.4°C, and
23 4+ 0.1°C, respectively. In the insets, the cross-polarized micrographs of the respective images
are shown. The scale bars shown on the images are of 20 pm.

The optical micrographs in Figures 5.7 and 5.8 show some simple applications possible
with the ordered array of spin-dewetted 5CB microdroplets. Figs. 5.7 (IA — IE) show the
droplet spreading and retraction with repeated solvent vapour exposure and withdrawal
of the 5CB microdroplets. In particular, Figs. 5.7(IA — IC) show the disappearance of
the 5CB droplets with contact line expansion due to solvent vapour exposure and Figs.
5.7(IC — IE) show the appearance of the 5CB droplets with contact line retraction due to
the withdrawal of solvent vapour. Figs. 5.7(IIA —IIE) show the spreading and retraction
of the microdroplets with increase and reduction in temperature. Figs. 5.7(IIA — IIC)
show the surface morphologies of the 5CB droplets with increasing temperature, and
the Figs. 5.7(IIC — IIE) show surface morphologies of the 5CB droplets with decreasing
temperature.

It may be noted here that the exposure of solvent vapour to the 5CB droplets brings
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the Tp down to room temperature (~24 + 1°C) causing an NI phase transition while an
increase in temperature can cause a NI phase transition beyond 34 + 0.1°C. Thus, under
the conditions shown in the Fig. 5.7, the droplets underwent NI phase transition because
of the solvent vapour exposure either at room temperature or at a temperature beyond
the Tp of 5CB, which was also associated with the change in the equilibrium contact
angle, as reported by a number of previous works [196]. The cross-polarizer images on the
figure confirmed the NI phase transitions of the LC droplets during the process. During
the NI transition, the equilibrium contact angle of 5CB decreased on the PDMS surface
while getting converted to an isotropic phase, which led to the progressive spreading and
disappearance of the microdroplets under an optical microscope. In comparison, when
the solvent vapour source was withdrawn (or temperature was reduced below Tp), an IN
transition restored the orientational order of the 5CB droplet, which was also associated
with an increase in the contact angle of the nematic microdroplet on the PDMS surface.
In such a situation, the droplets with higher contact angle were found to resurface under
the optical microscope. The reported phenomena under solvent vapour and thermal
exposures were found to be reversible and could be repeated for many cycles. It is well-
known that the NI and IN phase transitions are widely employed to detect temperature
change with high precision. The experiments reported in Fig. 5.7 show the potential
of the micro or nanoscale 5CB droplets to act as miniaturized temperature or vapour

SENnsors.

5.4.3.2 Light Reflectors and Locomotives

The ordered array of micro or nanoscale droplets could also show interesting light-
reflecting properties under the exposure of electric field, as shown in Fig. 5.8. Schematic
Fig. 5.8(IA) shows the setup for the electric field experiment where the 5CB droplets
were initially spin-dewetted on a PDMS-coated ITO glass (Fig. 5.8(IB)) and then con-
fined by another ITO coated glass from the top, as shown in Fig. 5.8(IC). The electric
field was applied through the confining ITO electrodes. It is well-known that, in a
LC cell, a 5CB film can undergo Fréedericksz transition under the influence of an elec-
tric field beyond a threshold value of field intensity in which dielectrically anisotropic

5CB molecules change their orientation toward the direction of the applied field. The
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cross-polarized optical micrographs 5.8(IIA — IIC) show that when the applied electric
potential was ~102 £ 2 to 106 + 2 V, initially a number of 5CB microdroplets on the
lyophobic “grid” elongated to touch the top electrode, as schematically shown in the Fig.
5.8(IC). Following this, Fréedericksz transition of the 5CB molecules under the electric
field led to the formation of microscopic light reflectors on the lyophobic grid zone where
the 5CB droplets elongated and touched the top electrode. Importantly, the 5CB mi-
crodroplets, which did not elongate and retained their shape, were also shining under
the polarization microscopy. However, the brightness of the droplets, which elongated
to touch the upper electrode and underwent Fréedericksz transition, was much higher
because almost all of the 5CB molecules in these droplets were oriented in the direction
of the field. This allowed the entire incident light to reflect back into the detector under
the cross-polarizer setup.

5CB PDMS ITO

H [ .

Figure 5.8: (IA) Schematic image of the setup for the electric field experiment where the LC
droplets were spin-dewetted on an ITO coated glass, which was precoated with PDMS film of
thickness 1.2 4+ 0.1 pum. The PDMS-coated ITO substrate was patterned by placing a TEM grid
mask and subsequently exposing to UVO. (IB) Patterned PDMS substrate then loaded with 1%
(w/v) 5CB spin-dewetted droplets at 2500 rpm and confined by another ITO coated glass from
the top. (IC) Schematic representation of the elongation of droplets between the electrodes when
the electric field was turned on. (ITA — IIC) Cross-polarized optical micrographs showing the
number of droplets having light reflection property that slowly increases as the applied electric
field potential was increased from 102 & 1V, 104 £ 1 V, and 106 £ 1 V, respectively. (IID, IIE)
Cross-polarized optical micrographs showing a transient light reflection phenomenon when the
applied voltage was increased to the range 108 + 2 to 110 &+ 2V. (IIIA — IIIE) Dielectrophoretic
locomotion of the nematic 5CB droplets within the lyophilic box when the electric field of 115 +
3 V is applied at times t = 0 s, 3.9 s, 4.3 s, 4.8 s, and 5.3 s, respectively. The scale bars shown
on the images are of 20 pym.
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The number of droplets having light-reflection property was found to increase as the
potential was increased further. When the applied voltage was increased to the range
108 = 1 to 110 = 1 V, a transient mode was observed (Figs. 5.8(IID) and 5.8(IIE))
where the reflected light from the droplet started blinking, which indicated periodic
elongation and contraction of the 5CB microdroplets under this condition. It may be
noted here that since the LC materials are dielectrically anisotropic, they are capable
of showing dielectrophoretic motion under the influence of a nonuniform electric field
[197]. Figs. 5.8(IIIA — ITIE) show a similar dielectrophoretic locomotion of the nematic
5CB microdroplets when the applied electric field was further increased to ~115 £ 1
V. Notably, the droplets that retained their shape and did not elongate to touch the
upper electrode showed this type of locomotion. Further, the motion of the droplets
was restricted to the lyophilic box only. The self-propelling droplets reflected like balls
colliding on the walls of a snooker table the moment they reached the junctions of the
lyophobic and lyophilic patches.

The movement of the 5CB droplets was restricted to the lyophilic zone because the
spreading coefficient of 5CB microdroplets was higher within the box shaped lyophilic
regions (surface energy ~70 mJ/m?) [171] as compared to the lyophobic grid regions
(surface energy ~20 mJ/m?) [171]. This enabled the 5CB droplets to partially wet and
have lower contact angle inside the lyophilic regions and retain their shape even at higher
field intensities. Since they did not elongate to touch the upper electrode, in order to
release the electrohydrodynamic stresses near the contact line and the LC-air interface,
the droplets showed lateral movement. While in motion, the droplets retracted back
sharply to the lyophilic zone when they encountered the boundary of the lyophilic and
lyophobic patches because of the abrupt increase in the Laplace pressure, curvature, and
contact angle near the lyophobic region. The equilibrium contact angles of 5CB droplets
on lyophobic and lyophilic PDMS substrates are about 63° and 50°, respectively. We
also observed that the locomotion was not restricted solely to the lyophilic patches. For
example, if some of the droplets in the lyophobic patches were not elongated under the
influence of electric field, they also exhibited the dielectrophoretic motions at a relatively

higher field intensity.
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5.5 Summary

In this study we showed a simple and low-cost top-down methodology to fabricate an

array of ordered micro or nanodroplets of LC materials. The summary of the study is,

(i) An ordered array of LC micro or nano droplets were generated by spin-dewetting of
macroscopic droplet composed of very diluted LC solution on chemically patterned

substrates.

(ii) Spin-dewetted droplets size, spacing, and periodicity could be controlled by con-
trolling the initial concentration of 5CB and strength of centripetal force. With
increasing the 5CB loading in the initial concentration, the drop diameter and
number density both were increased on lyophilic and lyophobic zones. Again, with
increasing centripetal force on the macroscopic drop, the spin-dewetted drop dia-
meter decreased whereas number density of the droplets increased in both the

lyophilic and lyophobic zones.

(iii) Importantly, when the 5CB loading decreased in the initial concentration the drop
diameter decreased alongside number density also decreased. It conveyed that the

nanodroplets number density increased with decreasing the initial concentration.

(iv) The size of the spin-dewetted droplets could miniaturized further by evaporation
of the LC from the droplets when they incubated at ~1 mm Hg at 24 + 1°C for

different durations (up to 15 days).

(v) After the 15 days vacuum drying, the samples were analyzed by AFM. The AFM
images showed that highly populated nano droplets on lyophilic zone and sparsely
populated nanodroplets on lyophobic zone were placed. Importantly, on lyophilic
zones two types of nanodroplets were populated. One was sparsely populated
relatively ‘bigger’ nanodroplets and another was that highly populated smaller
nanodroplets. These ‘bigger’ variety was rather formed either because of controlled
evaporation of the relatively larger droplets or because of the coalescence of smaller
droplets. Further, relatively ‘bigger’ droplets size was increased with increasing
initial concentration of solution whereas smaller droplets size was ~90 — 100 nm

remained unchanged.
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(vi) The spin-dewetted micro or nanodroplets showed a reversible phase transitions
from NI and vice versa with the periodic exposure and removal of the solvent

vapour or with the periodic increase or reduction in temperature.

(vii) When these microdroplets were confined between a pair of electrodes and an ex-
ternal electric field was applied, they showed pixelated light-reflecting properties

under the polarization microscopy.

(viii) In addition, the digitized LC droplets, which were stationary otherwise, showed
interesting dielectrophoretic locomotion restricted to the lyophilic zone under the

influence of the externally applied electric field.

(ix) The study contribute significantly for futuristic miniaturized vapour and temper-

ature sensors, display units, and self-propellers by using LC micro or nanodroplets.
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Chapter 6

Solvent Vapour Mediated Contact Line
Instabilities of Liquid Crystal Droplets

6.1 Abstract

A LC microdroplet could rapidly spread upon solvent vapour annealing to form a non-
uniform film on a PDMS substrate, which disintegrated into a collection of nanodroplets
upon the withdrawal of the solvent exposure followed by drying. The LC droplet under-
went a NI phase transition upon solvent exposure at room temperature before spreading
into a non-uniform film. While the lyophobic surfaces restricted the spreading of the
droplet to form thicker films upon solvent vapour exposure, the lyophilic substrates al-
lowed the formation of thinner films. Withdrawal of the solvent exposure caused rapid
evaporation of the solvent molecules near the rapidly retracting contact-line of the film
to facilitate the formation of the LC droplets having size and periodicity as low as ~100
nm and ~200 nm. The thinner films on the lyophilic surfaces allowed the formation
of the droplets having smaller size and periodicity while the use of a physicochemically
patterned substrate with periodic lyophobic and lyophilic patches could direct these in-
stabilities to impose a large-area ordering to the nanodroplets. A theoretical model of
an evaporating thin film composed of an L.C solution of a volatile solvent uncovered that
the spacing of the droplets was decided by the interplay between the stabilizing and
destabilizing components of the capillary forces for the relatively thicker films while the
van der Waals interaction played a supportive role when the thickness of the LC-solvent

film was less than 100 nm. Interestingly, when the miniaturized droplets were brought
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under the exposure of an electric field employing a setup analogous to electrowetting,
they showed an anomalous oscillatory rotational motion originating from the difference
in the Laplace pressure near contact line. Application of Lorentz force to these droplets
showed exciting translational and rotational motions followed by ejection of miniaturized

microdroplets.

6.2 Introduction

(A) Substrate Preparation (C) Micro or Nanodroplet Formation
Step (111)

PDMS UVi
I:Iyd[gphgbu’ Step )
PDMS
& Hydrophilic é
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.
Hydrophilic 5
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@Step (1v)

Solvent Exposure

Solvent Withdrawal

Step (V)

(B) Experimental Setup

Figure 6.1: The schematic diagram shows the production of 5CB LC nanodroplets on the
PDMS substrates. (A) Substrate preparation — step (I) shows the fabrication of homogenous
lyophilic PDMS substrate by UVO exposure. The step (II) shows the fabrication of chemically
heterogeneous PDMS substrate when it was covered with a TEM grid before the UVO exposure.
The optical micrograph shows chemically heterogeneous PDMS substrate after treating with
UVO for ~2.5 h where the scale bar is 100 ym. (B) Experimental setup — step (III) shows the
placement of the LC droplet on the PDMS substrate, which was then placed inside a chamber
having a source of solvent vapour, as shown in the step (IV). (C) Micro or nanodroplet form-
ation — step (V) shows the withdrawal of the solvent exposure and formation of LC micro or
nanodroplets. The AFM images show the typical morphologies of LC droplets.

In the present study, a single step methodology is reported to slim down a microscopic
nematic LC droplet into an array of nanoscopic droplets with sub-micron periodicity.
Fig. 6.1 shows the typical steps to this fabrication process in which initially a micro-
droplet of LC was placed on a PDMS substrate before exposed to a vapour of a volatile
solvent of the LLC material. Subsequently, the solvent penetrated into the droplet matrix

through the adsorption at the LC-air interface. With more solvent absorption into the
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drop led to the NI phase transition followed by a reduction in the equilibrium contact
angle. This caused a progressive spreading of the droplet into a non-uniform film with a
relatively thinner (thicker) zones near the contact line (central portion). At this stage,
when the solvent exposure was withdrawn, the volatile solvent evaporated preferentially
from the thinner peripheral zone near the contact line to engender a contact-line in-
stability. Consequently, rapid evaporation of the solvent vapour from the film matrix
enforced the contact line to rapidly retract towards the central portion of the film to
leave an array of LC droplets having size and periodicity as small as ~100 nm and ~200
nm, respectively, after drying. The size and periodicity of the droplets were found to be
tunable with the wettability of the LC-solvent solution on the PDMS substrate. Further,
the use of a chemically heterogeneous PDMS surface could impose long-range order to
the patterns decorated.

A theoretical model was developed for an evaporating thin film composed of a solute-
solvent solution to qualitatively predict the experimentally obtained periodicity of the
nanodroplets. A recent study has shown that the thermal annealing of LC droplets could
form an array of daughter microdroplets near the contact line [165]. In comparison, we
show that use of the present methodology could develop a very uncommon solvent va-
pour evaporation mediated instability near the contact line to facilitate the decoration
of high-density nonpatterns employing a self-organized pathway.

The proposed methodology is very different from the previously reported self-organized
instabilities [13, 64, 198] of ultrathin films composed of polymeric or LC materials. In
addition, the contact-line instability is also very different from the ones reported previ-
ously for the LC droplets [146, 150, 194, 199].

Interestingly, the micro or nanodroplets of LCs fabricated could show a host of inter-
esting rotational and translational motions alongside the ejection of satellite droplets
while undergoing autonomous rotational motion under the influence of external electric
field or Lorentz force. Arguably, fabrication of such large-area patterns of LC materials
having micro or nanoscale size and periodicity can be very challenging through any other

nanofabrication technique.
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6.3 Experimental Section

6.3.1 Materials

The 5CB (99.99% pure, Sigma Aldrich, Tp = ~33.5 £ 0.5°C) nematic LC was used
for the experiments without any further processing. The SYLGARD® 184 kit of PDMS
was procured from Dow Corning, India. The Si substrates (<100> Orientation, Boron
doped P type, resistivity 0.01 — 0.02 © cm) were purchased from N. J. Int. Cop.,
India. The Copper (Cu) TEM grids with 300 mesh (lines/inch) were procured from SPI
supplies, USA, which had hole width, pitch, and bar width of 58 pum, 83 pm, and 25
pm, respectively. The ITO coated glass was procured from Global Nanotech., India.
Analytical grade solvent hexane was procured Sigma Aldrich to make solutions of 5CB

and PDMS.

6.3.2 Methods
6.3.2.1 Substrate Preparation

The experiments were performed on the three different type of substrates, lyophobic-
homogeneous, lyophilic-homogeneous, and chemically heterogeneous. The step (I) in
Fig. 6.1 schematically shows the pathways to develop the homogeneous and chemically
heterogeneous surfaces. In this regard, initially, the PDMS oligomer, cross-linker, and
hexane solvent (10:1:110 - v/v/v) were mixed together before spin-coated at 2500 rpm
for 120 s on the thoroughly cleaned pieces of Si wafers (~1 cm X ~1 cm). Following
this, the liquid PDMS thin film was hard-baked in the air-oven for 24 h at ~120°C to
obtain the lyophobic and homogeneous solid substrate. The typical PDMS film thickness
was maintained at ~1.2 £+ 0.1 pm, which was measured by the Imaging Ellipsometer
(EP3, Nanofilm, Accurion Scientific Instruments Pvt. Ltd.). The step (I) in Fig. 6.1
shows that the lyophobic PDMS film was converted into a lyophilic one by exposing the
film to the UVO for ~1 h (PSDP-UV4, Novascan Tech. Inc., USA). The chemically
heterogeneous surfaces were prepared following the step (II) in Fig. 6.1. In this case,

the lyophobic PDMS was initially masked at the top by a TEM grid before exposing
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the same with UVO exposure for ~2.5 h. The optical micrograph (Leica DM 2500M) of
the chemically patterned PDMS surface shows that the square (grid) openings (covers)
of TEM grid created the “box” (“grid”) like lyophilic (Ilyophobic) patches on the PDMS
surface. Atomic force microscopy (AFM, Innova Iris, Bruker-Icon Analytical Equipment)
images suggested that the height difference between the lyophilic “square” and lyophobic
“grid” patches was ~35 + 2.0 nm due to the UVO etching of the PDMS surface under

the exposed area.

6.3.2.2 Experimental Setup

The step (III) — (V) in Fig. 6.1 shows the experimental methodology for the generation
of micro or nanoscale 5CB LC droplets. Initially, a 5CB droplet (diameter, 30 — 250
pum) was dispensed on the PDMS substrate from a micro-pipette, as shown in the step
(III). The droplet with the substrate was placed inside an experimental chamber of glass
petri dish, as shown in the step (IV). After the droplet reached equilibrium contact
angle, the solvent hexane was introduced in 20 small solvent containers of 200 ul placed
surrounding the substrate, before the top of the experimental chamber was covered with
another petri dish. After 2 — 5 h exposure to solvent vapour when the LC droplet was
converted into an LC film due to the contact line spreading under the solvent exposure,
the petri dish cover at the top was removed and the solvent vapour source was withdrawn
from the chamber. In consequence, the volatile solvent diffused out of the film matrix
before while generating the micro or nanoscale droplets through contact line instability.
Following this, the samples were dried under vacuum for 24 h at 24 £+ 1.0°C to remove
the excess solvent, as shown in the step (V). The dried samples were analyzed by AFM
and CCD camera using white light in reflection mode. Periodicity, spacing, and size

statistics were analyzed by ImageJ open source software.

6.3.2.3 Lorentz Force Experiment

In order to perform this experiment, in the beginning, ITO coated glass was coated with
a PDMS thin film and subsequently, the 5CB micro or nanodroplets were fabricated on

the PDMS surface following the methodology discussed previously. The only difference
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in the protocol was the 5CB micro or nanodroplets were dried for lesser duration ~15
min under vacuum conditions at 24 + 1°C. Following this, another ITO glass substrate
was placed on the top of the PDMS substrate decorated with 5CB micro or nanodroplets.
Thereafter, the top and the bottom ITO glasses were used as electrodes to apply a direct
current (DC) power source (SES Instruments Pvt. Ltd, EHT-II) to this system. Apart
from the electric field, a pair bar magnet (0.398 + 0.01 T) was placed perpendicular to
the electric field, in order to develop the Lorentz force necessary for the motion. The
droplets elongated to touch the top electrode when the applied voltage was ~25 + 1 —
30 + 1 V, which ensured a current flow through the droplet and the electric field circuit.
The current (J) interacted with the magnetic field (B) to produce the Lorentz force (F

= J x B) necessary for the motion.

6.3.2.4 Theoretical Model

I
Solvent Vapor | %

1
'I‘\ Deformed Droplet

Evaporation E (r, 7)
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i z \\’/ \_/ N -
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Figure 6.2: Schematic representation of an evaporating droplet connected to a non-uniform
thin liquid precursor film evaporating at a rate E(r,t) on a solid substrate. The image shows the
typical geometry employed in the problem formulation where the local thickness of the liquid
domain is h(r,t) and the mean film thickness, hg.

(A) Problem Formulation

The theoretical model was developed to predict the spacing between the droplets formed.
For the ease of formulation, we assumed that under the exposure of the solvent vapour
for a very long duration the LC droplet adsorbed and then absorbed excess solvent to
form a shape of a droplet connected to a precursor thin film with a perturbed air-liquid
interface, as shown in Fig. 6.2. We also assumed that the solvent evaporated out of

this configuration at a rate E(r,t) to form the micro or nanodroplets. An axisymmetric
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polar coordinate system (r, z) was employed for the formulation with the origin fixed at
the film-substrate interface. The notations r and z represent radial and axial coordin-
ates and t represents time. The local thickness of this configuration was assumed to be
h(r,t) while the mean thickness was, hg. The initial concentration (C;) of the LC in the
bulk was assumed to be less as compared to the solvent due to the long solvent vapour
exposure. The concentration, C(r,t) of the LC was assumed increased progressively
with time as solvent evaporated out from the droplet. Thus, the constitutive relation
for a Newtonian fluid, %f = u(Vu + Vu®), and the continuity equation for an in-
compressible fluid, V - u = 0, could be employed alongside Navier-Stokes equations of
motion, pDu/Dt = VP + V - Tf, to model the dynamics of this process. The bold
variables with and without double overbar represent tensor and vector, respectively, the
subscripts preceded by a comma signify differentiations with respect to the subscripted
variable, D /Dt denote substantial derivative, and the variables with subscripts r and z
denote components of the vector or tensor in the respective direction, respectively. The
notations ?z and u{v,,v,} represent the stress tensor and velocity vector, respectively.
The expressions inside the curly brackets are the vector components. The subscript ¢
correspond to the film (i = f) and the bounding fluid (¢ = v) stress tensor while the
symbols u, p, v, Ae, po, and P (= p — 7) denote the viscosity, density, surface tension,
effective Hamaker constant, ambient pressure, and total pressure, respectively. The
notation p denotes fluid pressure while the excess pressure due to intermolecular forces
is, m = — A /67h3. The symbol 1 is the identity tensor, Vs(= (f— nn) - V) is the surface
gradient operator, and the unit outward normal and tangential vectors are expressed as,
n{(~hs.1)/\/T+ 2} and 7{(1, )/ /14 B2} [200].

No-slip and impermeability (u = 0) boundary conditions were enforced at the solution-
solid interface (z = 0). Further, normal [n - (—pof—FTv) ‘n—n- (—pf—i—%f) = VK]
and shear [n T, -7—n- ?f -7 = 0] stress balances along with the kinematic condition
[ht +u-Vsh = v, — E] were employed at the solution-air interface [z = h(r,t)]. The
curvature of the free deforming surface was, Kk = V- n. The evaporation rate was es-
timated as, £ = ep(1—C)" [201, 202], where ey and C are the rate of evaporation of the
pure solvent and the concentration of LC in the solution defined as, C' = LC/(LC + S),

when, h = (LC + S) [202]. The notations LC and S represent the quantities of LC and
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solvent in the solution. The exponent v decided the kinetics of evaporation and was in
the range 0 < v < 1 [201]. In this formulation, we have considered only the pure solvent
(S) is evaporated while the amount of LC remained constant, which eventually led to
the expression, £ = —S; [202]. Differentiating C' with respect to time we obtained the

expression,
1 v
C,t C 60( h— C) .

(6.1)
The variations in the concentration (C') and evaporation from the solution-air interface
also allowed Marangoni flow, which was modeled as, v(7) = vps + mC(r,t) [202], where
Yps is the surface tension of the pure solvent and m is the slope of the variation in surface
tension with C'(r,t). The evolution equation of the deforming LC-solvent solution-air in-
terface was theoretically modeled under the lubrication approximation [203-207] consid-
ering r > z where r — O(1/¢), (2, h,v,) = O(1),t — O(1/¢), and the parameter, ¢ < 1.
In this limit, the incompressibility condition and the r- and z- directional equations of
motion were reduced to (rv;), + 105, = 0, P, — pvy .. = 0, and P, = 0, respectively.
The reduced equations were solved analytically to obtain the general solutions for v, and
v,. The integration constants of the general solutions were evaluated by enforcing no-slip
(v, = 0) and impermeability (v, = 0) boundary conditions at the solution-solid interface
(2 = 0) along with the normal (P —pg— (A¢/6mh3) + (vps +MC)h . — (((yps +mC) /) =
0)) [203, 206, 207] and tangential (v,,. = 0) stress conditions at the solution-air interface
(z = h). The curvature of the deforming interface consisted of both the curvature terms,
& |n=(z7Y2nz) 2 +nrr) [n= (1/h) —h 4 [200]. The solutions of the velocity components
(vr, v,) were replaced in the kinematic condition, h;+v, |, b, = v, |, —eo(1—C)" [201],
to obtain the following nonlinear partial differential equation (PDE) for the deforming

solution-air interface undergoing evaporation [204, 205],

_ (rh?’P’T),T‘ . . v
hy= e eo(1—C)°. (6.2)

(B). Linear Stability Analysis
The normal linear modes [203, 204], h(r,t) = ho(t)+h(r)e“t T and P = P4 P(r)e“ttikr,
were used to linearize the evolution equation (Equation (6.2)), where the notations w

and k signify the growth coefficient and the wave number of the perturbation, hg and P
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are the base-state thickness and pressure, respectively, while the over-tilde symbols are

perturbed variables. The base-state expressions for P and hg were obtained as follows

[203],
5 A. (’Vps + mC)
P=po+ GnhB + o , (6.3)
ho,t = —60(1 — C)U (6.4)

Employing the expressions for the normal linear modes in the Equation 6.1 we obtained

[202],

o4 060(20_0) (6.5)
The coupled ordinary differential equations (ODEs) (Equation (6.4) and Equation (6.5))
were solved simultaneously to obtain the solutions for hg and C'. The exponent v was
derived considering Chy = C;h; [201], as LC was assumed to be non-volatile. The

symbols C; and h; signify the initial concentration and initial base-state thickness of the

film. Thus, from Equation (6.4) we obtained [201],

_eC*(1-C)°
which was integrated to find the evaporation time [201],
Cih; (! dCc
[, = . 6.7
4 €0 /Cz 02(1—C>U ( )

The exponent v was obtained for any finite ¢, after performing the integration numer-
ically. It was observed that the integration converged for, v < 1 [201]. We considered
tevp = 60 — 75 s, similar to the time observed in the experiments. The perturbed pressure
term was P = (—(Ac/2hd) + k% (Yps + mC) — ((yps + mC)/h¢)))h, derived from the
linearized normal stress balance. Replacing P in the linearized Equation (6.2) led to the
dispersion relation for the instabilities of the evaporating liquid film disintegrating into

droplets as [203],

Chy Ae (s +m0)> <zk 2)
w=g, (k (Yps + mC) — Sl " —k?). (6.8)

The essential and adequate condition for the instability (stability) of the liquid film was
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Re[w] > 0(Re[w] < 0). The interplay between the stabilizing surface tension (first term
in the right-hand side), the destabilizing intermolecular force (second term), and the
destabilizing surface tension force (third term) controlled the fate of the instability. The
spacing (Aqvg) between the droplets reported theoretically was obtained by evaluating
the dominant growth coefficient (wy,) using the condition, w, ; = 0, where w, is the real

part of w [203],
) A ~1/2

h2 + 2mhg(vps + mC)

Aavg = 2V27 (6.9)

The derivations, numerical solutions, integrations, and the subsequent calculations were

done employing the commercial package Mathematica™.

6.4 Results and Discussion

6.4.1 The Phenomenon

The step (III) in Fig. 6.1 schematically shows that, initially, the PDMS substrate was
placed in a petri dish before the 5CB LC drop was dispensed on the same. It may be
noted here that the equilibrium contact angle of a 5CB droplet on a lyophobic PDMS
substrate was ~63° [203], which allowed a 5CB drop to form with a convex meniscus.
Following this, the containers surrounding the substrate were filled with the solvent (e.g.
hexane) before another petri dish was used to cover the experimental chamber from the
top. Since hexane is a volatile solvent at room temperature, the experimental chamber
was immediately filled with the solvent vapour, which started penetrating into the LC
droplet.

Figs. 6.3(A — E) in the columns (I — III) show the three different pathways of film
formation for the droplets having small, moderately large, and large sizes, respectively.
Images in the column (I) show that when the drop was smaller (dia. 36 £ 0.5 um),
the solvent diffusion into the droplet matrix was fast to cause a NI phase transition,
as shown by the cross-polarized micrographs in the insets of the images (IA) and (IB).
Thereafter, as more solvent penetrated into the matrix, the droplet spread rapidly to
form a film on the PDMS surface, shown by the Figs. 6.3(IC — IE). In this regard, it

may be noted here that hexane is very well known for showing wetting behaviour on
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Figure 6.3: Optical micrographs in the columns (I — III) show the evolution of 5CB droplets of
size 36 + 0.5 pm, 167 = 1 pm, and 209 + 1 pm, respectively, under a solvent vapour exposure on
a homogeneous PDMS substrate. The column (IV) schematically shows the different stages of
the evolution as shown in the rows (A — E), solvent exposure, phase transition, solvent diffusion,
droplet spreading, and film formation, respectively. The insets in the images of row (A) show
that initially (¢ = 0 min) the 5CB drops were in the nematic state under the cross polarized
microscopy. The insets in the images of row (B) shows the isotropic 5CB drops under the cross
polarized microscopy after, ¢ = 0.05 min, 0.2 min, and 0.3 min of solvent vapour exposure in the
column (I — III), respectively. The images (IC — IE) were taken after, ¢ = 2.36 min, 3.36 min,
and 6.06 min of solvent exposure, respectively; images (IIC — IIE) were taken after, t = 10.45
min, 12.59 min, and 63.40 min of solvent exposure, respectively; and images (IIIC — IIIE) were
taken after, t = 25.34 min, 29.18 min, and 120.00 min of solvent exposure, respectively.

the PDMS surfaces [208]. Thus, with progress in time, as the larger amount of solvent
penetrated into the matrix, the equilibrium contact angle of the LC droplet reduced
from ~63° to form a film of solvent rich 5CB-hexane solution. The images suggest that,
during the spreading stage, the solvent diffusion through the three-phase contact line
was much faster than the diffusion of the solvent through the convex meniscus of the
droplet. Thus, the 5CB-hexane droplet spread on the PDMS substrate through a fast
spreading of the contact line while the meniscus shrunk progressively before forming a
non-uniform of solvent rich 5CB film, as schematically depicted in the Figs. 6.3(IVA —
IVE).

Comparing the diameters of the droplet meniscus in the Figs. 6.3(IB) and 6.3(IC), the

droplet shrunk from 36 + 0.5 pm to 23 4+ 0.5 pym after ¢ = 2.36 min, which was further
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Figure 6.4: Schematic diagrams in the columns (I — IIT) show the side, isometric and top views
of the stages of evolution of non-uniform 5CB-hexane film when the solvent vapour exposure was
withdrawn. Images (A — C) schematically show solvent withdrawal, droplet and ring formation,
and micro or nanodroplets formation stages after solvent evaporation, respectively. Optical
micrographs (ID — IIID) and AFM images (IE — ITIIE) correspond to the systems with initial
droplet diameter 36 £ 0.5 pm, 167 & 1 pum, and 209 £ 1 pm, respectively. The samples were
dried under vacuum for 24 h at 24 £+ 1°C. Inset of the image (IIID) shows submicron 5CB
droplets under cross polarized microscopy. Image (F) shows Raman spectra of 5CB (circular
symbols) and PDMS (triangular symbols) with optical micrograph on which the Raman spectra
were recorded. The inset of optical micrograph in the image (F) shows sub-micron droplets on
a homogeneous PDMS substrate. Image (G) shows magnified Raman spectra of corresponding
to the peaks of 5CB.

reduced to about 8 £ 0.08 pm after t = 3.36 min (Fig. 6.3(ID)). Although the dissolution
of the droplet meniscus was visible in the optical images, the spreading of the contact
line and the formation of the non-uniform film were beyond the limit of optical charac-

terization. The images suggested that the film was thicker near the central portion and

thinner near the peripheries, a schematically depicted in the image (IVE).
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Following this, when the solvent exposure was withdrawn from the experimental cham-
ber, the film broke down into a collection of droplets as the solvent rapidly evaporated
out from the film matrix under ambient condition. Schematic diagrams in the columns
6.4(I — III) show the side, isometric, and top views of the stages of evolution of solvent
rich non-uniform 5CB-hexane film after the removal of solvent vapour exposure. Figs.
6.4(A — C) show different stages such as the solvent withdrawal, the contact line instabil-
ities, and the formation of micro or nanodroplets, respectively. The images schematically
show that the solvent evaporation was rapid from the thinner peripheral part of the 5CB-
hexane film than the thicker central part. Subsequently, a rapid retraction of the contact
line towards the centre of the droplet led to the instabilities near the retracting contact
line to form a collection of microdroplets of the 5CB-hexane solution. Upon evaporation
of solvent from matrix through 24 h drying at 24 4+ 1.0°C, the microdroplets converted
into a collection of 5CB nanodroplets, as shown in the optical micrograph 6.4(ID) and
AFM Figs. 6.4(IE). Figs. 6.4(F) and 6.4(G) shows typical phenyl C-H, biphenyl C-C,
and CN peaks of 5CB from Raman spectroscopy, which confirmed that the nanodroplets
were indeed composed of LC materials [209].

The images in the column (II) of Fig. 6.3 show the stages of evolution of a moderately
large droplet (dia. 167 4+ 1 pm). In this case, initially, the solvent diffusion into the
droplet matrix led to the NI transition (Figs. 6.3(IIA) and 6.3(IIB)) and understandably,
the time taken for this process was larger than the smaller droplet in the column (I) due
to the larger initial size. Importantly, as compared to the smaller droplet case where the
spreading of the contact line was much faster than the solvent vapour diffusion through
the droplet meniscus, in this case, both the phenomenon happened at a similar rate. In
consequence, the droplet retained its lens like convex meniscus while expanding to form
a non-uniform film, with the progressive expansion of contact-line and reduction of the
contact angle with time, as shown by the Figs. 6.3(IIB — IIE). The spreading of the
droplet with the convex meniscus had a diameter of 372 £+ 0.54 pym after ¢ = 10.45 min
and 697 £ 0.36 pm after ¢ = 13 min, as shown in the Figs. 6.3(IIC) and 6.3(IID). Again,
as observed in the previous case, after the film formation was complete, the removal of
the solvent broke the non-uniform film into a collection of randomly placed isotropic

liquid droplets, as schematically shown in the Figs. 6.4(A — C) in the columns (I) -
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(III). The droplets underwent IN phase transition upon further drying and the optical
micrograph 6.4(IID) and AFM Figs. 6.4(IIE) confirmed the formation of the nanoscale
droplets when the samples were dried for 24 h drying at 24 £+ 1.0°C.

The images in the column (III) of Fig. 6.3 show the stages of evolution of a larger
droplet (dia. 209 + 1 pum), which was found to be even more sluggish than the previous
cases. In this case, as observed for the previous cases, initially, the solvent diffusion
into the droplet matrix led to the NI transition (Figs. 6.3(IIIA) and 6.3(IIIB)). The
typical time taken for the NI transition of the 5CB droplets of the different size shown
in the column 6.3(I — III) were found to be, ¢ = 0.05 min, 0.2 min, and 0.3 min, re-
spectively, which suggests that the kinetics of solvent absorption into bigger droplets
were much slower. The Figs. 6.3(IIIB) and 6.3(IIIC) show that after the NI phase
transition the drop initially spread following the pathway of the moderately large drop
(column 6.3(II)) maintaining a broad convex meniscus. However, at the later stages,
images (IIIC — IIIE) show that the meniscus progressively shrunk with time, as it was
observed for the smaller droplets (column 6.3(I)). The spreading meniscus was found to
be about 641.5 + 1.5 pum after t = 25 min and 625 £ 0.5 um after ¢ = 29 min as shown
in the Figs. 6.3(IIIC) and 6.3(IIID) whereas the shrinking meniscus was about 616.2
+ 2.2 pym and 460 + 4.5 um. Thus, at the initial stages, the spreading of the contact
line and the solvent vapour diffusion to the droplet matrix were happening at almost
similar rates. At the later stages of evolution, when the top part of the droplet was
almost saturated with the solvent vapour, the contact line spread at a much faster rate
to shrink the meniscus before forming the non-uniform film. The removal of the solvent
source after the film formation again disintegrated the non-uniform film into a collection
of randomly placed isotropic liquid droplets, which underwent IN phase transition upon
further drying before forming micro or nanodroplets after 24 h drying at 24 + 1.0°C, as
shown in the optical micrograph 6.4(IIID) and AFM Figs. 6.4(I1IE).

We also performed control experiments where a dilute solution of LC was dispensed
on the PDMS surface and allowed to rapidly evaporate, as shown Fig. 6.5. In such
a scenario, the solvent evaporated from the droplet matrix to leave an array of micro-
droplets of LC on the surface. Interestingly, upon drying the size and periodicity of

these droplets were found to be much larger than the ones we obtained following the
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Figure 6.5: Optical images (A — D) show the generation of LC droplets by dispensing the 0.7%
(w/v) of 5CB solution in hexane on PDMS substrate. Image (A) shows 2 ul drop dispensing by
micro-pipette at ¢ = 0 s. Image (B) shows generation LC droplets generation at ¢t = 5 s. Images
(C) shows film completely broke down into droplets at ¢ = 7 s. Image (D) show magnified image
of (C). Inset cross polarized images is magnified image of (D) with LC texture.

procedure described in Figs. 6.1, 6.3, and 6.4. The controlled exposure of the solvent
vapour to convert the droplet into a film led to the formation of a much thinner film of
LC-solvent solution than when a drop of the LC-solvent solution was dispensed on the
PDMS surface. Subsequently, the rapid evaporation of the solvent from the thinner film

matrix lad to the formation of much smaller LC droplets upon drying.
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Figure 6.6: AFM images of (A — C) show 5CB droplets produced on the lyophobic, lyophilic,
and physicochemically heterogeneous PDMS substrates, respectively, after 24 h drying at 24 +
1.0°C. Image (A) shows that on the lyophobic PDMS substrate the average drop size was ~209
+ 20 nm and average drop spacing was 1.18 £+ 0.05 pum when the initial diameter of the drop
size was, 60 £ 0.5 pm. Image (B) shows that on the lyophilic PDMS substrate the average drop
size was 115 + 10 nm and average drop spacing 600 £+ 30 nm when the initial drop size was 72
+ 0.5 pm. Image (C) shows ordering of these nanostructures on a chemically patterned PDMS
substrate when the initial drop diameter was, 180 + 1 pm. Image (C1) and (C2) show magnified
images of the marked zones of the image (C) at the lyophilic and lyophobic patches, respectively.
In the image (C1) the average size and spacing of the droplets were 203 + 25 nm and 332 +
31 nm, respectively, while the same in the image (C2) were 373 £+ 50 nm and 951 + 50 nm,
respectively.

Fig. 6.6 summarizes the typical size and spacing of the LC droplets formed on the ly-

ophobic, lyophilic, and physicochemically heterogeneous PDMS substrates. The AFM
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images were obtained after the experiments were complete and the samples were dried
for 24 h in vacuum at 24 + 1.0°C. Fig. 6.6A shows when a 60 + 0.5 ym 5CB droplet
was converted into a film through solvent exposure before disintegrating the film into
droplets on a lyophobic PDMS substrate (contact angle ~63°) the average diameter
and spacing of the droplets were 209.67 + 20 nm and 1.18 £+ 0.05 pm, respectively.
Importantly the average size and spacing of the droplets were brought down to 115 +
10 nm and 600 4+ 30 nm, when a 5CB droplet of initial diameter 72 + 0.5 um was
converted into a film through solvent exposure on a lyophilic PDMS substrate before
disintegrated into droplets through the withdrawal of the solvent exposure, as shown
in the Fig. 6.6(B). It may be noted here that the contact angle of the 5CB decreased
from ~63° to ~50° when the lyophobic PDMS surface was made more lyophilic through
UVO exposure [203]. Thus, a thinner wetting film was formed on the more lyophilic
surface than the lyophobic one, which upon disintegration could lead to closely spaced
and smaller sized droplets.

Interestingly, a large area ordering could be imposed on these droplets when a physico-
chemically heterogeneous PDMS surface with periodic patches of lyophobic “grid” and
lyophilic “box” patterns was employed. Fig. 6.6(C) along with the magnified images
(C1) and (C2) show that, when a droplet of diameter 180 + 1 um was disintegrated by
synchronized solvent vapour exposure and its withdrawal, the lyophilic patch was popu-
lated with the droplets of average diameter and spacing of 203 £ 25 nm and spacing 332
+ 31 nm, respectively. In this situation, the 5CB droplets on the lyophobic grid zone had
an average spacing of 951 £+ 50 nm and an average diameter of 373 + 50 nm. Notably,
near the junction of the lyophobic and lyophilic patches, excellent ordering and pinning
of the 5CB droplets were also observed in the Fig. 6.6(C). The AFM images in Fig.
6.6 shows that the proposed methodology could fabricate high density nanostructures
of size as low as ~100 nm and periodicity ~600 nm. The experimental results shown
so far suggested that the final size and the spacing of the droplets were dependent on
the wettability of 5CB-solvent solution on the PDMS substrate and the initial diameter
(Dy) of the 5CB droplet. Thus, we identified the influence of these parameters on the
final average diameter (Dp), the number density (Ng), and the average spacing (Agug)

between the droplets, as shown in the Fig. 6.7.
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Figure 6.7: The plots (A) and (B) show the variations in average final diameter of droplets
(D), plots (C) and (D) show the variations in the number of droplets per 100 ym? (N,), and
the plots (E) and (F) show the average spacing (Aq.,4) between the droplets with the variation
in the initial drop size (Dy) of 5CB. The plots on the left column (A, C and E) show the results
for the homogeneous lyophobic and lyophilic substrates. The plots on the right column (B, D,
and F) show the results on the chemically heterogeneous substrate.

Fig. 6.7(A) shows that the D was progressively reduced towards the nanoscale with
the reduction in Dy. This is because, during the solvent exposure stage, a smaller 5CB
droplet supplied lesser amount of 5CB materials to the 5CB-solvent solution, which
eventually formed the non-uniform thin film of solvent rich 5CB-solvent solution. Thus,
when the vapour source was withdrawn and the film was broken into microdroplets,
they contained less amount of 5CB. Upon further drying of these microdroplets led to
the formation of nanodroplets of size nearing 100 nm. The plot suggests that on the
lyophobic PDMS substrate the Dp varied from 200 — 700 nm, however, on the lyophilic
PDMS substrate Dp varied from 100 — 300 nm. Again, the smaller diameter on the

lyophilic substrate could be attributed to the more spreading of the 5CB droplet on
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lyophilic PDMS surface during the solvent vapour exposure, which eventually led to the
formation of a thinner film than the lyophobic surface under identical experimental con-
ditions. Consequently, when the solvent exposure was withdrawn, the thinner films on
the lyophilic patches led to the formation of smaller drops of 5CB-solvent solution. The
droplets shrunk further to the level of 100 nm diameter upon prolonged drying to remove
solvent under vacuum. Figs. 6.7(C) and 6.7(E) suggest that the aforementioned reasons
also led to the increase in the number of droplets per 100 um? (Ny) and reduction in Agyg
on the lyophilic patches. The Figs. 6.7(B), 6.7(D) and 6.7(F) together show that similar
degree of miniaturization and packing density of the 5CB droplets with ordering could
achieve with the reduction in the D even on the chemically patterned PDMS substrate.
For example, D was found to be in the range of 150 — 240 nm on the lyophilic surfaces
while the same on the lyophobic was in the range of 288 — 504 nm. Concisely, the figure
highlights the significance of the proposed methodology in generating a wide range of

closely spaced nanoscale L.C lenses with ordering.

6.4.2 Theoretical Explanation

The experimental results could be explained by the proposed theoretical model because
(i) under prolonged exposure to the solvent vapour the 5CB droplet was converted into
a Newtonian and incompressible film of dilute 5CB-solvent solution before the solvent
source was withdrawn; and (ii) the breakup of the non-uniform thin film into droplet
of the dilute LC solution could be envisaged as the dewetting of a thin film due to the
rapid evaporation of solvent from the film.

We assumed that in the solvent rich state the film was of nearly microscale thickness
while the stabilizing and destabilizing components of the curvature forces promoted
the Plateau-Rayleigh instability near the retracting contact line. The effects of the in-
termolecular force and solutal Marangoni flow was also included as the other possible
sources of this instability. The dispersion relation obtained from the linear stability
analysis of the governing equations in the Equation (6.8) in the section 6.3.2.4 of the
methods segment shows the components of the stabilizing and destabilizing compon-

ents of the surface tension force (first and third terms on the right-hand side) and the
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Figure 6.8: Plots (A — D) show the results obtained theoretically while plots (E) shows the
comparison between the experimental and theoretical results. Plot (A) shows the variation of
base state film thickness (hg) and the LC loading in the solution (C'in % w/w) with ¢ and plot
(B) shows the variation of hg with C' at different t. Plot (C) shows the variation of hg = h$>* and
C = (¢ after t = 65 s with the variation in the initial solute concentration, C;. Plot (D) shows
the variation of A4y with C;. Plot (E) shows the comparison of A,y with h; (experimentally
defined as, D) from the experiments and theory when C; = 0.01. The typical parameters
employed for the calculations in the plots were, eg = 2.0 x 10~® m/s, v = 26 mN/m, 4, = 1.82
x 1072 J, m =0.1,t = 65 s.

destabilizing intermolecular force (second term). While making the qualitative compar-
ison, we assumed that the interplay between these forces decided the spacing between
the formation of the solvent rich isotropic 5CB droplets. We also assumed that al-
though the droplets shrunk upon drying to obtain the nanoscale size, their periodicity
did not change. The coupled ODEs in the Equations (6.4) and (6.5) in section 6.3.2.4 of
the methods segment were solved simultaneously to obtain the variation in the average
height of the film, hg, and the concentration of the solute C, with time ¢, as shown in
the plots 6.8(A) and 6.8(B). The theoretical parameters for these plots are optimized in
such a manner that they were close to the experiments.

The plots 6.8(A) and 6.8(B) suggest that the solvent evaporated out from the films in
two different phases. In the initial ‘thinning’ phase, a film of an initial average thickness
of ~1.5 um steadily thinned to an average thickness of 100 nm at about 65 s due to
rapid evaporation of the solvent with the marginal increase in the solute concentration.
In the subsequent ‘drop formation’ phase, the 100 nm film thinned rapidly to ~0.15

nm with an abrupt increase in the solute concentration, which could also be termed as
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the dewetting phase. The parameters in the theoretical analysis were tuned in such a
manner that the time required for the end (onset) of the thinning (dewetting) phase was
~65 — 75 s, which was obtained from the experiments. Plot 6.8(C) depicts the variation
of the average height of the film, hy = h85 s, and concentration C' = C% s, after t = 65
s with the variation in the initial solute concentration, C;. The plot suggested that the
film thickness reduced before dewetting with the reduction in the initial loading of the
LC molecules as reduced with the reduction in C;. The plot (D) suggests the variation in
the theoretically predicted spacing between the droplets (Aqug) with C; at the different
time intervals of the end (onset) of the thinning (dewetting) phase. The plot shows that
the theoretical periodicity of the droplets reduced with the reduction in C; as well as
with the increase in the time intervals for the end (onset) of the thinning (dewetting)
phase. In the plot 6.8(E), a comparison between the theoretical (solid line) and exper-
imental (hollow symbols joined with a broken line) droplet spacing (Aqvg) Wwas carried
out with the initial diameter of the droplet, D, which was assumed to be the theoretical
equivalent of, h;. Again, in this case, the end (onset) of the thinning (dewetting) phase
was maintained ~65 s. The plot shows that with the increase in Dy, A4, increased as

observed in the experiments for both the lyophilic and lyophobic zones.

6.4.3 Application

Fig. 6.9(A) shows the schematic diagram of experimental setup for the Lorentz force
(F = J x B) induced self-propulsion of micro or nanoscale droplets. The configuration
shown in these images emulate the typical electrowetting EWOD setup [210] with the
exception of the presence of the magnetic field in the present study. In these experi-
ments, initially, the 5CB micro or nanodroplets were generated on the lyophobic PDMS
substrate through solvent exposure on a droplet of diameter 246 + 1 um followed by
the removal of the solvent source. Following this, the magnetic field (B) was generated
across the system through a pair of bar magnets of strength 0.398 + 0.01 T, as shown
in the Fig. 6.9(A). Under the electric field exposure the droplets initially elongated to
touch the top electrode due to the electrohydrodynamic stress generated at the LC-
air interface, as schematically shown in the Fig. 6.9(A). This enabled a weak leakage

current (J) to pass through the elongated droplet, which touched the pair of bounding
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Figure 6.9: The schematic diagram (A) shows the experimental setup for the Lorentz force (F
=J x B) induced locomotion of microdroplets on a PDMS substrate confined between a pair of
ITO electrodes. The image (B) shows the motions of a droplets of average size, 9.45 £+ 0.95 m
at 95 £ 1 V; image (C) shows the motions of a droplets of average size, 9.305 + 0.44 m at 100
+ 1 V; and image (D) shows the motions of a droplets of average size, 9.195 + 0.32 m at 105 +
1 V. In these experiments the magnetic field strength was 0.398 + 0.01 T. The arrowhead and
tail show the final and initial points while plot (E) shows the variation in the average velocity
(Vawg) with the applied voltage (1) of the Lorentz force induced translational motion. Images
(F) and (G) schematically show the electric field induced elongation and rotation (clockwise and
anti-clockwise) of the LC droplets of diameter under the sole influence of the electric current
(J). Images (H — J) show the top view of the experimental images when the droplet of diameter
was diameter 8.96 + 1.6 um at 85 £ 2 V. Inset show the cross polarized microscope images of
the rotating droplets. Plot (K) shows clock wise and anti-clock rotational speed of the droplet
(w / 2 s) with time (¢) for a drop of diameter 194.5 + 0.5 pm. Cross polarized optical images
(L — N) show the satellite drop ejection of a 49 £+ 0.2 pum droplet when the applied voltage was
150 + 3 V and the magnetic field strength was 0.398 £+ 0.01 T. Plot (O) shows variation in
w with difference in the theoretical (solid line) and experimental (symbols) radius of curvature
ARc = |1/Rr — 1/Ry| across the droplet when R, or R was assumed to be, 0.5 pum, 1 pm,
and 2 pm. The results are compared for different v for two different droplets, 194.5 4+ 0.5 um
and 205.5 + 0.5 gm. The typical thickness of the PDMS film was 1.2 £+ 0.1 pm while the spacing
between the top ITO electrode and PDMS was managed using dust particles.

PDMS and ITO electrodes upon expansion. Subsequently, the presence of the magnetic
field generated adequate thrust for the droplet motion suppressing the friction on the
bounding PDMS and ITO substrates.

The Figs. 6.9(B — D) show the motions of droplets of average size ~9 — 9.5 ym when
the applied voltages were 95 V, 100 V, and 105 V, respectively. The tails and the head

of the arrows define the initial and the final position of the droplet. Plot (E) suggests
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that the average speed (Vj,4) of these droplets could be modulated from ~8 to ~24
body lengths per second with increasing strength of the Lorentz force due to increasing
voltage (¢). During the translation we also observed the droplet left some ‘footprint’
on the PDMS surface, as shown in the Figs. 6.9(B — D). A detailed analysis of this
phenomenon uncovered that the droplet underwent random clock and anticlockwise mo-
tions while the translation took place. In a way, the translational motion was more of a
“spiraling” motion wherein the droplet rotated randomly due to the electric field while
translating due to the Lorentz force.

In order to uncover the origin of the rotational motion, we performed another set of
experiments in which the magnetic influence was turned-off. The schematic diagrams in
the Figs. 6.9(F) and 6.9(G), the experimental Figs. 6.9(H — J) show random rotational
clock and anticlockwise motions of the microdroplets under the sole influence of the
electric field field when the applied voltage was 85 4+ 2 V. The clock and anti-clockwise
rotational motions of the droplet could be explained by the asymmetric Laplace pres-
sure gradient near the three phase contact line of the droplet confined between the
lyophobic PDMS and lyophilic ITO surfaces, as schematically shown in the Figs. 6.9(F)
and 6.9(G). It may be noted here that the equilibrium contact angle was acute on the
ITO substrate while the same was obtuse on the PDMS substrate. The cross-polarized
microscopy images as insets with the Figs. 6.9(H — J) confirmed that the droplets were
indeed in the LC phase. The plot (K) shows the typical magnitudes of the rotational
speed (w) with time, ¢, under the sole influence of electric field.

The Figs. 6.9(F) and 6.9(G) suggest that, when the 5CB droplet was elongated to touch
the top electrode under the exposure of a strong electric field, a difference in the radius of
curvatures was generated towards the sides, Ry and Rg. Here the subscripts ‘L’ denotes
left and ‘R’ denotes right side of the contact line, in a two-dimensional framework. The
difference in the pressure across the interfaces could be obtained from the Young-Laplace
equation as, APp = PRr—Pp =1~ (]1% + RlR) and APr =P, —Pp =7 (]1:{ + R1L> and,
respectively, where ~ is the surface tension, R is the transverse radius of curvature of the
droplet, Pg is the pressure inside the droplet at the right side, Py, is the pressure inside
the droplet at the left side and Py is the atmospheric pressure. Thus, the net pressure

difference A Pr between the left and right side of the droplet is, APr = |[APr — APp| =
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1 1

Rr Rp|
torque, T = Rp X APr x A, which helped in the droplet rotation. Here Rp was the ra-

0% We assumed that the pressure difference across the droplet created a

dius of the droplet and A was the curved surface area of the droplet, which was assumed

to be the curved surface area of a cylinder for the sake of simplicity. The angular accel-
eration of the droplet rotation was, o = d—w - (RDVA> N
dt P XV pv Rr Rp
and v the density and volume of the droplet. Integrating the expression for the angular
RpyA 1 1
pv ) Rr Rp
plotted against the experimentally obtained rotational speed in the plot (O). The plots
1 1

Rr Ry
of 0.1 — 0.4 um could cause the rotational speed to vary ~1 — 4 rps when the v varied

, Where p

t, which was

velocity we obtained the theoretical expression, w = (

confirmed that a typical variation of the parameter, ARs = , in the range

from 200 — 250 V for the droplets of size 190 — 250 pm.

Importantly, under this condition when the magnetic field was re-introduced, at a much
higher applied voltage, continuous ejection of satellite microdroplets surrounding the
central microdroplet was observed, as shown in the cross polarized Figs. 6.9(L — N). In
this situation, while the electric field induced the rotational motion to the LC droplet
the Lorentz force helped in amplifying the same, which led to the ejection of the satellite
droplets from the primary one when the centripetal force was larger than the cohesive
force of the LC materials. The Lorentz force induced ejection of the droplets could be
optically followed when the droplet size was ~30 pum or higher and the applied voltage
larger than ~150 V wherein the rotational speed was found to be ~350 rpm. Under-
standably, this speed was much higher than the sole influence of electric field, which led

to the ejection of the droplets by the amplification of the centripetal force.

6.5 Summary

In this study, a single-step methodology was showed for fabrication of micro or nanoscale
LC droplets by contact line instability of evaporating thin films. The summary of the

study is,

(i) Initially, LC drop (30 — 250 pm) was placed on three different substrates chem-

ically homogeneous lyophobic, chemically homogeneous lyophilic, and chemically
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heterogeneous substrates. Later, they were exposed to solvent vapour before the
LC drop spread on a substrate and form a non-uniform solvent rich LC film by

solvent diffusion into the drop matrix.
(ii) A non-uniform film formation from a drop was varied on the initial LC drop size.

(iii) After a prolonged solvent exposure (2 — 5 h), when the solvent source was with-
drawn from the experimental chamber then the solvent evaporates from film mat-
rix. It engendered rapid retraction of the contact line towards the centre of the
droplet led to the instabilities the retracting contact line to form a collection of
microdroplets of the 5CB-hexane solution. Upon evaporation of solvent from mat-
rix through 24 h drying, the microdroplets converted into a collection of 5CB

nanodroplets.

(iv) The experiments where the dilute LC solution dispensing on the PDMS surface
were found the drop size, spacing, and periodicity much larger than ones we ob-

tained from controlled exposure and withdrawal of the solvent vapour.

(v) The experiments were done on the three different type of substrates, lyophobic-

homogeneous, lyophilic-homogeneous, and chemically heterogeneous.

(vi) The LC nanodroplets size (Dg), average spacing (Aqyg) on lyophilic substrates
found to be much smaller than the lyophobic substrates. Interestingly, a large
area ordering could be imposed on these droplets when a physicochemically het-
erogeneous PDMS surface with periodic patches of lyophobic “grid” and lyophilic

“box” patterns was employed.

(vii) The linear stability analysis of a theoretical model representing an evaporating thin
film composed of a solution of an LC solute and a volatile solvent qualitatively
showed that the spacing of the droplets was decided by the interplay between
the stabilizing and destabilizing components of the capillary forces for relatively
thicker films. The van der Waals interaction was found to play a supportive role

when the thickness of the LC-solvent film was less than 100 nm.
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(viii)

(ix)

6.6

When the miniaturized droplets were brought under the exposure of an external
electric field, an anomalous oscillatory rotational motion was observed originating

from the difference in the Laplace pressure around the contact line.

Interestingly, application of Lorentz force to these droplets showed exciting trans-

lational and rotations motions followed by ejection of miniaturized droplets.

The proposed pathways can be employed to fabricate an array of nanoscale lenses
of LC under ambient conditions, which can be of lead to futuristic nanoscale lo-
comotives, display, oscillators, rotors, optical, electronic, and energy harvesting

devices.
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Chapter 7

Conclusions and Scope for the Future Work

7.1 Conclusions

In this thesis, we were able to generate micro or nanodroplets in a new, simple, and cost-
effective way by exploiting the self-organized instabilities of ultrathin polymer films and
liquid crystal droplets. We also showed few simple applications by using this generated
micro or nanodroplets. Finally, some important conclusions were drawn from this study,

those are,

7.1.1 Pattern Directed Dewetting of Ultrathin Polymer Films to Fab-

ricate Ordered Nanostructures

e First time we show that, instead of using a physical or chemical patterns on a
substrate, the use of physicochemical patterns could guide the formation of sub-

micron patterns employing the self-organized dewetting of thin polymeric films.

e The dewetting on the PDMS substrates loaded with discrete and closely packed
AuNPs led to the hole formation near the physicochemical defects, which eventu-

ally controlled the size and the spacing of the droplets formed.

e The size and spacing of the holes and the droplets could be tuned by varying the

nanoparticle loading on the PDMS substrate.

o Interestingly, as compared to the dewetting of PS films on the homogeneous PDMS
surfaces, the AuNP guided patterns show a tenfold miniaturization.

105
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e Further, use of pre-patterned physicochemical substrate could impose a long-range

order to the dewetted patterns to develop a gradient surface.

e The results shown here can be of significance in the fabrication of high-density
nanostructures exploiting the self-organized instabilities of thin polymers films on

the physicochemically patterned surfaces.

7.1.2 Solvent Vapour Mediated Spontaneous Healing of Self-Organized
Defects of Liquid Crystal Films

e The phase transition of ultrathin nematic film can also be done by solvent annealing

at room temperature.

e The transitions were accompanied by the appearance and fading of surface patterns
as the solvent destroyed (restored) the orientational order while diffusing into (out
of) the film. The experiments confirmed that solvent exposure could act as an

analogue to thermal annealing in ambient conditions.

e A prolonged solvent vapour annealing led to the dewetting of the nematic film

following the NI transition.

e During this stage, removing the solvent exposure led to an exciting fingering in-
stability at the contact line, surrounding the dewetted zones. The change in contact
angle due to phase transition coupled with the imbalance of osmotic pressure due
to the differential rate of solvent evaporation across the contact line helped the

fingers to grow towards the centre of the hole.

o The fingers grew with time to attain structures with significantly high aspect-ratio

and branching patterns, which nearly self-healed the dewetted zones.

o Interestingly, even at this stage, the growth of the fingers could be arrested and

dewetting could be resumed by introducing solvent vapour exposure.

e The formation of the nematic fingers upon withdrawal of the solvent exposure and
the removal of the fingers through the dewetting of the films upon solvent vapour

annealing were found to be a quasi-reversible process.
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The characteristics of the fingering instability observed for the nematic ultrathin
films in the present study were very different from the same originated due to
the osmotic pressure imbalance during the spreading of a droplet loaded with

surfactants [199, 211].

The results reported here show the potential for future developments of futuristic

vapour sensors and self-healing coatings using LC thin films.

7.1.3 Pattern Directed Phase Transition of the Nematic, Smectic, and

TH-1779_11610716

Crystal State Ultrathin Films

The solvent vapour mediated phase transitions from the crystalline or semctic
phases to the nematic phases as well as the nematic phases to the isotropic phase
have been shown at room temperature. The reverse phase transitions from iso-
tropic to nematic phase and from nematic to the crystalline or smectic phases have
also been shown upon the withdrawal of the solvent vapour source. The transitions
were found to be repeatable with the periodic exposure and the withdrawal of the
solvent and found to be very similar to the thermal annealing with the exception

that the entire processes could be performed under ambient conditions.

Emulating the LC thermometers, we showed that a thin film resting on a solid
substrate could be employed to measure the vapour pressure and volatility of
different aromatic and non-aromatic solvents. For this purpose, a linear correlation
was identified between the time for nematic to isotropic phase transition during the
exposure of the different solvent vapours with the vapour pressure and volatility

of the solvents.

The solvent annealed phase transition behaviours of a LC-DAuNP composite
droplet was converted into an electrical signal with the help of an external cir-
cuit. The electrical resistance was found to reduce (increase) upon the destruction
(restoration) of the orientational order of the droplet. The setup could be employed
to sense the presence and absence of different volatile organic vapours, phase trans-

ition of LC materials, evaluation of the order parameter of an LC material during
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phase transition, rate of diffusion and absorption of a solvent into a LC matrix,

and the rate of evaporation of a solvent from a LC matrix.

e In addition, the solvent annealed phase transition of the LC materials on the
physically and chemically heterogeneous surfaces show a pattern directed phase
transition. While in the physically heterogeneous surface the variations in the
thicknesses ensured that the nematic to isotropic phase transition was faster at the
thinner regimes, in the chemically heterogeneous surfaces the weaker anchoring of
the LC molecules on the lyophobic patches ensured a faster nematic to isotropic
transition during the solvent vapour exposure. These observations could easily be
exploited to develop LC based devices to identify the physical or chemical defects

on the surfaces alongside the measurement of the lyophobicity or lyophilicity.

¢ We have identified a rate parameter ¢, which is the ratio of the rate of destruction
and restoration of the orientational order of LC molecule, is substantiated as the
ratio of the rate absorption to desorption of solvent molecule. For a uniform LC
film this rate parameter ¢ has different values for different solvents. In case of a
LC film on a chemically patterned substrate undergoing solvent annealing, ¢ > 1

for lyophobic patch whereas ¢ < 1 for lyophilic region.

e The study shows a host of interesting scientific phenomenon, which could be em-
ployed in future to develop prototypes to identify volatile organic matters, vapour
pressure or volatility of solvents, and surface properties such as the defects or the

lyophobicity, among others.

7.1.4 Pattern Directed Ordering of Spin-Dewetted Liquid Crystal Mi-

cro or Nanodroplets

e Here we showed a simple and economic top-down methodology to fabricate an
array of ordered and high-density micro or nanodroplets of LC materials, which

can stage a paradigm shift in the development of futuristic display devices.

e Spin-dewetting of a droplet of a dilute 5CB-organic solution on a chemically pat-

terned PDMS substrate formed an ordered array of microdoplets. Evaporation of
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the solvent and 5CB from these microdroplets could miniaturize the size to the

sub-100-nm regime to form well-organized nanoscale digitized 5CB droplets.

e The size, periodicity, and spacing of these mesoscale droplets could be tuned with
the variations in the initial LC loading in the organic solution and the strength of

the centripetal force with the change in rotational speed of the spin-coater.

e The miniaturized 5CB droplets showed reversible phase transitions from nematic
to isotropic and vice versa with the periodic exposure and removal of the solvent
vapour or with the periodic increase or reduction in temperature, suggesting the

usefulness of these miniaturized droplets as vapour or temperature sensor.

e When these microdroplets were confined between a pair of electrodes and an ex-
ternal electric field was applied, they showed pixelated light-reflecting properties
under the polarization microscopy, highlighting their importance in the develop-

ment of micro or nanoscale LC displays.

e In addition, the digitized LC droplets, which were stationary otherwise, showed
interesting dielectrophoretic locomotion restricted to the lyophilic zone under the

influence of the externally applied electric field.

e The findings could significantly contribute in the development of futuristic va-
pour or temperature sensors, miniaturized light reflectors, masks for lithographic
methodologies, and self-propellers employing the micro or nanoscale digitized LC
droplets. The spin-dewetted droplets on a chemically patterned surface could also
be employed for large-area patterning of surfaces in a roll-to-roll format, which

may usher in novel ways for soft lithographic printing.

7.1.5 Solvent Vapour Mediated Contact Line Instabilities of Liquid

Crystal Droplets

e The proposed pathway could easily destroy the orientational order of an LC mi-
crodroplet placed on a PDMS substrate to form a film at room temperature upon
solvent vapour annealing before rapidly disintegrating into a collection of LC mi-

crodroplets upon the withdrawal of the solvent exposure. Rapid evaporation of
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the solvent from the film matrix followed by drying not only restricted the coales-
cence of the mesoscale structures formed but also helped to obtain LC droplets of

nanoscale size and periodicity.

e The solvent exposure to the droplet allowed rapid spreading due to the reduction
in the equilibrium contact angle with the solvent absorption in the drop matrix.
Further, evaporation of the solvent after the withdrawal of the solvent exposure
engendered rapid retraction of the contact-line owing to the increase in the equilib-
rium contact angle. Subsequently, an uncommon contact-line instability near the
contact line engendered the formation of the droplets of LC-solvent solution. The

microdroplets further shrunk to the nanoscale size and periodicity upon drying.

o The droplet size and periodicity was found to be lesser (higher) on the lyophilic
(lyophobic) surfaces because the average thickness of the non-uniform film of the
LC-solvent solution was much thinner (thicker) during the prolonged solvent ex-
posure phase. Further, a smaller LC microdroplet led to the formation of nan-
odroplets owing to the less loading of the LC materials into the film during the
solvent exposure and droplet spreading phase. A large area order to these pat-
terns could be imposed when the droplets were simultaneous spread and dewetted

a physicochemically patterned PDMS substrate.

e The linear stability analysis of a theoretical model representing an evaporating thin
film composed of a solution of an LC solute and a volatile solvent qualitatively
showed that the spacing of the droplets was decided by the interplay between
the stabilizing and destabilizing components of the capillary forces for relatively
thicker films. The van der Waals interaction was found to play a supportive role

when the thickness of the LC-solvent film was less than 100 nm.

¢ When the miniaturized droplets were brought under the exposure of an external
electric field, an anomalous oscillatory rotational motion was observed originating
from the difference in the Laplace pressure around the contact line. Interestingly,
application of Lorentz force to these droplets showed exciting translational and

rotations motions followed by ejection of miniaturized droplets.
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7.2

TH-1779_11610716

The proposed pathways can be employed to fabricate an array of nanoscale lenses
of LC under ambient conditions, which can be of lead to futuristic nanoscale lo-
comotives, display, oscillators, rotors, optical, electronic, and energy harvesting

devices.

Scope for the Future Work

Enhancing the self-organized instabilites by placing physicochemical defects un-
derneath the film can be carried further by using, superlyophilic substrates. Also
the dewetting of simple polymers can be further extended to conductive polymers,

liquid crystal polymers, and functional polymers.

The studies on the self-healing of the LC materials under solvent vapour annealing
can be extended to different other LC materials such as the discotic or smectic or

polymeric LCs.

The response of the nematic LC materials under various solvent exposure can be

extended to develop vapour sensors.

The studies on the spin-dewetting can be extended to different other LC materials

such as the discotic or smectic or polymeric LCs.

The micro and nanaoscale lenses fabricated employing the spin-dewetting and the
LC droplet breakup can be extended for the commercial production of micro or

nanolenses compose of LCs.

The studies on the breakup of the droplets under solvent vapour annealing can
be extended to different other LC materials such as the discotic or smectic or

polymeric LCs.

Behaviour of the micro or nanoscale LC droplets under electric and magnetic fileds
study can be further extended to different other LC materials such as discotic or

smectic or polymeric LCs.
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e The theoretical modeling of evaporating liquid crystal contact line instability can
be extended further to different other LC materials such as discotic or smectic or

polymeric LCs.
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Appendix A

5CB Contact Angle

Hydrophobic PDMS Hydrophilic PDMS

Figure A.1: Images (A) and (B) show equilibrium contact angle of 5CB liquid crystal on
lyophobic and lyophilic PDMS substrates, respectively.

0=11°,t=0s

0=23°t=19s

Hydrophobic PDMS Hydrophilic PDMS

Figure A.2: Images (A) and (B) show dynamic contact angle of 90% (w/v) 5CB liquid crystal
in hexane solvent on lyophobic and lyophilic PDMS substrates, respectively.
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