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Abstract

Intricate micro/nanoscale structural features common on biological surfaces provide

evolutionary-optimised inspirations for the design of functional materials. Micropatterns
engender enhanced collective properties from hydrophobicity to antifouling, enabling the
exploitation of often overlooked interfacial phenomena, providing new material function-
ality beyond that of the intrinsic properties. However, drawbacks in conventional micro-
fabrication approaches limit the widespread use of micropatterned surfaces due to the
antagonistic pheneomena of manufacturing nano and microscale features over large ar-
eas. The realisation of desired properties can be emulated through biomimetic design
approaches, in which we draw inspiration from the self-assembled designs and energy-

efficient fabrication mechanisms manifested in natural systems.

This thesis looks toward fluid-based fabrication approaches, for inherently low-cost and
scalable fabrication. To this end, the spontaneous nucleation and self-assembly of con-
densation water droplets are harnessed to dynamically pattern polymer films prior to
polymer solidification and water evaporation. An adapted breath figure (BF) templat-
ing methodology is developed and characterised. In this novel approach, we de-couple
condensation onset/growth and polymer curing mechanisms by using external cooling
and photocurable polymers. Through in situ interrogation of the system physics, a phe-
nomenological mechanistic model using the condensation kinetics describes and predicts
the pattern growth. Systematic variation of highly packed porous patterns is achieved,
attaining programmable average pore sizes ranging from 100’s of nanometres to 10’s of

micrometres.

Modulation of the breath figure pattern beyond capabilities of the classical approach are
explored. The inherent phase-change reversibility of the templating condensate is ex-
ploited, modulating the final surface architecture through regimes of condensation and
evaporation. Surfaces with spatially diverse designs and bimodal distributions are man-
ufactured. Spatial masking and gradiented patterning is created through experimental
adaptations and inverse replica samples are fabricated in PDMS. Finally, characterisation
of the pattern properties is tested in relation to wetting behaviour, and key applications

relating to thermal efficiency, directional wetting and biofouling are introduced.

vi
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Keywords: Micropatterning, bottom-up fabrication, breath figure, self-assembly, drop-
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Figure 1. Graphical abstract showing the overview of the PhD from left to right; the
route from biological inspiration, fabrication mechanism and examples of engineered
surfaces created and potential applications.
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Chapter 1
Introduction to surface patterning

The introduction to this thesis provides background to the inspiration and rationale of sur-
face patterning at the nano/microscale. The main focus on the microfabrication method-

ology is introduced in full before summarising the contributions of this work and the

breakdown of chapters.

“The more our world functions like the natural world, the more likely
we are to endure on this home that is ours, but not ours alone.”

Janine Benyus
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1.1 Motivation

If all surfaces have an inherent structure, pattern and texture, what is the objective of
this work?

The same question was posed by Evans and Bryan in their 1999 review paper, defin-
ing for the first time what ‘structured’, ‘textured’ and ‘engineered’ surfaces are.” Within
these definitions, patterned surfaces are differentiated from standard texture, with spe-
cific structural components that facilitate or enhance functionality beyond the intrinsic
material properties. Although their initial example, a patterned mouse mat surface to
provide the trackball with optimised frictional control, may now seem slightly outdated,
their review classifying key terms in relation to production engineering and the manufac-
turing of functionalised surfaces still resonates. As functionality is often imparted through
nano/microscale structural patterns, it is this ability to manufacture such small features
over large areas for application exploitation that ultimately gives patterned surfaces value

and motivates this work.

Surface texture denotes typical degrees of roughness or waviness, often characterised by
the specific surface finish and quantified by standard parameters such as R, (average
roughness given by an arithmetic mean of absolute values over an evaluation length) and
R. (maximum peak to valley distance in a given length).? Engineered surfaces imply at
a minimum an attempted design to relate the surface characteristics to functional per-
formance, where specific alterations, often for example through surface finish, provide an
intended benefit.® It is, however, patterned surfaces, designed with a certain degree of
deterministic structure of high aspect ratio that provide surfaces with a targeted mod-
ification in functional properties. While not necessarily composed of regular, repeating
arrays, patterned surfaces can vary from isotropic (homogeneity in all directions), peri-
odic (recurring at fixed intervals), to stochastic (randomised distribution) assemblies of
structures. This thesis hence summarises the state-of-the-art in fabrication approaches to

create variable patterned surfaces, looking towards scalable manufacture.

The notion of imparting functionality through topographical surface modifications is not
new, and is most visible in relation to fluid interactions and wetting. The knowledge and
application of functionalised materials has been evidenced in archaeological finds dating
back to the Mycenaean Greeks (1750 - 1050 BC).* Cooking equipment with engineered
perforations for grilling and baking is thought to be some of the earliest examples of non-
stick surfaces. The Bhagavad Gita, a Hindu scripture from around 200 BC, contains what
is thought to be the first written mention of the hydrophobic properties of the lotus leaf
being ‘untouched by water’. Early scientists including Galileo (1564 - 1642) commented,
‘How is it possible for those large drops of water to stand out in relief upon cabbage leaves

without scattering or spreading.”™ It was not until the mid to late 20th century and early
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¥ working mechanisms®? and later,

21st century, however, that the conceptual origins,®
the development of fabrication techniques were introduced, giving rise to the scientific

study of roughness-induced wetting effects.

Patterned surfaces in relation to hydrophobic wetting behaviour were first studied in the
1950s when different techniques were applied primarily to create wax coatings.*"' Super-
hydrophobic surfaces, however, only gained mainstream prominence after the ‘lotus effect’
was coined by Barthlott and Neinhus in 1997 in their paper describing the self-cleaning
behaviour of the plant leaf.® Interestingly, their findings were initially published in the
1970s, following the commercialisation of scanning electron microscopy (SEM) which they
used to characterise the microstructure of over 2000 plant species.*# However, the niche,
botany-centric nature of the paper, published in German, did not gain traction within the
international physics and material science fields at the time. The term superhydrophobic-
ity itself was also used prior to 1997, initially by Busscher et al. in 1991134 and later by
the now famous Kao Group experiments.t?® Nonetheless, since the turn of the century,
widespread advancements in manufacturing technology, imaging equipment and comput-

ing power have firmly established the field of pattern-induced wetting manipulation.

Whilst often characterised in some regard or another to wetting and interfacial behaviour,
pattern surfaces can give rise to a host of collective functionalities. In the natural world,
hydrophobicity is just one of many properties achieved by surface patterning, with ex-
amples going far beyond the regularly cited lotus leaf. Shark skin has specialised ribbed
scales called dermal denticles which reduce shear stress underflow, limiting boundary
layer separation and decreasing drag.™” The resulting hydrodynamics limits bacterial at-
tachment and colonisation which is further strengthened by the inherent anti-biofouling
properties of the skin’s microstructure. Tightly packed nanoscale pillars on the wings of
cicada insects have also not only been shown to exhibit excellent superhydrophobic and
self-cleaning effects, but strong anti-biofouling and bactericidal properties.t® The specific
aspect ratio and density of these pillars both reduce potential adhesion to incident con-
taminants and mechanically rupture bacteria causing cell death.™ In contrast, flexible
fibrillar structures on the foot of the gecko exhibit excellent dry adhesive properties due
to the amplification of van der Waals interactions from increased surface area.“" The great
variety of pattern-induced functional properties in nature has inspired a similar diversity
in engineered analogues, in areas from tribology,?! to optics?? and biomedicine?, to name

a few.

Bio-inspired patterning demonstrated in research has attracted significant commercial
interest. A number of government-backed initiatives, university spin-outs, and indus-
trial startups have sought to exploit the opportunity and efficiency gains offered by en-
gineered patterned surfaces. The UK government’s Manufacturing Technology Catapult

(MTC), an organisation operating at the nexus of research and industry, facilitates trials
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and assessment of surface structuring technologies for companies’ product development.?4

Sharklet technologies Inc. (Colorado, USA) claims to mimic the form and function of shark
skin to inhibit bacterial growth through micropatterning alone. Similarly, AeroSHARK
is a product of Lufthansa Technik (Hamburg, Germany) and manufacturer BASF (Lud-
wigshafen, Germany) for drag reduction in aerospace industries through microscale riblets.
LiquiGlide (Massachusetts, USA), a university spinout to reduce food residue on packag-
ing, has created a self-lubricating surface inspired by the Nepenthes pitcher plant. Despite
the seeming lack of imagination when it comes to product naming, these companies of-
fer unique and creative solutions by exploiting often overlooked interfacial phenomena

beyond the intrinsic material properties.

The transfer of nature-inspired applications from theoretical research to practical use is
contingent upon the ability to manufacture complex designs at scale. However, industrial-
sized substrates oppose traditional microfabriction workflows, due to the inherent difficul-
ties of manipulating and controlling nanoscale structures over large surface areas. Serial
processes, where structured features are created sequentially are of limited use due to the
disparate length scales at play. Further, common microfabrication techniques driven by
the semiconductor industry are inherently expensive and scale-limited; long lead times
with low throughput coupled with requirements for cleanroom facilities and limited ma-

terials limit their widespread use.

More recently, bottom-up self-assembling approaches have received interest due to their
ability to create small and complex features with inherently scalable and low-cost pro-
cesses.?” While instabilities in classical engineering domains are regarded as failure mech-
anisms, harnessing them for the creation of intricate structures spontaneously over larger
scales offers new potential. Further, manufacturing using intrinsic forces and instabilities
mimics the biological inspiration’s end function and formation mechanisms. Of central
interest to this thesis is the fluid-based, self-assembly fabrication routes that facilitate

low-cost and scalable manufacturing.

While surface patterning is not necessarily restricted to specific dimensional order or
length scales, for the purpose of this work we narrow our focus to surface features in the
micrometre range and below. This scale is most represented when we talk about natural
functional surfaces and the bio-inspiration.”® As such, this chapter summarises the ra-
tionale for surface micropatterning, delineating current trends and fabrication techniques
before framing the novel understanding of this work. The fundamentals of wetting inter-
actions are initially covered to preface key topics quoted throughout. Biological examples
of surface functionalisation are discussed to provide insight into how nature has adapted
to hostile environments and developed her own answers to many of the solutions we are
trying to find today. Engineered analogues and conventional microfabrication techniques

are outlined within the context of mass-market and scalable manufacturing methods.
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Finally, self-assembly fabrication techniques using fluids are introduced and a proposed
methodology, the temporally arrested breath figure approach, is summarised through the

key contributions of this work.

1.2 Fundamentals of wetting

Wettability describes the behaviour and interactions of a liquid in contact with a solid
surface, indicating the affinity between the respective phases. The first consolidated
theory of wetting stems from the work of Thomas Young written in 1805.% When a
liquid droplet contacts a surface, the balance between the adhesive forces between the
liquid and surface, and the cohesive forces of the liquid determine the interaction. As the
fluid interface is deformable, it aims to minimise the system energy determined by the

spreading parameter S,
S=79s— (vst +71) - (1.1)

If v5 > 71 + vs1, where v denotes the interfacial tensions of the solid (yg) and liquid (vz)
phases respectively, total wetting occurs. The total surface energy is minimised as the
liquid spreads over the high energy surface into a thin film (Fig. ) For cases where
vs < v + Vs, only partial wetting occurs and the liquid forms an equilibrium droplet
shape in the form of a spherical cap (Fig. ) The angle formed between the surface
and the sessile droplet at the three-phase triple line is known as the contact angle, where
this can be quantitatively measured to determine the extent of wetting. For § < 90°, the

surface is deemed hydrophilic, and for # > 90° the surface is hydrophobic.

(a) (b)
YL
YL 9
. Vs Vs
Vst VsL

Figure 1.1. Two classical wetting scenarios on an ideal material. (a) Complete wetting
and (b) partial wetting forming a sessile spherical cap with a contact angle 6.

For a droplet at equilibrium on an ideal surface, the Young equation sums the capillary
forces acting at this contact line. By normalising the forces per unit length, in other words

using the respective interfacial tensions between the phases, one obtains,

Vs — VsL

- (1.2)

cosf, =

The equilibrium contact angle 6, does not describe the full behaviour such as the dynamic

properties for droplets on real surfaces. As pointed out in the work of Gibbs, the het-
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erogeneity (both chemical and topographical) on almost every solid substrate can pin a
droplet at the contact line.?® As such, small droplets on an inclined surface can remain at
rest due to the difference in Laplace pressure between the front and the rear of the droplet
overcoming the force due to gravity. The maximum observable angles termed advancing,
0,, and receding, 0,, are the minimal corresponding angles upon depinning/retracting of
the contact line at the front/rear of the droplet respectively.**¥ The droplet can hence
have a contact angle anywhere between 6, and 6,, depending on its history.*! The differ-
ence in these angles (Afy = 60, — 0,) is termed contact angle hysteresis, and manifests

across different surfaces as observable sticky or slippery behaviour.

In the real world, few surfaces can be considered ideal. The works of Wenzel (1936)"
and Cassie and Baxter (1944)% derived models for wetting on rough surfaces, emphasising
the surface geometry which can significantly increase/decrease the predicted wetting from
Young’s equation. The two distinct models refer to whether a droplet wets the entirety of
a rough surface and increases its contact area (Wenzel) or remains on top of the surface
roughness features, only in contact with the peak asperities in a solid-vapour composite
contact (Cassie-Baxter). In the former, a roughness factor r can be determined equal to

the specific surface area relative increase. This results in a modified contact angle to,
cos 0, = rcosf, . (1.3)

The Wenzel roughness factor amplifies the (non)affinity of the liquid to complete (non)wetting
behaviour.?? For example, hydrophilic surfaces (6, < 90°) in the Wenzel state exhibit lower
contact angles than predicted by Young (Eq. [I.2), and hydrophobic surfaces (6. > 90°)

exhibit larger contact angles.

If the liquid does not penetrate the surface roughness and instead bridges the gap between
asperities, it is known as the Cassie-Baxter state. The resultant solid-vapour surface

contact is hence taken into account with the solid fraction f,

cosOcp = frcosb. — (1 — f1). (1.4)

In practice, these binary modes do not exhaust all possible wetting regimes.”#? Cassie-

32 and

Baxter neglects the real-world roughness of highly textured and complex features,
the overall models fail to account for the significant interactions at the three-phase contact
line.®# Transitional Cassie-Baxter to Wenzel regimes occur, leading to various modes of
partial fluid infiltration observed on regular surfaces.®” Further advancements in fabrica-
tion approaches in the design of complex and hierarchical structures have hence defined

a range of potential wetting behaviours.¢

For flat surfaces, the highest intrinsic water contact angles observed are on low surface en-
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ergy fluorinated polymer substrates such as PTFE (e.g. Teflon®), giving contact angles of
0 ~ 120°.5” Through the combination of topographical and chemical optimisation, super-
hydrophobic surfaces (6 > 150°) can be created and modelled by the Cassie-Baxter state.
Although superhydrophobicity is not the focus of this work, the idea of manufacturing
topographical features that can modulate effects primarily relating to wetting behaviour
is of central importance. As a result, the focus of this work surrounds the fabrication of
these structures, and does not consider secondary surface coatings/functionalisation. To
ensure functionality, designs will be inspired by nature and employ natural, self-assembling

processes to ensure scalability.

1.3 Patterned surfaces found in nature

Surfaces represent the boundaries for solid materials, largely defining the interactions
between that object and its environment through various physical, chemical and biolog-
ical reactions.®® As such, natural materials have developed some of the most intriguing,
complex nano/microscale patterned features that have optimised their ability to function
through millions of years of evolution and natural selection.”® It is these surfaces that
serve as a constant muse for designing and developing the best engineered materials. The
morphology and assembly of these natural microstructures in relation to interfacial wet-
ting behaviours have driven this research. While several reviews summarise a snapshot
of what biological materials and bio-inspired materials have to offer,***% three prominent
effects relating to fluid interaction from hydrophobicity, oleophobicity and anti-fouling are
highlighted here.

The classic example of the lotus leaf is composed of densely packed microscale papil-
lae structures of varying heights (Fig. .41 A secondary roughness scale of nano wax
tubules composed of non-polar methyl groups strongly repels any incident water, mak-
ing the leaf extremely efficient at shedding dirt to keep the surface clean, reducing the
risk of disease and increasing photosynthesis efficiency.® The varying feature heights and
nanoscale aggregations of wax keep incident water in a Cassie-Baxter suspended state,
engendering ultra-low hysteresis effects with water roll off angles of less than 2°. Although
the majority of plants require sophisticated means to hold onto water, the majority of
studies has been on the rare superhydrophobic, self-cleaning cases. Rose petals exhibit
interesting phenomena with similar features to those of the lotus. Depending on the pitch
values of microstructures and density of nanostructure, different species of rose exhibit
both low adhesive superhydrophobicity (like the lotus leaf), but also superhydrophobic
structures with high adhesion (Fig. . The antagonistic wetting properties of high wa-
ter contact angles but also high droplet adhesion has been termed the ‘petal effect’, where

adhesion plays important roles in the precise transport and retention of microdroplets
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over a surface.?® In the low adhesive case, the smaller pitch of microstructures (distance
between features) coupled with high density of nanostructure make the Cassie-Baxter
wetting state very stable so that water droplets experience very low pinning and hystere-
sis effects. In the opposite case, it is thought that the lower density of nanostructure
enables partial penetration of the water droplets into the asperities, resulting in strong
pinning of the droplet (Fig. . Bhushan et al. measured the topographies of two roses,
Rosa cv. Showtime and Rosa cv. Bairage which exhibit the contrasting behaviour.“
The Showtime has taller microstructures at a smaller pitch than the Bairage. While both
petals exhibit superhydrophobic static contact angles of # > 150°, the Showtime has a
droplet roll-off angle of 6°, compared to no roll-off angle for the Bairage that could be
turned through 180° and retain the droplet. Similar structures have since been emulated
and applied to fields for precise fluidic manipulation in microfluidics and in situ detection
scenarios with localised chemical reactions and biochemical separation.”? However, the
low hysteresis effects tend to break down and fail in high humidities or pressures from
pinning effects, and the epidermal wax coating is oleophilic, causing oils to readily spread
and contaminate the surface.?” The oleophilic effects have since been used in functional

materials for oil/water separation, for example in situations for cleaning oil spills.**

Specific animals have also developed their own mechanisms to remain clean and resist
contamination. Fish scales have spaced microstructures which entrap secreted mucus to
engender super oil repellent (oleophobic) qualities. Springtails are soil dwelling arthro-
pods that inhabit demanding environments full of surface-active substances originating
from decaying organic matter.*” As these insects rely on epidermal respiration (cuta-
neous gas exchange through the skin), the prevention of cuticle wetting is essential for
their survival. The spingtail cuticle consists of a hexagonal or rhombic patterns of gran-
ular structures forming nanocavities (Fig. . The micron-sized diameter patterns form
overhanging geometry that creates re-entrant cavities, providing very stable air cushions
(known as plastrons) to facilitate epidermal respiration in immersed environments. 494
The negative curvature creates effective non-wetting effects from water and oil at ele-
vated pressures up to 4 atmospheres.*” In fact, engineered omniphobic surfaces mimic
this re-entrant geometry to create similar effects, overcoming limitations of lotus-inspired
surfaces.*™® Variation of the size/morphology of the microstructure between samples of
the same species indicate ecomorphological response adaptations to specific environmental

conditions.

The wings of different insects also exhibit superhydrophobic effects from nanoscale fea-
tures, where the low contact area with droplets exhibit similar low wettability, adhesion
and friction effects.*? Cicada wings have tightly packed features ranging from 200 nm to
up to 2 pm in height, and aspect ratios from 0.5 to > 2.°% Samples from different countries

acquired from Etsy UK and imaged using SEM show the breadth of morphology across
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Lotus leaf, Nelumbo nucifera
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Figure 1.2. Nano/microscale features of biological functional surfaces. (top) Lotus
leaf adapted from Ensikat et al.%, (top-middle) rose petals adapted from Bhushan et
al.%¥ (bottom-middle) springtails adapted from Helbig et al.%®, and (bottom) wings of
cicadas imaged as part of this project.
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different cicada species’ wings, with features extending from diamond shaped cones to
spherically capped pillars (Fig. . Not only does the superhydrophobicity limit bacte-
rial adhesion, but the morphology of the nanoscale patterning particularly in the wings
of the cicada Psaltoda claripennis has been shown to exhibit bactericidal behaviour. The
wings limit the bacterial colonisation and biofilm formation through two mechanisms
- non-biofouling through low adhesion of contamination and bactericidal properties by
killing and suppressing the growth of microbes.”% Discovered by Ivanova et al. in 2012,
this mechano-bactericidal effect causes the stretching and penetration of settled bacteria’s
cell walls, leading to rupturing and cell death of common bacteria such as F. colt and
P.aeruginosa.* Although the bactericidal mechanism is debated, the cell-killing efficacy
on gram-negative (having thin cell walls) bacterial strains has been shown to be effective

after only minutes of contact.*?

While material function evidently changes across species and ecosystem, the reliance on
nano/microstructures tailors the specific effects. Across specimens, it is the tightly packed,
self-assembled morphology of structures where slight changes can drastically alter the
properties (see the rose example above). Even within a singular species, variation in the
average feature size, and polydispersity of the same features help to amplify the effects in
many cases. With the breadth of functionality observed in nature, engineered designs are
commonly inspired by natural materials and even named after their biological analogues.
Designing mimics, however, relies on the ability to manufacture and control features across
a range of length scales, predominantly from nano to micro size. The ability to tune the
interfacial properties of the surface is further reliant upon the capacity to finely modulate

the size, morphology and spatial arrangement of said features for specific applications.

1.4 Engineered patterned surfaces

A variety of manufacturing approaches exist to micropattern surfaces dependent on the
specific design and material required. Although techniques are often combined or rely on
simultaneous oxidation /reduction reactions, for the purposes of this summary, fabrication
approaches have been broadly classified into top-down subtractive and bottom-up additive
techniques. While this is not by any means an exhaustive list, focus is provided on the
main techniques that facilitate the fabrication of features within the biological feature
size range of 100’s nm to 10’s pm. Common and novel patterning approaches ranging
from deterministic to stochastic features are discussed, emphasising on this length scale
of structuring, where further molecular-scale methods and subsequent coating/grafting

techniques are not considered.
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1.4.1 Top-down manufacturing

Top-down manufacturing techniques encompass some of the most common techniques
for obtaining specific surface modifications. Due to the required feature length scale,
approaches harness the use of low wavelength light sources and chemical etchants to
create patterns via the removal of material. The semi-conductor manufacturing industry
has been the key driver of these microfabrication techniques, where the performance of
integrated devices is reliant on the ability to miniaturise components, widely popularised
by Moore’s law. The approaches are typically completed in clean room facilities to avoid
contamination from dust and debris and involve many repeated steps of patterning and

removing material to create well-defined structures.

In photolithography, a light sensitive photoresist is spincoated on top of a silicon wafer.5¥

The use of a chromium and quartz photomask with a computer aided design (CAD) of
the pattern is used to selectively expose the resist upon UV irradiation. Both positive
and negative photoresists exist and react differently upon exposure, enabling the transfer
of the two dimensional (2D) geometrical design. Depending on the photoresist type, the
more soluble part gets removed in developer solution, revealing the latent design (see
Fig. [1.3)). The remaining photoresist protects the substrate from subsequent removal or
addition of material before being stripped itself. Other methods such as electron beam
lithography (EBL) can be used to increase possible resolution by overcoming limitations
from the wavelength of light used.”™ Pulsed high-velocity electrons directly expose the
CAD pattern onto the photomask, mitigating the use of a photomask and decreasing the

feature size from 100’s nm to around 10 nm.

rradiation b .. .
iaL)l l i *U\i I*Ld* +e t i LH ( ) Positive resist

Photomask
Photoresist

(c) Etching (d) Lift-off

Figure 1.3. Schematic of a standard photolithography procedure. (a) Selective expo-
sure of resist through photomask before (b) dissolution reveals the latent design. (c)
Sequential etching and (d) lift-off steps create the design in the substrate material.

Etching procedures chemically remove the uppermost layers of a substrate that are not
protected by a photoresist. Wet and dry etching methods use corrosive acids/bases or

plasma to dissolve the substrate and produce the three-dimensional (3D) features. The
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photoresist is stripped after etching, and successive iterations of the process are com-
pleted to create more complex or high aspect ratio designs, varying potential geometries
from simple pillar arrays to undercut features (Fig. ) Stochastic patterned sur-
faces across a full surface can also be created via etching processes without defining a
larger macro design through a photoresist. Alkaline hydrothermal treatment of titanium
etches via the dissolution of titanium producing titanium oxides to create nanospike arrays
for functional biomedical materials and cicada-inspired antibacterial effects (Fig. [1.4¢).”"
Ultra-low broadband anti-reflection black silicon can be created through different etching

techniques to create high aspect ratio nano and microscale cones.58

Figure 1.4. Patterns created via top-down processes. (a) Conventional photolithog-
raphy® and (b) successive lithography and etching procedures to create more com-
plex geometries. 57 (¢) Titanium oxide (TiO;) nanostructure formed from hydrothermal
treatment (etching plus oxidation)%! and (d) laser machined? surface.

Laser ablation is a common direct write technique that enables the translation of a CAD
design to a surface (Fig. [1.4[1).%%3 Significant innovation with the use of ultra-fast lasers
and direct laser interference patterning (DLIP) can create features down to hundreds of
nanometres across different metallic, semiconductor and polymer surfaces.® Although
restricted to the top-down removal of material from a surface (no complex or undercut
geometries), DLIP can fabricate a range of geometrical features through the overlapping
of coherent beams to produce periodic interference patterns. The single-step template-
less approach offers significant benefits in terms of material independence and process
speed, enabling the creation of structures that mimic the superhydrophobicity of the lotus
leaf. % While this technique is deterministic in the sense it is derived from a programmed
pattern, stochastic defects arising from ablated material re-solidifying cause a degree of

non-uniformity.

Once a patterned surface is created with any of the above techniques, soft lithography
can be employed to replica mould the inverse pattern from the ‘master’, assuming limited
trapped or overhanging geometry. % The relief template is commonly made in elastomeric
materials such as polydimethylsiloxane (PDMS) to allow removal from the mould. Pro-
viding an effective way to fabricate a master template, common imprinting and casting
techniques can lead to the low-cost and high-throughput transfer of nanoscale designs

to many subsequent replicas. Continuous imprinting from a master can be completed
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via mechanical embossing with a continuous feed-stock material substrate provided an
effective automated set-up (e.g. rolling device). However, typical manufacture lead time
and costs associated with the expensive equipment to make the master template limit the

adaptability of the process for variable design.

1.4.2 Botton-up fabrication

Bottom-up approaches involve the creation of a pattern from the assembly of constituent
elements. These typically involve the growth of material, the aggregation or the assembly
of particles that form via self-organising forces. Due to the serial, slow nature of additive
manufacturing processes and the limited capability in the length scales of interest, these
processes are not considered here. While some templating approaches, e.g. the use of
self-assembled colloids, may not be purely bottom-up, they are considered here as they
are built-up through self-assembled constituent parts. The regularity of structures cre-
ated through instability-driven and non-equilibrium processes that harness self-assembling
forces can generate designed architectures of long-range order without the serial addition
of elements placed through mechanised intervention. The biomimetic structures created
in such ways are not dissimilar to the biological methods employed in nature, harnessing
the self-assembling mechanisms of instabilities that serve as a favourable guide for the

fabrication of complex structures.®?

Since the discovery of the lotus effect, the abundance of plant leaves with functional
properties has guided significant development in engineered analogues. Epicuticular waxes
can create 3D structures of varying morphologies, ranging in feature size from 0.5 to 100
pm. Depending on the wax chemistry, common structures ranging from tubules, platelets,
rodlets and films are observed.®? In fact, epicuticular waxes extracted from the leaves
themselves have been successfully recrystallised into similar micropatterns using thermal
and solvent evaporation approaches.®™ The earliest studies of artificial superhydrophobic
surfaces were created on spontaneously formed fractal crystalline assemblies of alkyl ketene
dimer (wax-like materials).’® Recently published work within this project showed how
through controlled solvent evaporation of wax solutions, the morphology of aggregated
crystals can be varied (Fig. [L.5h), engendering variable wetting effects for different fluid-
handling functionality.®” By varying the type of solvent and temperature of the substrate,
commonly discarded materials such as wax extracted from rice bran could be repurposed

to create biodegradable superhydrophobic coatings in a single step.

Similarly, the growth of inorganic crystals can be used to generate oxide layers on metal
or semiconductor substrates. Oxide layers can be tuned from vertical nanosheets to
cubes and flower-like microstructures, where the chemical bonds dictate the morphology.™
Elevated temperatures for prolonged periods of time are often required, where oxidation

processes can be employed as a sequential process on pre-formed micropatterns to create
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Figure 1.5. Varied patterned morphologies created via bottom-up techniques. (a) Rice
bran wax crystals created within this work,%? (b) Zinc carbonate crystals,™ (c) phase
separation,™ (d) colloidal templating,™ and (e) classical breath figure structures cre-
ated within this work.

multi-degrees of roughness. Anisotropic crystal growth in high temperature and pressure
plasma environments can lead to the formation of high aspect ratio filaments known as
nanowires or nanograss.™ Further, anodising electrochemical processes can be done where
the patterning metal forms an anode electrode in an electrolyte solution under an applied
voltage. Processes can also be combined with previously mentioned etching techniques to

build up strong corrosion-resistant layers.™

Phase separation is a technique in which two distinct phases can form from a homoge-
neous mixture. A bi-continuous structure can be formed from the spinodal decompo-
sition of block copolymers, a uniform de-mixing process where different domains form
and solidify to create various nanoscale patterns.™ If different blocks on a polymer chain
are immiscible, solidification can result in chemically homogeneous domains in common
lamellar, cylindrical and spherical morphologies (Fig. [1.5c).™ Porous structures can be
created through dissolution of one phase, with the domain size tuned by the rate of phase
separation from temperature change or poor-solvent addition. This simple and low-cost
patterning approach is widely used for generating polymer membranes and scaffolds,2?
and has even been used to create nanostructured light absorbers inspired by butterfly

wings for photovoltaic applications.™

Colloidal templating methods rely on the self-assembly of nanoparticles from regular
monolayer or multilayer structures. Assembly of latex, polystyrene or silica particles

at the air-water interface is achieved through typical spin coating, drop casting and evap-
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oration techniques to create close-packed arrays of spheres. The assembled structure
can be further infiltrated with a polymer matrix material before the templating particles
are dissolved or sintered out to create a porous structure (Fig. [I.5d). The uniform and
monodisperse pattern is much more regular than phase separation techniques for example,

where the feature size is easily regulated through input sphere size (often 10’s nm to 100’s
pm).

Instead of nano/microscale spheres to pattern a substrate, the breath figure (BF) templat-
ing approach creates similar porous films to colloidal routes by using the spontaneous for-
mation of condensation water droplets. The BF technique is a fast and simple single-step
process that initiates condensation at the interface of an evaporating polymer solution.
Through evaporation of a volatile solvent, droplets nucleate and assemble into a hexag-
onally packed array before solidification of the polymer. The droplets act as a dynamic
template that evaporates at the end of the process, achieving feature sizes from 100’s
nm to 10’s pm based on the solvent /polymer choice and environmental conditions. This
method is one of the simplest, requiring only a polymer solution in a humid atmosphere,
whilst still capable of producing highly ordered, regular patterns due to the stability of
non-coalescing droplets at the interface. As a result, this method is investigated in more
detail.

1.5 Overview

1.5.1 Discussions and perspectives

Interaction between material and environment in natural systems is optimised by virtue
of the complex patterns at the nano and microscale. Not only do these abundant ma-
terials serve as an inspiration for our own engineered designs, but how they are realised
demonstrates potential routes for fabrication. Simple organisms are able to generate, as
well as continuously repair and re-generate,™ complex hierarchical patterns in ambient
conditions and via inherently energy efficient means. By harnessing molecular and inter-
facial interactions through instability-driven and self-assembling mechanisms, nature has
her own solution to high-throughput/low-cost manufacturing. To further exploit what
nature does so effortlessly, the need for predictable and scalable fabrication approaches

inspired by biomaterials is evident.

To date, engineered materials fabricated through intensive top-down approaches or a
combination of top-down and bottom-up techniques have surpassed the functionality of
their bio-inspired analogues from a purely functional perspective. For example, Liu et
al. demonstrated how complex doubly re-entrant and coated patterning can transform a

completely wettable material (silica), and make it superomniphobic that even low surface
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energy fluids bounce off the surface, further robust enough to withstand temperatures of
over 1000°C.*% The different top-down manufacturing routes summarised offer a diverse
portfolio of patterns and capabilities, ranging from stochastic nanoscale needles in tita-
nium oxide engineering cicada-like bactericidal effects, to doubly re-entrant nanometre-
perfect arrays creating highly stable omniphobicity."*™ However, these methods often re-
quire substantial technical training in cleanroom facilities with multiple successive steps
to create a pattern often constrained to the size of a silicon wafer. Further, the high
capital investment of these machines and facilities, coupled with the use of extremely
toxic and corrosive chemicals needed for etching metals make it not very feasible for the
fabrication of adaptable, low-cost and scalable patterns. Bio-inspired design forming the
basis of copying natural solutions is hence a primitive step toward the true mimicking
nature, where both the end product and production means should take inspired routes

for ultimate applicability.

Many bottom-up approaches partially bridge the gap between bio-inspired and biomimetic
design, where relying on natural instabilities can create opportunity for sustainable pat-
terning. As such, attractive advantages to these approaches manifest in large spontaneous
patterning capabilities and low equipment cost, without sacrificing structural or property
control. The creation of lotus leaf and rose petal-like patterning recently demonstrated
here demonstrates how control over the pattern and properties is still attainable using

low-cost methods, similar to natural fabrication pathways.%”

The large-scale commercial implementation of microfabrication techniques provides excit-
ing opportunities for the unprecedented development of functional materials. However,
for wider applications to take hold, the need for manufacturing complex micropattern
geometries at macro scales is required. Flexible and adaptable fabrication approaches
facilitate the ability to readily prototype designs and alter the material properties. As
one design does not fit all, the ability to create complex geometry, such as the re-entrant
designs seen in nature, and control the size and spacing characteristics is imperative.
What bottom-up approaches hence offer the most low-cost and flexible design? How can

existing approaches be adapted to garner both greater control and scalability?

1.5.2 Contributions of this work

This work predominantly evaluates breath figure patterning as an effective patterning
approach for the low-cost and scalable fabrication of micropatterned features. BF is
low cost, requiring a polymer substrate and condensation as a template, and adaptable,
using dynamic droplets which grow and shrink to create a range of feature sizes within
the nano/microscale range of interest. Further, the basic laboratory equipment warrants
minimal set-up, and as will be discussed has already showed scalable and commercial

premise.
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In particular, this thesis aims to clarify current drawbacks surrounding the classical BF
approach through evaluation of the literature and experiments. Hence, an adapted ap-
proach for increased control and predictable BF patterning is presented, demonstrating
novel levels of control and modulation. To this end, the chapters are structured around
key elements of the adapted method, with each chapter containing a review of pertinent
literature and perspectives, complimented by experimental work. The chapters are thus

arranged as quasi-standalone pieces of work, organised as follows:

Chapter 1. Introduction to the project motivation, summarising the fundamental physics

and key manufacturing techniques.

Chapter 2. Critical evaluation of the breath figure patterning method. Theory sur-
rounding the forming mechanisms are presented alongside findings from complimentary

experiments.

Chapter 3. The developed temporally arrested breath figure approach is introduced in

full. Methods used throughout this work are summarised.

Chapter 4. Liquid-liquid studies on the condensation nucleation and growth of templat-

ing droplets are evaluated in the context of breath figure patterning.

Chapter 5. Pattern modulation capabilities are explored, elucidating the control handles

in the process, resulting in the manufacture of varied breath figure samples.

Chapter 6. Initial functionality and wetting behaviour tests are performed on manufac-

tured samples to characterise initial designs.

Chapter 7. This chapter summarises the findings and provides concluding remarks

alongside future perspectives and ongoing investigations to explore functionalities.



Chapter 2
The breath figure patterning approach

The breath figure (BF) patterning approach harnesses the spontaneous nucleation, growth
and assembly of condensation as a dynamic patterning medium. In this chapter, the foun-
dation and process development is discussed alongside experimental studies to highlight
key aspects of the process. Work elaborated upon here is a partial result of collaboration

and a short research visit to Prof. Yabu of Tohoku University, Japan, whose work you

will see extensively referenced throughout.

“I’d like to wash
By way of experiment,
The dust of this world
In the droplets of dew.”
Matsuo Basho

18
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2.1 Introduction

The origin of the word breath figure (BF) stems from the phenomena observed with hu-
mid breathing upon a relatively cold surface. The ubiquitous formation of sessile water
lenses from condensation pictured in Fig. is the same process responsible for the for-
mation of morning dew on grass to the droplets on a bottle drinks can, and was first
reported in modern scientific literature by Aitken in the late 19th century.®? With effect
of a blow-pipe flame, Aitken demonstrated both drop-wise and film-wise condensation;
dark images were observed due to the light scattering from a homogeneous array of plano-
convex lenses (drop-wise condensation) on the non-treated surface.® The same idea was
used in wet plate collodion photography, where photographers inspected their plates for
contamination and cleanliness from the uniformity of condensation droplets.®!' Observa-
tions were elaborated upon by Rayleigh and later by Baker, with several other papers
published throughout the next decade further describing the formation, morphology and

contact angles of droplets. 8183

Figure 2.1. Breath figure examples in everyday life. From left to right, condensation
forming inside my cracked double glazing, a water bottle, morning dew on a rose and
droplets on the inside of a takeaway coffee cup.

The first quantitative studies of BF phase transition were completed by Beysens and
Knobler, who elucidated the thermodynamic and kinetic underpinnings in a series of the-
oretical and experimental studies on dew formation.®#8 This work explored the growth
regimes of BF droplets, describing the monodisperse initial ordering and self-assembly of
locally ordered hexagonally packed states. Characteristic self-similar scaling of droplet
pattern growth laws was derived for coalescing droplets, introducing a polydispersity
parameter. Similar notable studies and computational simulations were performed by
Meakin and Family regarding metallic vapour deposition,®#87 and Briscoe and Galvin
understanding growth regimes and condensation impact on light transmission in green-
houses.®89 The formation of distinct growth regimes was established with explanations
for the eventual rise of fractal droplet patterns and co-existing multi-generational droplet

families.

It is, however, primarily the works of Widawski, Francois and Pitois in the mid 1990s who
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Figure 2.2. Schematic illustration of BF pattern formation adapted from Yabu.??

are accredited with the first demonstration of BF templating by using the arrangement of
droplets as a patterning approach.”2 The method uses the nucleation and self-assembly
of water droplets at an air-polymer interface to template a polymer film (Fig. 2.2]). A
low weight concentration polymer (often <10%wt) dissolved in a volatile organic solvent
is drop cast onto a substrate.”2 Under the right humidity conditions (typically 50% <
Relative Humidity (RH) < 90%), evaporative cooling decreases the temperature of the
solution surface to below the dew point temperature of the system. At constant pressure
conditions, this temperature corresponds to the temperature where the air becomes fully

With continued cooling from solvent evaporation, the

saturated with water vapour.
partial pressure of water vapour at the air-polymer solution interface is greater than the
saturation pressure, facilitating the nucleation and growth of droplets. Droplets stabilise
and grow at the polymer interface due to a balance of interfacial phenomena, organising
into a quasi-crystalline hexagonal array characteristic of the BF honeycomb pattern. As
the solvent completely evaporates, the polymer solidifies and the temperature raises back
to ambient temperature. The imprinted droplet morphology is revealed upon droplet
evaporation from the solidified film. Successful BF patterning classically hinges upon
the formation of regular hexagonally packed arrays, gaining the name of honeycomb film

formation due to the pattern resemblance.”™ To summarise, the process thus consists of

several overlapping steps:*¥
1. Solvent evaporation from the polymer film
2. Condensation of water droplets onto the film interface with humid air;
2.1. Nucleation of water droplets
2.2. Growth of the water droplet array
3. Self-assembly of droplet array

4. Solidification of the polymer film
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5. Evaporation the of water droplets

Since the turn of the century, advancements in polymer synthesis methods coupled with
new interest in nano and micropatterned surfaces have increased with new developments
and potential applications for BF fabrication.”” Despite the wealth of empirical and
context-based studies with several comprehensive reviews, many facets in the thermo-
dynamics and kinetic underpinnings remain ambiguous.”>"% BF patterning is a complex
process relying on the synergistic interplay of environmental and physicochemical pa-
rameters, governed by heat and mass transfer in a non-equilibrium state. Although the
formation process is generally accepted, no mechanistic theory adequately explains all
experimental data from the actions of nucleation, droplet stabilisation and self-assembly,
with many investigators failing to examine the importance of the governing physics from

t.19 The current literature comprises largely empirical data with

a quantitative standpoin
conflicting results, describing the highly influential experimental parameters and perhaps
the lack of control / natural variability in the casting conditions of many studies.”” Bat-
tenbo et al. in their review summarised the current landscape as ‘the haste for utilization
of these structures has generated a wealth of experimental work, yet has overlooked util-

ising theoretical understanding...”t%

The chapter reviews the underpinning theory and mechanisms of the BF process, detail-
ing significant developments in materials and adapted techniques used since inception.
Limitations and drawbacks to the classical technique are discussed alongside data and
observations made as part of a secondment collaboration with Prof. Yabu of Tohoku
University, Japan. This presents a general summary of the literature of BF method, with

more pertinent studies covered in the following chapters.

2.2 Influence of physicochemical parameters

The BF patterning approach is a facile and accessible templating technique that requires
only basic laboratory equipment. While advanced set-ups can include closed-loop en-
vironmental controls for methods of strictly controlling temperature and humidity, the
basic principle merely involves a polymer solution (polymer dissolved in a volatile sol-
vent), some sort of substrate and a humid environment to facilitate condensation. As
such, these main components and their interlinking influences are discussed under respec-
tive headings before explaining their roles in the governing physics of the process. While
the interplay and temporal evolution of competing effects ultimately dictate the resul-
tant pattern formation, the key components are explained in isolation before providing a

detailed overview of the formation mechanisms.
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2.2.1 Polymer solution

Polymer. The polymer plays a crucial role in the non-coalescence and stabilisation regime

99970 Early research in the 1990s pointed to

of droplets, as highlighted in the literature.
the polymer’s architecture as the key to the formation process, with high segment density
polymers, such as star or branched chain polymers, considered essential for homogeneous

9192 Pitois et al. first demonstrated the precipitation of

or monodisperse BF formation.
functionalised polymers at the water-polymer interface, observing an enveloping layer of
a block co-polymer of polystyrene (PS-b-PPP) around a droplet in a solution of carbon
disulphide (CS,).*"¥ X-ray scattering experiments supported this hypothesis, revealing
precipitated micellar aggregates in BF architectures compared to flat films of the same
formulation. This spontaneous encapsulation of droplets restricts coalescence between
neighbouring droplets as they grow in size and interact with one another. More recent
research by Li et al. corroborated Pitois’s findings with in situ fluorescent imaging along-

side theoretical and computational models, showing the aggregation and encapsulation

process. 14
_»r— Hydrophilic part
84— Hydrophobic part
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Figure 2.3. Amphiphilic polymer stabilisation effects showing the relative constituent
system phases. Adapted from Falak et al.%

The formation of homogeneous BF patterns has also been linked to polymers containing
polar end groups. Amphiphilic (high polarity) polymers act as surfactants and adsorb
at the water-polymer interface, partially stabilising droplets by creating an amphiphilic-
molecule emulsion (Fig. .95 Linear polymers with specific functional groups have been
shown to exhibit micelle-like behaviour leading to the formation of ordered arrays.*% The
surfactant adsorption at the interface has a strong steric stabilising effect, in some cases
preventing coalescence for over one day.t%" The tendency of amphiphilic molecules to
assemble in this manner has been confirmed through Raman spectrum mapping and dy-
namic light experiments, revealing enriched areas at pore boundaries. ™19 Similar effects
have been achieved for linear polystyrene with combinations of different additives from

HO' nanoparticles™ and different surfactants*H2. Clas-

specialised block copolymers,
sical BF samples created within this work used linear polystyrene (230k Mw) with an
additional surfactant, dodecylacrylamide and carboxyhexylacrylamide copolymer (CAP),

mixed at a 10:1 ratio (Fig.[2.4b).”" Not only does the preferential polymer orientation help
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stabilise the templating droplets, the resultant porous structure can further be exploited
105!

for pore-specific functionalisation due to the locational chemical functionality.

Figure 2.4. Fabricated surfaces made in this research. (a) Polystyrene polymer used
independently and (b) with the use of CAP surfactant. The scale bar is consistent for
both images.

The use of functionalised polymers and surfactants for use in BF formation often re-
quires the precise control of block lengths, and significant multi-step synthesis methods.
Further studies have indicated that monodisperse BF formation can still be achieved
with non-functionalised commercial linear isomers of polystyrene (PS) and poly(methyl
methacrylate) (PMMA ) B08I3IISIIE However, conflicting results over the feasible forma-
tion of monodisperse BF using these polymers indicate increasingly strict working con-
ditions and the influence of other factors such as viscosity on droplet stabilisation. 12113
Studies report a middle range M,, was effective (M, ~ 200k) where smaller or larger M,
do not produce the same monodipserse arrangement. The polymer solution viscosity sig-
nificantly increases with increased M,,, where other parameters such as the condensation
working time become more significant. While the general honeycomb formation window
is already small due to the balance of influencing factors, decreasing the range of work-
ing parameters further limits the fabrication control. A certain degree of polymer chain
density or polarity (i.e. high branching from block-copolymers or amphiphilic polymers)
can aid droplet stabilisation and increase the experimental resilience for the formation of

honeycomb films.

Parametric studies investigating molecular weight and concentration show contrasting ef-
fects. Many studies report a positive correlation with polymer molecular weight M, and
pore size ST However, the common weight percentage variation of polymer in solution
standardises for mass, but decreases the relative molar concentration and thus number of
polymer chains in solution. These results can thus be interpreted as a decreased capac-
ity for droplet stabilisation and delayed solidification resulting in larger droplets. Upon

normalisation of the molar volume and hence polymer chain number, only a statistically
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insignificant variance in pore size is reported.?®% The temporal element of droplet sta-
bilisation and condensation duration appears to be the more significant variable in this
case. This is evident in studies exploring the polymer concentration.*’® While the ex-
perimental time is inherently linked to the volume of solvent, the increased capacity to
stabilise droplets faster and over a wider area is evidenced by a decrease in pore size.
When the M, is too low, the solution viscosity is too small and droplets cannot be ade-
quately stabilised by the polymer to prevent coalescence. Conversely, if the viscosity is too
high due to a large M, or polymer concentration, the self-assembly of droplets is limited
through restricted translation.™t¥ Hence, there exists an optimum balance specific to the
polymer/solvent system used and the environmental parameters which dictate the work-
ing conditions window, explaining the empirical design rules from previous experimental

studies. M8

Solvent. The choice of solvent relies on its ability to completely dissolve the polymer
whilst providing a sufficient amount of cooling to promote condensation.”” Compared to
the breadth of research on specialised polymers for fabrication, only a small number of
organic solvents are generally used, including chloroform, dichloromethane and carbon
disulphide.”” Generally, the solvent should be non-polar to enable the aggregation of the
polar moieties of the dissolved polymer to effectively stabilise the droplets. The solvent
should also typically be water-immiscible to prevent droplet mixing and aid stabilisation

through precipitation at the interface."

The templating droplets nucleate and grow on the polymer solution until the viscosity of
the solution passes a critical point (solidification) or the temperature rises back above the
dew point.”? As a result, high vapour pressures (low boiling points) and low enthalpies of
vaporisation are required to initiate sufficient cooling tPH%20 At high evaporation rates,
a greater temperature gradient is established between the surface and ambient, equating
to increased condensation.??2l However, the faster solvent evaporation rate results in
a greater viscosity increase rate, limiting droplet growth and further highlighting the
importance of the temporal evolution of the formation process.*?? The size of the resultant
pores, if there will be pores at all, is hence dictated by which regime dominates (Fig. .
Gilemann et al. demonstrated that with too fast evaporation, regular pore formation does
not occur due to large perturbations and the sudden vitrification of the non-equilibrium
state in which the viscosity increase was too rapid for self-assembly.H 43123 The effective
regime is thus a careful balance between achieving sufficient cooling for condensation,
but not excess condensation where droplets grow until a stability imbalance results in
coalescence and a non-monodisperse pore arrangement. Experimental adaptations can
also increase the range of appropriate solvents by altering external factors. For example,
toluene has a relatively high boiling point at 111 °C in which many studies have failed

to achieve BF formation under their experimental conditions. 20124 A Jater study by
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Bormashenko et al. concluded that pre-cooling solutions were the decisive factor between

successful and unsuccessful fabrication by facilitating condensation.23

Figure 2.5. Polystyrene BF formed with different solvents on glass substrates. (a)
chloroform, (b) dichloromethane, (¢) carbon disulphide and (d) methyl ethyl ketone.

Adapted from Ferrari et al.209

Temperature alone, however, is not enough to explain the formation in all empirical
results. Ferrari et al. described the thermodynamic affinity in the solvent/polymer and
miscibility as key parameters for BF formation as a criterion to discriminate solvents.08
Hansen solubility parameters HSP, and the relative energy difference RED, were used to
demonstrate how high solubility (thermodynamic affinity) affected results. The results
were in agreement with a similar study by Tian et al. concluding that solvents with
RED < 1 (high affinity) created BF with the exception of toluene.’?¥ Toluene’s behaviour
can be explained as before where adequate cooling for condensation was not achieved
from the low solvent volatility coupled with the experimental parameters (e.g. relative
humidity). Further consideration in solvent choice has to regard the water miscibility and
interfacial tension with water.’% For example, acetone, a highly volatile solvent with a
boiling point lower than chloroform but a similar vaporisation enthalpy, failed to obtain

BF formation by many groups.120

This can be explained by water miscible solvents such
as THF and acetone which partially dissolve the condensed water droplets and thus create
no stable pores. This, however, may not be a significantly dominating parameter as some

125

studies have shown, contradicting feasibility with these solvents."*? One explanation could

be that the presence of polymer in solution may alter the solution miscibility to such an

This may be particularly prevalent

extent that dissolution of droplets does not occur.
given the rapidly changing relative concentrations of components throughout the process
and the observed cold temperatures. The very matter of contradicting literature here
suggests the need for the fine-tuning of experimental parameters, in particular when the

inputs are seen as not ideal, such as with water miscibility and boiling point.

The impact of solvent density was initially regarded as an important parameter, partic-
ularly for the fabrication of multi-layer porous films. Studies initially hypothesised that
multi-layer films could only be created when the density of water droplets was greater
than that of the solvent, allowing the droplet to sink and reorder. However, subsequent
studies have demonstrated various films created with solvents of densities above and below

that of water,™*” indicated theoretically through the interplay of gravity and interfacial
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forces by the capillary length and Bond number:

[
A= 4| — 2.1
Apg 21)

2 2
Bo = Apf - (%) . (2.2)

Where Ap is the difference in density between the two phases, g is the gravitational ac-
celeration, L the characteristic length, and v the surface tension. Assuming standard
numerical values for common inputs, the lateral characteristic length scale is in the nano
to micro range (107" m < L < 107%m) with Bo < 1. When the Bond number is set to 1,
the characteristic length is equal to the capillary length, hence due to the small charac-
teristic length scale of the templating droplets resulting in a Bond number much less than
unity, buoyancy and gravity effects can be neglected due to the dominant surface tension
effects.’* This is observed experimentally with BF formation using chloroform (relative
density of 1.48), and in fabrication techniques such as dip coating and electrospinning,
where pores form irrespective of a flat horizontal surface.™28430 Further, the formation
of multilayer porous structures seems to be an effect of dosage volume and high droplet

stability upon complete packing, forcing the downward trajectory of the droplets. #4133l

While the droplet stability is predominantly noted as a function of the polymer precipi-
tation effect from the assembly at the water-polymer interface, further literature suggests
that the solvent also plays an important role. Evaporative cooling from the solvent can
both produce convection currents in the solution to drive effective re-ordering of the
droplet array, but also separate droplets by a thin lubricating layer of air driven by the
same gradients.®#132 Daly et al. suggests that effective droplet stability is attained on
pure solvent films irrespective of polymer, where the polymer role merely translates the

shape into a solid form.*20128

2.2.2 Substrate

Due to the passive nature of the evaporation-driven BF process, the substrate can have
significant effects depending on its thermal conductivity.3¥ Further, with common drop-
casting methods used, the molecular affinity of the polymer/solvent to the substrate
(wetting behaviour) can significantly alter the spreading of the solution and hence pattern
outcome.™ Despite the significant role in the process dynamics, the substrate parameters
are often substantially less reported than those of the polymer or casting conditions -
investigators fail to report the type and thickness of material used, as well as cleaning

history and other such parameters which can have significant impact.V2
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Standard glass cover slips or microscope slides, silicon wafer or polymer substrates such
as polyethylene (PE), polyethyleneterephthalate (PET), polyvinyl chloride (PVC) are
all commonly used substrates.”” Generally, solid substrates form films with a bilayer
structure, resulting in an upper porous layer and a solid polymer bottom layer.?? Although

4 and seemingly stay as an upper

water droplets nucleate at the air/polymer interface™
porous layer, the empirical data clearly suggests that the substrate affects the resultant
film morphology.™"® Systematic substrate studies have been completed and come to similar
conclusions; it has been shown that the hydrophilicity of substrates can aid in droplet
nucleation and lead to enhanced periodicity and regularity of pores.t#43% Cheng et al.
found that mica was the most suitable substrate being the most hydrophilic that they
tested, also concluding that the pattern generation is somewhat dependent on the water

adsorbed onto the substrate surface before polymer deposition.*3”

Li et al.’s findings contradicted the previous study, stating that the substrate effectiveness
is solution specific.** They claimed that polypropylene (PP) substrate (less hydrophilic)
gave the best results under their set-up, leading to the conclusion that it is the wettability
of the polymer solution with the substrate rather than the hydrophilicity of the substrate.
Due to the affinity of the polymer solution to the substrate, if the solution spreads well
and polymer chains freely move to aggregate and stabilise droplets, the pattern is more
likely to be monodisperse. Ferrari et al. corroborated the important role of wettabil-
ity, demonstrating that scarcely wettable fluorinated substrates led to unsuccessful BF
attempts.t% They concluded that the formation mechanism and role of substrate lies
in the combined effect of solution characteristics and interaction. These claims further
substantiate the polymer-droplet interface stabilisation theory that the polymer strands
migrate and encapsulate the droplets in a colloidal-type stabilised assembly, indicating

the importance of the polymer spreading effects.

The thickness of the substrate is also an important parameter when considering the purely
evaporation-driven phenomenon and finite solvent volume. Bormashenko et al. demon-
strated that the BF formation was strongly impacted by substrate thicknesses, with uni-
form self-assembly observed exclusively on substrates less than 150 pm thick.*3® This was
attributed to the substrate acting as a thermal reservoir, particularly with thin polymer
films and highly volatile solvents where the reaction working time was reduced. Due to
the substrate’s large mass relative to the small volume of polymer solution, the rate of
heat transfer observed through solvent evaporation was reduced, in some cases completely
mitigating any BF formation. The idea of the substrate acting as a thermal bath was
also observed in a study by Onder et al.'*¥ Depositing their polymer solution by spin
coating, the small area of the substrate under vacuum to keep the substrate attached
during spin coating prevented BF formation. By backing the slide to a piece of cardboard

to insulate from the vacuum, uniform BF was then formed. Battenbo et al. confirmed
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the dependence on substrate thickness with a computational model describing the casting
process. %2 A decrease in substrate thickness increases the evaporation rate due to an in-
creased heat transfer rate through the system because of the proximity of the evaporating

solution interface to the heat input (substrate) given no conduction.

2.2.3 Environmental Conditions

With BF patterning being predominantly a phase-change-driven phenomenon, measure-
ment and control over the environmental conditions is essential. Although most often
neglected in studies, the dew point temperature of the system is perhaps the most im-
portant parameter, defining the physical rates of condensation and pattern formation.
Humidity control has conventionally been done with either ambient conditions, dynamic
airflow or static closed systems of fixed humidity.”” The most common method used since
the development of the technique regulates the flow of humid gas with controlled rate/hu-
midity.”*% Nitrogen gas is bubbled through water and mixed with pure nitrogen gas in
desired quantities to achieve a specific relative humidity (RH) of humid airflow which
continuously purges the casting environment. Static humid environments have also been
established through sealed vessels that are left to reach saturation equilibrium for a suf-
ficient period of time. 3940 Different amounts of inorganic salts can be dissolved into
the water to alter the vapour pressure and consequent RH .14 The different techniques
have varied advantages/disadvantages - dynamic gas flow has the potential to be highly
regulated with closed loop control, however, this is not always the case and non-regular

flow can cause disturbances in the ordering.'%

On the other hand, small vessel static
environments can be somewhat uncontrolled and need time to equilibrate which makes

sample deposition difficult.

The nature of finite solvent-evaporation means initial conditions are crucial for successful
patterning. Previous literature demonstrates this importance with the initial polymer so-
lution temperature having an effect'® as well as the general relative humidity on overall
pore size.™t¥ While dynamic environmental conditions can thus increase the versatility of
the polymer/solvent choice, discrepancies across reported influences discussed could be
due to poorly characterised environmental conditions. Some studies have also performed
experiments in non-aqueous environments, where the type of vapour alters both the size
and shape of pores (Fig. [2.6).7™43 Tt is important to characterise both the evaporation
enthalpy of the vapour due to it being a function of the resultant droplet size, and the rel-
ative interfacial tension in determining the shape and contributing effects of deformation

due to gravity.42
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(a) Water

(b) Methanol

(c) Ethanol

Figure 2.6. Aqueous and non-aqueous atmosphere effect on pore morphology. Adapted
from Zhang et al. 27142

2.3 Governing physics and formation mechanisms

Successful BF patterning is contingent upon the formation of regular hexagonally packed
arrays, gaining the name of honeycomb film formation due to the pattern resemblance.??
The deceptively simple, passive self-assembly and formation process of honeycomb packed
BF films, however, relies on the temporal evolution of the combined and competing effects
from the constituent components. As shown schematically in Fig. 2.7 successful fabri-
cation depends on the balance between nucleating droplets that grow and pack together
before the eventual complete solidification and drying of the film. The formation mecha-
nism is hence governed by the stabilisation and non-coalescence effects that maintain the
monodisperse droplet arrangement through self-assembly into the lowest energy ordering

configuration of a hexagonally packed array.

The temporal ordering of events is critical for successful monodisperse fabrication. As

nucleation and growth of individual droplets first have

well described by Gurr et al.,
to occur before assembling into a large surface coverage of highly packed order prior
to complete solvent evaporation results in the polymer film solidification. If complete
evaporation occurs too early, the viscosity increase of solution becomes too great for
significant self-assembly (viscosity opposes the mobility and translation of droplets). On
the contrary, if solidification occurs too late, droplets tend to coalesce or form multilayer
films as interactions between neighbouring droplets become too large. As described in
the interacting physicochemical parameters, it is the interplay of interfacial forces and
interactions between water-solvent-polymer that govern the formation, but the kinetics of

1145

the process which dictate the resultant structure.”** This section provides an overview of
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Figure 2.7. Process schematic plotted alongside the temperature and weight variation
of the polymer film. Reproduced from Kojima et al.24*

how the respective components of the BF casting facilitate this model formation process.
Comments and analysis of critical theories are discussed alongside images and commentary

from research undertaken.

2.3.1 Nucleation and droplet growth

As discussed in Sec. 2.2, the choice of solvent can dictate the difference between a pattern
and no pattern, provided there is effective environmental conditions. The evaporation
of said solvent leads to significant energy removal from the system due to the latent
heat of vaporisation, decreasing the temperature of the solution and initiating the nucle-
ation of droplets. Associated temperature drops have been reported from non-significant
temperature changes and no condensation,’ to upwards of a 25 °C below the ambient
temperature.?® While the evaporative cooling effect is the main driver for temperature
change and condensation onset, environmental control further impacts condensation. As
such, many reports show the relationship of increased pore size with relative humidity,®
with some studies trying to quantify the minimum humidity required for which pattern

For nucleation to occur, however, it is more about

formation occurs for a specific system.
the combination of parameters that affect the dew point of the system and overall rate
and absolute change in temperature. It is such parameters as the ambient system tem-
perature and respective dew point, the initial temperature of the solution, relative airflow

rates in dynamic set-ups, and even contributing insulative effects from the substrate that
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lead to discrepancies noted within the literature.

With the polymer solution experiencing a temperature decrease from the ambient, it is
widely accepted that droplets are created through heterogeneous condensation at the air-
polymer interface.”® The vapour pressure of water at the cooled interface will be greater
than the saturation vapour pressure in the ambient, creating a thermodynamic driving
force for nucleation to occur.”® It has been shown that the presence of an interface,4°
and in particular the presence of a deformable soft or liquid interface**™4® decreases
the energy barrier for nucleation to occur, making the nucleation at this interface most
likely. Empirical and theoretical studies show that this phase transition is a function
of the wetting behaviour of the condensate at the polymer solution interface.t4® While
condensation can occur as both film-wise and drop-wise as will be explained later in
Ch. 4, the fundamental requirement for BF patterning is for discrete droplets to form
rather than a film of condensate. As such, the spreading of water on the polymer (see
Eq. denoted by the spreading parameter S must be negative.”® The high surface
tension of water (cohesion) results in the water forming a spherical droplet lens shape

rather than spreading into a thin film.

With the Bond number Bo < 1, the dominance of interfacial forces determines the initial
droplet shape. This is evidenced with the high spherical symmetry of pores produced,
characteristic of the templated water drop. As the interfacial tension of the water and
polymer solution is typically less than that of the surface tension of the water, the liquid
lens tends to partially submerge below the free surface plane of the solution.™? In a static
solution, the lens shape can generally be predicted by analysing the relative interfacial
tensions, however, with the dynamic temperature and viscosity changes throughout the
experimental working time, the droplet shape readily changes.™” Reports indicate differ-
ent relative sinking depths, or aspect ratios, with rapid evaporation of solvents tending
to ‘levitate’ the condensing droplets.t2%120 Ag a result, even with the reported pore size
control of the process in literature, the range does not necessarily consist of systematically

size-varied structures but a variation of the size of the surface hole 142151

After the initial nucleation of water droplets at the interface, water droplets grow through
continued net condensation. The growth of dropwise condensation on substrates was first
explored in detail in the studies of Beysens and Knobler (BK).®*#%¥ In these works, three
different growth regimes were reported: early, intermediate and late stage growth which
correlated to the surface coverage of the droplets and working time duration. Briscoe
and Galvin suggested similar regimes in terms of initial isolated droplet growth, growth
through coalescence and significant interaction and thirdly a re-nucleation regime. 859
This is further corroborated in the computational simulations of Meakin and Family
which included a further, final regime of coalescence and re-nucleation with removal of

larger droplets®.
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For isolated droplets, growth via condensation occurs in a diffusion-limited regime.*52

Water molecules may diffuse directly from the gas phase to the droplet surface or adsorb
molecularly on the substrate and diffuse towards the droplet. With a steady state of
condensation flux, the volume of the droplet grows proportional to time (V' o t), thus
indicating a diametric growth rate of D o /389 Droplet coalescence is negligible until
a critical surface coverage value is reached, beyond which inter-droplet interactions re-
sult in temporal and spatio-temporal variations in the surface coverage with geometric
configurations.™?® As the surface coverage increases, droplet coalescence increases poly-
dispersity within the system, forming non-monodisperse arrangements. The formation
of hexagonally packed BF patterns thus requires solidification of the polymer before this

stage.

Whilst the established growth rates were theoretically and experimentally verified on
both solid and liquid substrates before BF as a patterning construct was conceived, few
studies exist which quantify the pattern evolution on solvent-evaporating films. While the
original reports studied the general formation of condensing water droplets, carrying out
experiments under model conditions and in the absence of evaporated polymer solutions,®*
the more complicated physics and non-linear temperature control with evaporation alter
the growth trends. D o< t'/3 occurs in ideal steady-state conditions where non-isothermal
growth in this case can unpredictably change this growth. This manifests in size variation

t 140

across the film due to the solvent evaporation fron and a range of different observable

growth rates 154155

The non-equilibrium solvent evaporation with non-linear solution temperature makes it
difficult for studying the onset of condensation. Further, some systems achieve highly
packed microscopic droplets in a matter of seconds, presenting experimental and ana-
Iytical difficulty to both control and analyse the process.’®® The inability to properly
modulate or control the process in situ due to the reliance upon the initial input con-
ditions also demonstrates the decreased need for nucleation analysis and tracking as the
outcome is almost pre-established. Despite the nucleation and growth of droplets playing
a paramount role for BF patterning, few studies report on the effects of nucleation and
overall growth rate. However, as postulated by Saunders et al., the effect of nucleation
density on resultant pore size could explain the contrasting results in the literature.t8 By
attributing the increasing M,, in their case with increasing hydrophobicity of the polymer,
they equated the increasing pore size due to a lower initial nucleation density that led to

the few droplets growing larger with a net equal condensation flux.

2.3.2 Droplet stability and pattern formation

Successful fabrication of hexagonally packed BF structures depends on the temporal evo-

lution of the droplet stability and self-assembly prior to polymer solidification. As such,
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the droplets (or rather the overall pattern) need appropriate time to stabilise, grow and
assemble together. Without adequate stabilisation or with too much droplet growth, the
pattern exhibits a polydisperse structure as noted before. The non-coalescence behaviour,
arising from contributions of many of the same fundamental mechanisms, is hence funda-

mental to proper fabrication.

For coalescence to occur, the polymer solution between two neighbouring droplets first has
to drain. As a result, viscosity is a contributing factor where viscous forces work against
the draining of this lubricating layer.t? This is also a function of solvent evaporation
time as the polymer concentration dynamically increases. Further theories suggest similar
effects to what Dell’Aversana et al. demonstrated with two millimetric-sized droplets of
different temperatures.’3? Thermocapillary flow gradients in air driven by the temperature
gradient between the droplets result in hydrodynamic resistance opposing the draining of
a thin lubricating air film. Srinivasarao et al. postulate that the temperature gradients
of the condensing droplets and evaporating solvent from the solution create a lubricating
film of solvent vapour which suppresses the coalescence.”* With continued droplet growth
duration, only systems with adequate stabilisation arising from the polymer encapsulation

and surfactant effects will form a monodisperse arrangement.*

For non-coalescing droplets, it is the combination of short and long-range self-assembling
forces which contribute to the minimum energy arrangement of a hexagonal packed array.
As individual droplets grow nearer to one another in a diffusion-limited regime, they
experience attractive capillary forces due to the deformation of the interface. While
classical capillary forces due to gravitational bulk forces distorting an interface tend to
become negligable at the Bond number of templating droplets (see Eq. 2.1, 2.2 where
L < \.), deformation at the liquid surface triple line can still occur as a result of the
wetting behaviour. To minimise the potential energy due to any slight menisci, the
droplets attract one another and can form well-documented islands.*>” Some of the classic
BF samples fabricated in this study show the initial formation of packed droplet islands
(Fig. 2.8h) and the final packing of the droplets which is mediated by grain boundaries
from the combining of islands (Fig. 2.8b).

Due to the relative temperature gradients that arise from solvent evaporation and droplet
condensation, gradients in surface tension can occur, resulting in Marangoni convection
or thermocapillary flow within the solution.'*®1%¥ Dye to the solvent evaporation, a tem-
perature gradient exists in the polymer solution where the surface temperature is lowest
at the solvent evaporating front. A resultant gradient in surface tension occurs (v o 1/T))
and can exert a force on the droplets, pulling them below the surface. The flow transports
the droplets towards the evaporating edge of the polymer solution, packing the droplets
closely together.™?? Further, the sinking of droplets from the solution surface can result

in new droplet nucleation and the formation of multilayer porous films.?#60162 Apother
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(b)

Figure 2.8. BF formed in this research. (a) Islands of packed droplets assemble togethor,
(b) and resultant complete high packing mediate by grain boundaries.

explanation invokes the stabilisation of droplets due to the evaporating solvent escaping

Re-ordering of the droplets then occurs through

which partially levitates the droplets.
a combination of said convective currents in the solution and dynamic airflow when hu-
mid air is pumped into the system, before the eventual sinking and templating of the
droplet shape occurs.” While de Gennes demonstrates that the concentration gradients
will dominate over the classical temperature gradient convection,™3 ultimately, it is the
varying combination of the respective densities, relative concentration/temperature gra-
dients, dynamic airflow and opposing increasing viscous forces that are influenced by the

temporal evolution of the patterning, dictating the pattern formation mechanism.

2.4 Breath figure adapted methods

In most classical BF studies, the process is predominantly driven by the passive solvent
evaporation and modulated to some extent via environmental control. Similar to initial
studies of dropwise condensation by Beysens and Knobler,5¥ some patterning reports have
added another control handle via the use of a Peltier cooling device below the substrate to
readily influence the polymer solution temperature, %164 increasing the experimental tol-
erances and range of compatible solvents. Additional handles, such as a roll-to-roll process

developed by Fujifilm allow the continuous production of such patterned films. 165166

The majority of adapted BF methods have stemmed from particular applicational per-
spectives. Farbod et al. developed a direct breath figure (DBF) approach by preparation
directly onto a solid polymeric substrate;X7 the main difference being that no pre-prepared
polymer /solvent solution is required due to the use of an organic polymeric substrate. The
dissolution of poly(methylmethacrylate) (PMMA) slabs in a water and tetrahydrofuran
(THF) solvent solution occur by sonication before being left to dry through evaporation

in a non-humid environment. This method gave rise to the semi-direct breath figure
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(sDBF) method in which pure solvent partially dissolves a polymeric substrate (creating
the polymer /solvent solution) before evaporation of the solvent and subsequent conden-
sation of water in humid conditions.*®® This had beneficial implications for biological
analysis in which standard polystyrene Petri dishes could be directly post-fabricated with

3D honeycomb porous films to aid with antimicrobial properties and cell adhesion.*%”

Depending on the porous film application, a vast range of alternative materials have
been utilised for both the bulk polymer and substrate. Surfaces have been synthesised
with particular engineering polymers for specific qualities, such as stimuli responsive

)172,173

polymers, ™ fluorinated low surface energy polymers (superhydrophobic and

photocrosslinkable polymerst 0,

Casper et al. developed a method for patterning
non-planar substrates and creating porous fibres through using the BF principles in the
electrospinning process.*?” Ice and liquid substrates have also been used to aid the cool-
ing process and create perforated through-holes for microfiltration applications.™ New
techniques have mitigated the use of solvent altogether, relying solely on active cooling
through a Peltier device and solidifcation by UV crosslinkable polymer adhesives. 847 By
combining active methods for cooling and curing the structures, the process was readily
controllable in terms of final pore morphology, whilst negating the need for toxic solvents

that are conventionally used.

The pattern morphology has previously been modulated in a number of ways. In situ dy-
namic airflow can force droplet configurations and surface pore shape, going from spherical
to elliptical and rectangular,™™ and post-fabrication manipulation has been demonstrated
via thermal shrinking to decrease the overall size.*®Y The overall pore shape can be modu-
lated through the use of non-aqueous vapours,'® as well as altering the interfacial tension

T2RI182

with solvent /polymer choice or precise regulation of the phase change dynamics.14”

Depending on the type of polymer used, some BF samples can result in interconnected sub-
surface pores through bursting of the droplets with evaporation at the final stage. 120483
The interconnections must occur in the final stages of polymer solidification, with rising
temperatures promoting droplet evaporation from the stabilised pores.*2%183 Pillar, ‘pin
cushion’ like structures can be created by peeling the top layer of the BF sample off with

adhesive tape, creating superhydrophobic functional surfaces (Fig. .184

2.5 Challenges and limitations

Much of the appeal and beauty in the breath figure method relies upon the passive deposi-
tion and intrinsic self-assembling nature which reveals the surprisingly ordered structured
state. The formation of such regular, hexaongally packed pore structures is more remi-
niscent of strictly controlled machined manufacturing methods than one would think of

being created from the spontaneous onset and self-assembly of condensation droplets.
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Figure 2.9. Breath figure sample fabricated from PS and CAP created in this study.
Showing both BF (left) and pincushion (right) topography with highlighted views on
either side.

The contrasting mechanistic theories and empiracle-based nature, however, is far from
the elegance of the successful samples which make the cover images. Fundamental lack of
control stems from the interplay of the competing mechanisms which counter-intuitively
make the experimental process deceptively simple. As such, a trade-off exists between the
passive process and a fabrication technique that offers true flexibility and control over the

resultant samples.

The main challenges surround the temporal interplay of the influencing parameters. As
reported by Yamazaki et al. the formation mechanism of assembly defects are caused
by the ‘tectonics’ of assembling water droplet arrays.1? Divergent defects arise when
the condensation growth time is not long enough for complete pattern assembly, and
solidification occurs prior to complete packing. Moreover, if the condensation growth
time is too long, convergent defects form with the overlapping of multiple layers. If there
is not adequate droplet stability, the converging droplets also tend towards coalescence,

forming polydisperse samples.™ 2

The majority of this review has attempted to explain ‘ideal’ formation with the creation of
hexagonally packed porous samples. However, due to the complexity of achieving perfect
packing and size, the literature is replete with varying degrees of disordered samples
exhibiting non-perfect packing configurations and polydispersity. 27126 Further, the widely
reported feature range of hundreds of nanometres to tens of micrometres is far from
systematic or ideal. To the best of the author’s knowledge, no single input solvent /polymer
solution combination can create that diverse range; rather, through empirical trial and
error of material concentration input and environmental variation can the range of sizes
begin to be explored, incidentally also modulating the pore morphology. This poses
questions on how greater control of the process can be garnered and if it’s possible to

de-couple interacting phenomena to attain a more predictable design. Further, as seen
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with natural feature polydispersity in biological systems even enhancing the effects, is

some amount of polydispersity acceptable?

Only with effective pattern control, can the wide array of potential applications of these
surfaces be fully explored. Over the next few chapters, a proposed technique for separately
controlling the saturation level and cooling to control the condensation, and a further
handle to control the solidification onset is investigated. By simplifying and de-coupling
components of the method, the ability to link the condensation growth physics to gain

predictable and understandable patterning is researched.

2.6 Summary

e The classical breath figure patterning approach harnesses the evaporation of a sol-
vent from a polymer solution. The spontaneous formation and assembly of conden-
sation droplets imprint the polymer solution before solidifcation of the film, leaving

behind porous shapes after the evaporation of droplets.

e By employing water droplets as a dynamic template, the breath figure patterning
approach is a versatile method for creating low-cost, scalable and adaptable mi-

cropatterned functional surfaces.

» Scalable - unlike lithographical etching techniques or other top-down manu-
facturing methods, the spontaneous formation of condensation droplets over a

wide area is inherently scalable.

» Low-cost - bottom-up process with no templating material other than water

droplets originating from humid air.

» Adaptable - the formation of condensation droplets that grow in time enables

a range of feature sizes to be created.

e The passive nature of the solvent-evaporation-driven approach creates a complex in-
terconnection between the dynamic and non-equilibrium condensation/evaporation
processes that restrict the direct translation of the mechanistic knowledge of drop-

wise condensation kinetics towards the predictive design of pattern morphology.

¢ By managing the temporal evolution of the pattern formation, can the kinetics of
the process be controlled and translated into predictable and systematic feature

variation?



Chapter 3

The temporally arrested breath figure
approach

The full temporally arrested breath figure method is introduced here in its entirety. The rationale
for the technique is summarised and the main technical aspects and methodology are described.
Some of the content written here is published across two previous publications, ‘ Temporally ar-
rested breath figure’® and ‘Exploiting breath figure reversibility for in situ pattern modulation

and hierarchical design’ 189

“The borders between great empires are often populated by the most

interesting ethnic groups. Similarly, the interfaces between two
forms of bulk matter are responsible for some of the most unex-
pected actions”

Pierre Gilles de Gennes

38
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3.1 Introduction

The ability to readily create self-assembled patterns of features ranging from nano to
microscale in a scalable and systematic manner has wide-ranging applications. However,
as summarised in the previous chapter, the drawbacks to the classical, solvent-evaporation
driven BF technique arise from the very same benefits; while BF patterning is seen as a
facile templating technique due the passive nature of solvent-induced coupled phenomena,

this does not allow systematic control over the resultant pattern.

From herein, the classical BF approach is defined as solvent-evaporation-driven as per the

91921 Ty this approach, total evaporation of the solvent is essential to the

original studies.
creation of the final solid structure. It is the complete removal of the solvent from the poly-
mer solution which controls not only the condensation rate, but the experimental time in
which the composition of the polymer solution goes from > 90% solvent to solid polymer.
If complete solvent evaporation and polymer solidification does not occur fast enough,

LOBISTLSS or  given the right

the condensation droplets will either tend towards coalescence
conditions, form multi-layer porous structures®*%102 que to the sinking of the droplet
array. A specific output pore size and spacing is therefore achieved for given experimental
inputs of material properties and environmental conditions. Consequently, relatively nar-
row system-specific working windows are often empirically derived to achieve regular BF
patterns. Limited systematic control over the pore size is garnered due to the inability
to control the exact moment the final pattern is arrested. This complex interconnection
between the dynamic and non-equilibrium condensation/evaporation processes restricts
the direct translation of the mechanistic knowledge of drop-wise condensation kinetics*®”

towards the predictive design of pore size and spacing.

Proposed solutions to the key challenges are summarised below for the presented tempo-
rally arrested BF approach, with more technical information discussed in the following

sections.

Challenge 1 - Droplet nucleation

In classical BF, the solvent evaporation is essential for initiating droplet nucleation. This
leads to ambiguity around solvent compatibility - studies often have conflicting success or
failure results because of the specific environmental conditions in their study. Depending
on the ambient or set humidity, evaporation of the solvents in question may or may
not yield the required energy removal to produce sufficient cooling for the nucleation
of the droplets.’" The temperature difference is further complicated by the insulative
or conductive potential of the substrate.’’? Accurate prediction of the nucleation and
subsequent pattern growth is thus not straightforward due to the non-linear temperature

dynamics over the duration of the experimental working time (Fig. [3.1]).14

In this adapted approach, we employ external cooling facilitated by a Peltier device situ-
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ated below the polymer film. This enables regulation of the saturation regime and control
over the droplet condensation. The subcooling level of the polymer film can thus be set
by measuring the dew point of the environment and setting the respective temperature

difference. By alleviating the need for solvent completely, the supersaturation level can

be directly controlled in a linear fashion.

(a)

| (b)
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Figure 3.1. Polymer film temperature profile during the experimental working time for
(a) the classical and (b) the temporally arrested BF approaches.

Challenge 2 - Pattern growth

Variation of the pattern size is classically attained through environmental control of
temperature/humidity and the variation of the input parameters (e.g. polymer/sol-
vent ratio)."® This essentially modulates the condensation working time (droplet growth)
through the amount of solvent removal. By altering the input conditions, the feature sizes
can be somewhat modulated, however, this has combined effects on the pore morphology
and sinking depth due to the variation of interfacial tension and viscosity with time. This
undefined, non-linear variation of conditions is incompatible with control and prediction
of the resultant pattern size (Fig. . Actively controlling the level of supersatura-
tion through the substrate temperature facilitates direct translation of the environmental
conditions and condensation physics to the resultant pattern, allowing prediction of the

pattern growth rate.

(0) (b)
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Figure 3.2. Average diameter of droplets forming the pattern. (a) non-linear growth vs
(b) controlled growth in the adapted approach.
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Challenge 3 - Film solidification

Only after complete solvent evaporation in the classical approach does one attain knowl-
edge of the pattern feature sizes. This translates to an empirically-derived workflow that
for every parameter / variable combination, a single final pattern is achieved. Much
of the BF literature regards studies of this variation, with successful (monodisperse) or
unsuccessful (semi-coalesced or incomplete coverage) patterning conclusions for variable
conditions. By substituting the passive evaporation-driven polymer cooling and solidifi-
cation with both UV-curable polymers and external cooling, we eliminate the coupling
and enable in situ interrogation and modulation of the BF patterns through access to
discrete intermediate designs within a single dynamic process. Instead of a predefined
viscosity increase profile that is a function of the solvent volume, photopolymers enable
on-demand quasi-instantaneous solidification (Fig. . As a result, the pattern evolution
can be directly and systematically influenced in the temporal domain, facilitating better

control and application of the condensation physics.
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Figure 3.3. (a) Non-linear increase in viscosity until solidification vs (b) quasi-
instantaneous solidification through photocurable polymers.

The adapted BF approach can be schematically summarised as per Fig. [3.4] (i) A thin
polymer film is created by spincoating on a glass cover slip. (ii) After measuring the
environmental conditions and implementing the required subcooling level on the Peltier
device, the polymer film is placed on top and the subsequent pattern evolution is mon-
itored with real-time image analysis. (iii) Once the desired pattern characteristics have
been reached, the whole Peltier device is placed under the UV light source and cured for
the designated curing time. (iv) The droplets evaporate after the film is cured and the
sample returns to ambient conditions (v) where the pattern can either be used as is or
further replicated. The following sections describe the technical methods used with this

approach.
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(i.) PREPARATION CONDENSATION GROWTH & ARREST () EVAPORATION (v) REPLICATION

Figure 3.4. Schematic showing the main steps in the presented temporally arrested
breath figure methodology.

3.2 Materials and characterisation

3.2.1 Materials

Substrate. Stainless steel, silicon wafer, borosilicate glass and polymer substrates were
all used as substrates at different points throughout this study. The main pattern evolu-
tion characterisation, however, was carried out on standard glass cover slips of 24 mm x
24 mm with thickness of 0.15 £+ 0.02 mm. These were cleaned prior to use by washing
with isopropanol (IPA) and deionised (DI) water before being dried in the oven overnight
at 80 °C. The cover slips were chosen due to their low-cost availability and optical trans-
parency, enabling both transmission and reflected light optical microscopy analysis. The
relative thinness facilitated effective heat transfer from the external cooling device below
whilst providing a rigid support to maintain a flat, thin polymer film that is easy to cross-
sectional fracture for further analysis. For a typical cooling cycle as shown in Fig. [3.5] the
measured temperature responds quickly to programmed variation with a small difference
between the absolute set temperature on the Peltier (red line) and substrate temperature
(grey line) up to a maximum of £2.5°C at extreme experimental parameters (e.g. largest

set subcooling available in the warmest ambient conditions).

Polymer. Norland Optical Adhesive (NOA, Norland Products Inc.) polymers were pur-
chased and used as received throughout this body of work. These single-component poly-
mer resins are commercially available and widely used across industry and academia.*?"
NOAG60, -61, -63, -65, -68 and -81 products were trialled, comprising optically transparent
and colourless pre-cursers in a range of different viscosities that cure when exposed to UV
light. Their cross-linked, cured form exhibits varied mechanical properties with strong

adhesion across different substrates from glass to metals.

The NOA polymers used consist of urethane-related base materials that are cross-linked
upon UV exposure through radical-mediated thiol-ene chemsitry. Whilst the complete
polymer composition is proprietary commercially sensitive information, the safety data
sheet™ references mercaptan (thiol or sulfur-containing analogue of alcohol, e.g. -SH)
dopants alongside a monomer/oligomer mixture and photoinitiator. The photoinitiator

enables the polymer precurser to absorb the UV light and create a reactive species to initi-
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Figure 3.5. Temperature measurements of the Peltier device and mounted cover slip
over a typical cooling cycle.

ate and propagate the polymerisation. Created photoiniator radicals abstract a hydrogen
from the thiol, producing thiyl radicals which propagate and react with the C=C dou-
ble bonds of the alkene (Fig. |3.6). This photo-induced crosslinking mechanism exhibits
rapid curing in ambient conditions with low material shrinkage resulting in little change
to surface features from pre to post cure. Further, the polymers exhibit high resistance
to solvent, oxidative and UV degradation, making them excellent candidates for thin-film

functional coatings.10:192

R—SH + R —
J /

Figure 3.6. The click chemistry of a thiol-ene reaction. Adapted from Sticker et al.*V.

3.2.2 Polymer characterisation

Density. The density of the fluids was necessary for characterisation and further use
within experiments such as interfacial and surface tension investigations. Due to the
viscosity of some of the samples being as large as 5000 Pa.s, conventional techniques such
as reverse pipetting with slow aspiration speeds could not be realised. Instead, a weighing
strategy using a relatively large 1 mL (4 0.005 mL) disposable syringe was used with 0.5
mL of sample taken for each polymer. Ten measurements were completed on the digital
mass balance (£ 0.00005 g) by decreasing the volume by 0.05 mL after each reading. The

results were repeated three times for each material at ambient lab conditions (22 + 1
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°C) and the average mass for each volume was plotted on a graph to attain the density
by quantifying the gradient of the linear regression to the mass - volume data (Fig. .

De-ionised water was also measured as a benchmark validity check.
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Figure 3.7. Density measurements of the NOA polymers used in this study and a de-
ionised water reference. Data points are vertically offset for gradient comparison, with
the major y-axis ticks representing 0.1 g increments.

Interfacial tensions. The shape and stability of droplets in the BF method is largely
governed by the interfacial phenomena and resulting interactions between the polymer
film, water droplets and air. Surface tension (SFT) of the NOA samples in air and
interfacial tension (IFT) between the NOA and de-ionised water were thus measured

using an optical tensiometer (Theta Attension, Biolin Scientific).

Pendant drop tensiometry apparatus was used in which a high-contrast image was taken
of a droplet suspended from a dispensing syringe needle.**? Pendant drop analysis was
chosen in this experiment due to the simplicity of the experimental set-up and small

194 The interfacial tension between the

sample volume required relative to other methods.
droplet and the bulk fluid it is suspended in (where paropiet > Pbuik) is then ascertained
through geometrical analysis and the fitting of the Young-Laplace equation in the software.
High-contrast imaging of the droplet with a backlight is hence important for accurate
thresholding. The experiment was further optimised by maximising the Worthington
number, Wo, a nondimensional number that scales the volume of the drop with the

195 Drops of volumes of 5 - 20 pL. depending on

maximum volume that can be suspended.
the sample were created with a 22 gauge dispensing tip, with analysis taken just prior
to detachment of the droplet from the tip to maximise the observable Wo. Five repeats

were taken for each polymer measured, with a mean and standard deviation extracted
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from the average data set. Interfacial tension (IFT) experiments in de-ionised water were
completed with respect to time to monitor the variation and equilibrium values due to the
dynamic trend in some of the polymers (Fig. . A 300 s average value was taken as the
IFT data point, concluding this to be characteristic of a typical experimental run time.
3 hour tests were also run to find an equilibrium value on NOA61 and NOAS81, however
difficulties arose from the unstable disposable syringes used. The standard deviation
provided refers to the variation across the repeats for comparison with the other data sets
here, and thus does not account for the dynamic time values particularly for NOA61 and
NOAS1 (Fig. . A summary of the polymer data can be viewed in Table where

viscosity and curing energy values are taken from the polymer data sheets.™!

(a) 74 | ! ! 4 (b)‘|4 [ P~ B P —
= - ™ u . I~ 4 9094000000000
2r ] 131 ]
= £
542— < "~
€ + NOAB0 €12 oy ]
= * * * ? 3 = L S
s
=40 - ‘@
@ o NOAB5 sir 1
] A NOA68 %
[0} o
83 NOA81 S0l |
= u Water (ref)
@ v v v v v v 2
A 7'y A A A A e
36 | 9F vy y Y v vy 4
e s X IIITIIIITIIIIITY
34 | | L L 8 L L | | 1 | |
0 5 10 15 20 25 0 50 100 150 200 250 300
Time (s) Time (s)

Figure 3.8. (a) Surface tension and (b) interfacial tension with water measurements for
the NOA polymers used within this study.

The SF'T results have good droplet pendant shapes and appear in good agreement with
the limited published data."® However, the IFT in water validity is much more dependent
on other factors, such as Bond number, due to the relative density differences between the
two phases.*?¥ A small Bond number is a physical limitation in Pendant drop tensiometry,
where interfacial forces dominate over gravitational forces, resulting in only small defor-
mations from sphericity."** Small perturbations in droplet shapes reflect in large changes
to the measured IFT, limiting the accuracy of the experiment. This is most evident in
NOAG5, where the relative density difference of 10% from water manifests in droplet vol-

umes larger than double that of the other polymers with highly spherical droplet shapes.

Real force SF'T measurements were also taken for NOA61 and NOA65 using a Kruss
K100C and Wilhemy plate set-up. Contrary to optical tensiometry, this machine provides
direct force detection measurements at the polymer-air interface for the surface tension
of the polymer. An average of three repeats were made per polymer, with data showing
the SFT to be within 2% of the optically measured values, validating the pendant drop
approach. Due to this being an external service, no further samples were measured in this

regard.
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Table 3.1. Table of key parameters for the different polymers used in this study. Lab
measurements are taken at ambient laboratory conditions varying from 20 °C - 25 °C.

Material Viscosity* Density' SET IFT (300s avg) Curing energy*

(mPa.s) (g/cm?) (mN/m) (mN/m) (J/cm?)
NOAG60 300 1.22 409 £ 0.3 13.3 £ 0.0 3
NOAG61 300 1.23 40.5 £ 0.1 11.7 £ 0.2 3
NOAG63 2000 1.19 37.0 £ 0.1 8.8 £ 0.1 4.5
NOAG65 1200 1.10 35.3 £ 0.2 13.8 £ 0.5 4.5
NOAG68 5000 1.16 36.3 £ 0.1 8.5 £ 0.1 4.5
NOAS1 300 1.22 40.3 £ 0.3 10.7 £ 0.2 3

TError in density regression calculation is insignificant relative to the significant figures provided.
#Viscosity and curing energy values are taken from the respective polymer specification sheets. 191

3.3 Patterned film generation

3.3.1 Spincoating

A thin film of polymer was used as the BF surface. A thickness of approximately 30 pm
was chosen due to the relative thinness for effective heat transfer through the film whilst
maintaining a larger depth than the condensation droplets considered here O(0.1—10 pm)
to assume negligible interaction between the droplets and the substrate. Constant NOA

film thickness was controlled through modulation of the spin coating parameters.

The spin coating model developed by Emslie et al. demonstrates how the spin coated
film thickness scales with dpoymer = (11/ tw2)1/ 2 where p is the polymer viscosity, t is the
spincoating time and w is the angular velocity.*?% Initial tests varied the spincoating time
at constant speed, with polymers of viscosity 300 mPa.s spin coated at 1000 rpm and the
polymers with viscosities from 1200 mP.s to 5000 mP.s spin coated at 2000 rpm. Polymers
were spincoated on cover slips and cured for 5 s before being fractured to measure the film
thickness. The spin coating times were selected from the graph to attain a dpoymer ~ 30
nm thickness, with trends showing good agreement with the model (Fig. .

3.3.2 Environment and set-up

A schematic of the full experimental set-up can be viewed in Fig.[3.10] The polymer-coated
cover slip is placed atop the Peltier device, situated under either the optical microscope or
UV flood curing system. The Peltier was stabilised at the desired subcooling temperature,
AT, before placing the coated glass cover slip at time zero. Images were captured during
the pattern progression at specific imaging frequencies and the film was cured with a
short exposure to UV at t.. In this set-up the image observation and curing mechanisms
are differentiated processes, represented by the hashed line in Fig. The pattern can

be analysed in real-time, before placing the full Peltier stage under the adjacent curing
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Figure 3.9. Polymer film thickness vs spin coating duration. Low viscosity (300 mPa.s)
polymers were grouped together and spun at a lower rotational velocity.

system to create the final patterned sample.

As the simplest and easiest way to control the supersaturation, experiments were com-
pleted on a cooling/heating Peltier module (Linkham PE120) in ambient laboratory con-
ditions. The temperature (1), relative humidity (RH) and saturation dew point were
recorded using a hygrometer at the start of the experiment and monitored throughout
the experimental progression. The corresponding saturation temperature (dew point)
was calculated with the August-Roche-Magnus formula."®” The level of supersaturation
inferred from the subcooling, AT, was set on the Peltier stage at the start of each exper-
iment. Based upon the corresponding measured parameters, the subcooling temperature
range used varied between 0 - 15 °C. The set temperature was kept constant during each
experimental test lasting hundreds of seconds, with fluctuations in conditions keeping the
subcooling temperature on the Peltier accurate to within + 0.5 °C. Fig. [3.5] shows the
relative close tracking between the temperature of the Peltier device and the cover slip
surface temperature using two thermocouples placed on the respective surfaces. There
was consistent negligible temperature lag observed in response to the increase/decrease in
Peltier temperature, with the relative difference being a function of the ambient conditions
at the time of the experiment. As a result, the set Peltier temperature (7p) and difference
from the system dew point (Tpp) is referred to as the induced level of subcooling (AT)

for experimental simplicity.

3.3.3 Polymer curing

The photosensitive polymers are mediated by thiol-ene based crosslinking through a free-
radical induced ‘click’ chemistry pathway (Fig. [3.6).2 This photopolymerisation mech-
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Figure 3.10. Schematic showing the experimental apparatus used. The hashed line
represents the discrete live observation and curing mechanisms used.

anism offers benefits from traditional free-radial polymerisation including rapid curing
speeds in ambient temperatures and atmospheric conditions regardless of material mass.
Oxygen and water from the environment can typically retard and quench radical-mediated
reactions, proving futile for BF fabrication. The NOA polymers, however, exhibit fast
curing speeds in ambient conditions, with high conversion and crosslink densities, low

shrinkage, and strong resistance to chemical, oxidative and UV degradation.

(a)[F (b)PPE=T

Figure 3.11. Pattern cured for (a) 0.5 s and (b) 1 s. If droplets are not fully stabilised,
partial coalescence of the pattern occurs.

In this system, a UV flood curing device (Dymax Bluewave AX-550 Redicure) is used at
a 25 mm working distance. The 650 mW /cm? system operating at 100% can thus provide
the 3 J/cm? to 4.5 J/cm? dose required to fully cure the respective NOAs in 4 - 7 seconds.
Preliminary tests concluded that the thin polymer films (& 30 pm) could yield stabilised
droplets after as little as 1 s curing at 650 mW /cm?, sufficiently preserving the liquid-
observed pattern to the cured film (Fig. |3.11]). For the majority of characterisation, an
irradiation time of 5 s was selected to ensure the film was cured whilst being insignificant
compared to the condensation / experimental working time. Upon warming of the cured
film to ambient conditions to allow for evaporation of the templated droplets, a further

UV irradiation dose was completed to ensure the pore cavities were fully cross-linked.
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The fabricated samples were then baked at 150 °C for 1 hour to remove any residual and

unreacted functional groups at the interface.

3.3.4 Pattern replication

Many functional surfaces found in nature are composed of varied morphologies of self-
assembled circular footprints. The ability to create both porous and protruding patterns is
thus part of having a versatile fabrication method. Soft lithography replication of classical
BF patterns often involves solvation of the BF film due to the brittle characteristics and
the polymers often used.* As a result, each pattern can be templated once, and a further

step is required to dissolve the pattern.

In this adapted approach, the highly cross-linked polymer has strong bulk properties and
a high resistance to solvent degradation. The BF patterns created can thus be moulded
and re-moulded continuously in an elastomeric medium such as silicone. Sylgard 184
(Dow Corning), a widely used low surface-energy and biocompatible polydimethylsiloxane
(PDMS) derived polymer was selected as a suitable elastomer to enable the facile removal
from the characteristic negative curvature within the cavities on the BF pattern. PDMS
is a widely used silicone that has good transparency, chemical inertness and good bulk
properties (e.g. mechanical flexibility) that make it one of the leading choices for rapid
prototyping and soft lithography applications.®® Base and hardener were mixed at a 10:1
ratio and degassed for 30 minutes. The liquid polymer was poured over the respective BF
and further de-gassed to remove entrapped air from the cavities and ensure a high-fidelity
replication. Slow peeling and separation of the PDMS / BF were done to ensure complete

removal of the replica from the mould.

3.4 Pattern and morphology characterisation

3.4.1 Liquid film pattern analysis

Data surrounding the resultant pattern feature size was achieved through analysis of the
water droplet growth on the liquid NOA. An Olympus BX53M optical microscope (OM)
equipped with a long working distance objective (Olympus LMPLFLN 50x/0.50) and a
digital CMOS camera (Basler ace acA2040-90uc) took images of the pattern progression
at a rate of 1 Hz. The optical set-up provided an imaged area of 444 pm x 444 pm,
corresponding to a nominal spatial resolution of 0.22 pm per pixel. Rayleigh’s criterion
can be used to establish the minimum resolvable distance between two points in the field
of view, defined as d = 0.61\/N A, where \ is the wavelength of light (commonly 400 - 700
nm) and N A is the numerical aperture.?"” For the aforementioned set-up, this corresponds

to d ~ 700 nm. In reality, as the overall resolution is also affected by the image contrast,
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this results in droplets of Dy, &~ 1 pym being just about identifiable with round droplets of

Dy, > 2 pm in diameter being effectively measured.

Figure 3.12. Analysis of a 10 pm diameter droplet. (a) Manual line measuring tool
in ImageJ, (b) default threshold and (c) developed algorithm in Matlab using droplet
perimeters.

Manual analysis of individual droplets on ImageJ?™ was not sufficient considering the
polydispersity in diameters and the large number of images generated when analysing
droplet growth rates (Fig. [3.12h). While this was useful for quick random analysis of
droplets within a film due to accurate selection of boundary, significant time would have
to be spent measuring a statistically representable sample size in each frame of a time
series, taking too long and further introducing human error. Binary thresholding, where
a threshold for pixel intensity value is chosen and the pixels greater/less than this value
are coloured black or white was also largely ineffective at attaining the droplet data
across the field of view (Fig. [3.12b). Due to the high transparency and relatively low
refractive indices of the polymers (n = 1.56), the transmission of light through the centre
of large droplets was relatively unobstructed, resulting in little greyscale variation between
the droplet centres and free surface. Even with subsequent manipulation of the images,
automated analysis of droplets could not be attained because of the inability to segment
individual droplets within the pattern as well as the need for continuous variation in the

thresholding parameters.

As the droplet perimeters exhibited the highest contrast in the images, these were used to
identify and count droplets on the film using a circlular Hough Transform identification
algorithm (Fig. )@21 Fig. shows the thresholding protocol developed in Mat-
lab (Image Processing Toolbox, Matlab R2023b, Mathworks) to automatically analyse

droplets across the film:

(a) The central region of interest is cropped to negate any uneven lighting and focus

effects. This dynamic crop size varies depending on the size of droplets.

(b) An initial range of droplet radii is input into the algorithm. The image is scanned

for circles within the specified range.
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Figure 3.13. Droplet identification method in Matlab showing the transition from the
greyscale raw image to binary mask.

(c) An image is produced highlighting the identified circles. Partially occluded droplets

at the edge of the region of interest often get misidentified.

(d) The image is transformed into a binary mask representation (droplets coloured
white) and binary operations such as watershedding of circles are completed to
enhance the image. This ensures that all identified droplets have discrete, non-

overlapping boundaries when measuring the key parameters.

(e) The outer region is cropped to eliminate the non or falsely identified edge circles.
Area coverage data is taken from this binary representation containing a full frame
of identified droplets.

(f) Any partially occluded droplets at the new boundary are excluded for analysis of

the rest of the parameters.

For analysis on the liquid film, the droplet diameters, Dy, are identified (Fig. [3.13c).
As highlighted in Fig. only the projected droplet perimeters are completely visible
and readily identifiable due to the film transparency. With the droplets stabilised at the
air-polymer interface, the bulk of the droplet resides below the surface which enables the
identification at this largest diameter. Other parameters such as area fraction, number
density and polydispersity of the droplets were calculated based upon this data with the
relationships Ay = M, Ny = % and g = %

FrameArea A

number of droplets identified in the analysis, and g is the polydispersity measure. Unless

respectively. n is the
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otherwise specified, the image analysis frame and cropped region (Fig. [3.13p) was set to
capture 100’s droplets for statistically relevant data, however, the exact size was non-
critical due to the low polydispersity (g &~ 15%) across the observation window. For both
manual and programmatic detection methods, while the diameter measurement for one
droplet is within £5% difference of each other (Fig. compared to Fig. ), the
automated process attains the average metrics for all droplets the image. Despite the
fairly low polydisperstiy of droplets within each frame, the manual method is both time
consuming, and compounds to a +15% difference from the programmatic method when

analysing 5 random droplets versus the whole frame.
()T
i

) 4
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Figure 3.14. Diametric analysis of droplet patterns on the liquid films. Images showing
the observable liquid droplet diameter, Dy, in (a) liquid and (b) cured films. Schematic
(c) top and (d) side view representations.

The average spacing between droplets (interdroplet spacing, L.) was calculated by taking
the average Euclidean distance between neighbouring droplets across the region of interest.
After identifying the central coordinates for each droplet as per the droplet identification
protocol, a Voronoi tessellation function was used to establish borders between neigh-

A Voronoi diagram uses a dataset of discrete points (droplet centre

bouring droplets.
coordinates) and divides the plane into a tessellation of space-filling but non-overlapping
convex polyhedrons.2% The polyhedron edges, or boundaries between central points, cor-
respond to the bisecting plane that divides that point to the nearest neighbouring point,
for all points in the dataset. In that regard, the interdroplet spacing is calculated by taking
the linear distance between a singular central point and its neighbours (Fig. [3.15c). For
all points in the dataset, this average distance was calculated for all points with a shared
vertex with one another. In simple terms, for a perfectly hexagonally packed distribution

of droplets (Fig. [3.15h), L. — DL.

A measure of the droplet packing distribution was also completed using the Voronoi

diagram. The Voronoi entropy, was calculated with the equation,

Svor ==Y _ P.InP.. (3.1)

This conformational entropy uses the probability of a polyhedron with a specific coor-

dination number P,. For a perfectly ordered BF sample where all polyhedrons have a
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(a)f~

Figure 3.15. Voronoi tessellations overlaid on different sample images. (a) Voronoi
entropy analysis on classical and (b) temporal BF. (c) Analysis method for average
interdroplet spacing, L.

coordination number of 6, the entropy is equal to 0. The max entropy in this case for a
random 2D distribution of points, S = 1.71.75% Further, as this is an extensive property,

contrary to thermodynamic entropy, the value does not depend on the number of points
used. 150

3.4.2 Cured film pattern analysis

In most of the cured pattern analyses, scanning electron microscopy (SEM) and laser scan-
ning confocal microscopy (LSCM) were used, resulting in only the opening pore diameter
being visible. In the pre-cured liquid films, image processing quantified the maximum
overall diameter of the droplet Dy, due to the optical transparency and relative refractive
indexes of water and NOA (Fig. . Compared to optical microscopy, the same film
transparency is not observed with these techniques and so the visible diameter is the
pore opening Dg, compared to the maximum submerged diameter Dy. Similar feature
quantities and size distributions to the liquid analysis were extracted from the cured pat-
terned films using the same algorithm process. While the same pattern characteristics
were measured for comparison from liquid to solid films, Dg was attained as the dia-
metric measurement in the solid film from top-view SEM images, corresponding to the

three-phase contact line perimeter (Fig. [3.16]).

Figure 3.16. Diametric analysis of droplet patterns on cured films. Top view images
taken with (a) SEM and (b) LSCM. (c, d) Cross-sectioned views of the patterned film,
highlighting the physical form of the different measurements viewed in Fig. |3.14
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Patterns with smaller than optically resolvable features (Dy, < 2 pm) were imaged using
SEM. Hitachi SU8230 and Zeiss EVO MA15 SEMs were used with carbon and irridium
coated samples at accelerating voltages at 2 kV and 20 kV, respectively. Side profile
droplet morphology analysis was also completed on cross-sectioned samples. Films of
interest were fractured by hand after scoring the glass cover slip with a diamond tip and
mounting the shards to 90° chamfered SEM stubs.

Laser scanning confocal microscopy (LSCM) performed on a Zeiss LSM800 was also used
as an imaging technique for analysing feature sizes between that of SEM and optical
microscopy (see example image in Fig. . The LSCM has a mechanised stage for au-
tomated image stitching and the 405 nm laser line provides a nominal resolution of around
30 nm/pixel, enabling high-resolution images of relatively large sample areas. LSCM in-
creases the resolution attained from conventional OM through the use of a coherent laser
light source and spatial pinhole, blocking out-of-focus light from a narrow and defined fo-
cal plane. Unlike OM where samples are totally illuminated in bright field, LSCM uses a
scanning laser to raster and illuminate samples point by point. The low wavelength laser
combined with a pinhole aperture and illumination mechanism eliminates out-of-focus

light, and effectively increases image contrast.20#

This allows both high-resolution images
of samples to be taken as well as 3D reconstructions by creating a z-stack of images at

incrementally varied depths.

3.4.3 Error and uncertainty in image analysis

In the liquid-liquid growth analysis, uncertainty at early time frames results from the
optical microscopy spatial resolution; due to the diffraction limit, the resolution of an op-
tical microscope is typically that of half the wavelength of the illumination light source.?0%
Using the aforementioned optical microscope and camera set-up, this results in a pixel
size that is approximately 0.22 pm. However, the ability to accurately detect and identify
circular shapes is unreliable due to the many square pixels needed to produce a circular

shape. A 5 pixel diameter droplet (Dp, ~ 1 pm) is therefore only just identifiable, with

Dy, > 2 pm often used as the limit in most analysis (Fig. [3.17)).

Figure 3.17. Error in image thresholding identification and binary representation.
Length scale difference for droplets of (a) 2 pm compared to (b) 10 pm.
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At this smaller length scale, the inner bright region of the droplet perimeter is selected
as the resolution is too small to view the free space between the droplets and locate the
dark outer perimeter. Fig.|3.17| shows the identified droplets (red outlines) touching one
another in (b) and attaining the full liquid droplet diameter, Dy, whereas only central
portions of the droplets are found in (a). This is clear in the binary masks where despite
a good general identification of the droplet central coordinates, there is a significantly
smaller area coverage due to non-touching droplets. In this regime, an arbitrary number
of pixels are added to the diameter matrix until the droplet boundaries are just touching

to get a measure of other parameters (Fig. |3.18)).

Figure 3.18. Image thresholding error at small length scales. (a) Raw cropped image, (b)
identified droplet inner perimeters and (c) binary mask representation. Manipulated
binary masks after (d) 1 pixel, (e) 2 pixels and (f) 3 pixels addition to the radii matrix.

Whilst it is clear that there is a high density of droplets in the raw image (Fig. |3.18n),
attaining quantitative measurements relies on the addition of pixels to the identified diam-
eters. The data needs to be manually checked, ensuring that the final mask has correctly
thresholded discrete individual droplets at the maximum possible diameters. If too few
pixels are added to the diameter matrix, the mask appears with an artificially low surface
coverage of droplets (Fig. [3.18d). However, if too many pixels are added, the watershed-
ding algorithm which ensures droplets have discrete boundaries starts to break down,
forming large, nonphysical aggregations of identified droplets (Fig. ) As the droplet
central coordinates are the only direct measurement made (e.g. without subsequent data
manipulation through pixel addition), the visual representation of the final mask relative

to the raw image can be used to infer the validity of the other inferred measurements.
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In this case, the majority of droplet centres are well identified and the final mask (Fig.|3.18g)
looks like a fair representative of the raw image. The interdroplet spacing is the only di-
rectly measured parameter - as long as the droplets do not appear aggregated (negating
data from Fig. [3.18[), there is less than a 2% relative range in measured values, showing
little variation across the measurements from each mask (Fig. - e). Analysis of
the inferred parameters on the chosen mask (Fig. [3.18¢) then shows an area fraction in
the expected high packing range and an average diameter measurement maintaining the
same relationships to other parameters as derived in later Chapters. Despite the logical
values, the mismatch of a small number of square pixels with circular object identification
results in non-circular droplet thresholding and blank gaps from non-identified droplets.
With poor initial droplet identification and limited success incrementally increasing the

detected radii of the mask, the estimated error in this regime can be as large as 20%.

On larger 10 pm diameter droplet samples, a similar sensitivity analysis on the identified
droplet boundaries shows a much smaller variation in parameters. Fig. shows half
an overlay of the general algorithm run an isolated droplet. The threshold readily attains
a good measure of the droplet perimeter with the automatic grey scale gradient edge
threshold used. When subtracting or adding 1 pixel to the radii matrix, the output
results do not vary significantly, with the measured diameters varying less than + 4%
(Fig. [3.19p).

(a) (b)

Figure 3.19. Overlays of droplet identification thresholding on larger droplets where
Dy, =~ 10um. (a) isolated droplet with a half overlay and (b) perimeter sensitivity
analysis of general (red), - 1 pixel (blue) and + 1 pixel (green) to the identified radii.

Errors can also arise from how the data is sampled. Using the 50x objective provides the
greatest resolution to facilitate observation of the droplets, especially at the smaller length
scales. However, the larger lens numerical aperture of this objective creates a shallower
depth of field. Throughout the experimental run time, the focus has to be continuously
updated to ensure high contrast and good edge definition of droplets. Random human
error is introduced with the manual focus shift introducing a slight variation in image
quality at times. To reduce the overall error, the growth of droplets is monitored to

continuously adjust the focus, and later-time data with larger droplet sizes is used where
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possible. Data taken to establish the growth rate trends in samples was captured and
analysed at 1 s intervals over the course of the experimental run time (100’s seconds). To
negate effects from invariable focus and poor thresholding in specific frames, the analysed
data was averaged every 5 - 10 frames, depending on the length of the experiment. Due
to the range and polydispersity of droplets captured across this downsampled average,
unless otherwise stated, the average plus or minus the polydipersity is plotted throughout

as this quantity is more useful to the general analysis of data.

3.5 Summary

e The classical breath figure patterning approach provides little to no ability to readily
modulate and control the patterning due to the interdependence of coupled solvent-

evaporation cooling and curing dynamics.

e By readily controlling the set subcooling temperature and time of pattern arrest,

systematically varied patterns can be fabricated using the proposed technique.

e The active control over the patterning environment requires monitoring and the
setting of specific control parameters to influence the measured pattern character-
istics. Real-time image analysis provides feedback and knowledge of the design. A
summary of all the handles can be viewed in Table. [3.2]

e The following two chapters delineate the fundamentals of the pattern formation in
the liquid state, comprising analysis of the droplet nucleation and growth regimes,
and permutations of the technique to influence the final cured pattern. Challenges
1 and 2 of nucleation and growth are covered in Ch. 4. Challenge 3 is developed
in Ch. 5 alongside the benefits to the complete method allowing specific pattern

permutations that are not classically feasible.

Table 3.2. Parameters and preparation conditions.

Control parameters ‘ Measured parameters
Relative humidity (%) RH | Liquid droplet diameter (pm) Dy,
Ambient temperature (°C) Ty | Cured pore diameter (pm) Dg
Dew point (°C) Tpp | Area fraction (-) Ag
Peltier temperature (°C) Ty | Droplet number density (mm~2) Ny
Subcool temperature [Tpp - Tp | (°C) AT | Polydispersity (%) g
Time of applied curing (s) te Interdroplet spacing (pm) L.
Voronoi entropy (-) S




Chapter 4

The physics of condensation: nucleation

and growth

The physics of droplet nucleation and growth in the context of the aforementioned tem-
porally arrested breath figure approach is described here. Prior to polymer curing, the

liquid-liquid pattern growth of droplets primarily on NOA61 and NOAG63 polymer films

are analysed at the air-polymer interface. This chapter builds upon the content published

in the journal paper ‘Temporally arrested breath figure 53,

“Thermodynamics is a funny subject. The first time you go through
it, you don’t understand it at all. The second time you go through
it, you think you understand it, except for one or two points. The
third time you go through it, you know you don’t understand it, but
by that time you are so used to the subject, it doesn’t bother you
anymore. "

Arnold Sommerfeld

98
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4.1 Introduction

While mundane in everyday life, the process of condensation, where water vapour in the
air (humidity) undergoes a phase transition to liquid water has stoked the curiosity of
philosophers for centuries. More generally, the scientific study of phase transformation
bears paramount importance across an expanse of scientific and industrial applications,
where the physical mechanisms underpinning the processes are similar whether studying
the formation of clouds or the deposition of metallic coatings.®"205207 The premise of
breath figure patterning is contingent upon the initial nucleation, stabilisation and growth
of droplets at the air-polymer interface. Understanding the nucleation and subsequent
growth mechanisms is thus fundamental for controlling the ensuing pattern, determining
the limits to the process and creating the optimal conditions for systematic patterning.
Herein, the underlying theory of nucleation and growth of droplets is described alongside

experiments to determine the underpinning physics of this system.

Nucleation is defined as the initial random formation of a distinct thermodynamic phase
(nucleus) that can irreversibly grow within the body of a metastable parent phase.“#4®
The dominant classical nucleation theory (CNT) is based on Gibb’s work on thermody-
namic potentials?’” from the late 1800s and was first developed by Volmer and Weber
in the early 20th century.*V It applies continuum thermodynamics and the capillarity
assumption to establish a free energy barrier for the formation of a stable nucleation
radius. Beyond this critical size, the addition of extra molecules becomes energetically
favourable as the free energy associated with the bulk contributions in the new stable
phase outweighs the cost of the forming interface. Further, the addition of a surface cat-
alyst of lower interfacial tension (heterogeneous nucleation) decreases the energy barrier

to nucleation and increases the rate at which condensation occurs.*M

Over the last century and a half, notable improvements to CNT by people such as Becker
and Doring, Zeldovich, Turnbull and Fisher have led to slight adaptations in the theory,

208 For simple systems, CNT can pro-

and numerous variations with countless acronyms.
vide good approximations and predictions for phase transitions such as the homogeneous
nucleation of water droplets.?!2213 The theory provides a framework for qualitatively
analysing the thermodynamic landscape, however, many of the adaptations and diverg-
ing theories have arisen from the significant nonphysical predictions of nuclei properties
in specific cases.?"™ While CNT can explain the dependence of steady-state rate on
the driving free energy and quantitatively describe time-dependent nucleation behaviour,
shortcomings in the theory stem from the significance of nanoscale effects. From the
molecular perspective, treatment of small nuclei on the order of angstroms with the bulk,
macroscopic properties of the material can be inappropriate.?"® At this length scale, the

small number of molecules and sharp curvature can have significant effects on the structure
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and interfacial energy, significantly diverging from and misrepresented by these equilib-
rium properties. Further, in heterogeneous nucleation, the characterisation of interaction
energetics between the substrate and nucleating droplet has inherent limitations when
described only by the contact angle (such as given by the later discussed general free en-
ergy equation), further ignoring the sometimes significant and diffuse interfacial regions
at this length scale.?1? In extreme cases, the theory breaks down completely, e.g. the high
surface tension of mercury vapour condensing predicts a critical nucleus of fewer than 10

atoms, under predicting the necessary supersaturation by a factor of 1000.21

The reality of the multiscale condensation process extending from a small assembly of
molecules to the growth of droplets in macro dimensions means that specific assumptions
and simplifications have to be taken for an application-based experimental approach. Pre-
dicting the exact onset and rate of nucleation is challenging given that these events occur
at atomistic length scales and on time scales on the order of thermal fluctuations from the
vibrational frequency of atoms."™ With advances in both experimental methods and com-
putational power, the development of new non-classical nucleation pathway theories with
intermediate stages is becoming favourable. Density functional theories based on Kohn’s
electronic density structure and phenomenological diffuse interface models of interfacial
regions commensurate with problem length scales are particularly notable.?” Molecular
dynamics simulations and atomistic modelling alongside new experimental tools to interro-
gate phase change behaviour have rapidly progressed the understanding of these events.?""
The use of environmental-SEM to directly visualise processes occurring in real-time and
other light scattering tools to indirectly quantify the kinetics presents new opportunity

for study.2187220

Despite its many criticisms, the CNT framework is still a conceptually simple and ele-
gant evaluation of the coexisting thermodynamics of a system. From the theory, relative
mechanisms can thus be inferred to understand the physics of the model from a more qual-
itative perspective. While there is specific interest in the nucleation of droplets within
this work, this thesis mainly focuses on the characterisation of the growth and modulation
of the pattern evolution. Within the context of BF patterning, the subsequent growth of
the droplets through continual condensation after the initial nucleation events defines the
key characteristics and evolution of the pattern, provided nucleation occurs. The droplet
growth, through the continual addition of water molecules adsorbing at the interface can
be considered with the dimensionality of the droplet.’®# When a droplet is within a su-
persaturated system, the kinetic theory of gas states that there is a net flux of molecules
(condensation) impinging on the surface, outweighing the evaporative flux of molecules
leaving the surface.”? In the presence of non-condensable gas (e.g. air), the limiting fac-
tor is the diffusion gradient of water molecules surrounding the droplet, assuming the

droplet temperature is homogeneous due to its small size and presence of convection.*8?
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Single droplets, growing in isolation from one another, grow in a diffusion-limited regime
based on the direct accretion of water monomers to the droplet surface. As the droplets
grow closer together, interactions and coalescence between neighbouring droplets rapidly

accelerate the average diameter in the breath figure (BF) pattern.

As the physics of condensation is studied in the context of the patterning approach,
assuming nucleation events occur, the resultant pattern is revealed primarily from the
droplet growth interactions. Nucleation theory and experimental observations are thus
first discussed as a conduit to study the relative regimes in droplet growth and the resul-
tant pattern evolution. The core focus of quantitative experimental analysis here regards
how the environmental conditions can be tuned to create systematic BF patterns. Mi-
croscale in situ experimental analysis of condensation is performed on different polymer
substrates, with the pattern growth explored in more detail with regard to the substrate

and system conditions.

4.2 Physics of droplet nucleation

The onset of condensation, consisting of both the initial droplet nucleation and subsequent
growth, is initiated through the temperature of the system/surface dropping to below a
threshold value known as the dew point.”? The vapour in the system is subject to a
pressure, P, larger than or equal to the saturation pressure, P. of the phase. Here, this
metastable state is characterised by a thermodynamic driving force where the vapour

molecules will eventually condense into a liquid phase of lower energy.

4.2.1 Homogeneous nucleation

a b interfacial
( ) ) ( ) AG free energy
1. air

AGho 1
2. water drop T

1
1
1
1
1
1
1
r r

bulk free
energy

Figure 4.1. (a) Schematic representation of homogeneous nucleation of a water droplet
in air, (b) and the relative associated energy terms.

CNT denotes that in the metastable region of supersaturation, transient local variations

of water molecule density, termed heterophase fluctuations, become frequent; extreme
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perturbations induce nanometre sized clusters of increased density above a threshold
diameter producing stable liquid embryos.?® Based on its capillarity approximation, the
homogeneous CNT applies continuum thermodynamics to determine the energy barrier
for its formation (AG'™) and the critical nucleus size (r*) by balancing the bulk volume
and interfacial terms (Fig. . The energy balance for this transformation can be given

as

4
AGHY™ = VAAG, 4 712412 = gﬂ'r’?’AGv +dmriy, (4.1)

where V' and A are the volumes and surface area of respective phases, r is the radius of
the nucleating sphere and 15 is the interfacial tension between the nucleating and parent
phases. AG, = Gliquid — Guapour rePresents the free energy change per unit volume for the
formation of the liquid phase from the vapour phase it is forming in (change in internal
energy per unit mole), where AG(T, P, N). Providing that the system is supersaturated,
AG, is negative, indicating the thermodynamic driving force for the phase change. The
second term is the barrier to nucleation in the form of energy required to create a new
interface. This is the free energy cost of creating the surface of the nucleus phase given in
terms of relative interfacial costs. For a single-component system, this maximum in free
energy arises from the summation of the surface and the bulk contributions. The energy
cost associated with the nucleus interface formation is proportional to the radius squared,
whereas the energy of the bulk decreases proportionally to the radius cubed. Hence, for
a nucleus of larger r, the first term dominates leading to the decrease in AG, since it
represents the energy decrease upon transition from vapour to liquid (Fig. ) When
r is small, the second term dominates, indicating unlikely nucleation due to the energy

cost of the interface outweighing the driving force of the bulk.

The critical radius, r*, which dictates if an embryo from a fluctuation is stable and grows

(r > r*), or unstable and decays (r < r*) is hence given by,

OAG ?Om
or

_ 2712
|AG,| ’

=0=1r" (4.2)

r* represents the boundary of decaying and growing embryos as shown in Fig. [£.Ip. The
critical radius can also be written in an adapted form of Kelvin’s classical equation for
homogeneous nucleation, r* = 2v/(RT /v)In(P/P,), where R is the universal gas constant
for water vapour, T is the temperature, v the specific volume of a water molecule and
P is the partial pressure of water in the system and at saturation (P.). In(P/P.) is also

commonly written as In(S), where S = P/P, is the saturation ratio.'4¢
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The critical free energy of formation can be calculated by substituting Eq. [£.2)into Eq. .1}

16777,

AG - 3ac

(4.3)

Considering the standard environmental conditions used throughout, and the nucleating
phase being water in the BF process, one can calculate the estimated critical radius for
the experimental set-up described in Ch. 3. As the ambient temperature and pressure of
the laboratory are used (no closed system control), the temperature fluctuates between 19
- 23 °C, with a relative humidity between 30 - 60 %H Using the August-Roche-Magnus
approximation™” to calculate to the dew point temperature, and considering the low
saturation ratio from the small AT, the critical radius is estimated to be in the order of

10’s of nm.148

4.2.2 Heterogeneous nucleation
Solid substrates

In reality, the free energy of formation for homogeneous nucleation is very large, with
significant subcooling needed to initiate phase transformation. This has been observed as
far back as Fahrenheit in the 18th century, whose observations on the onset of pure water
freezing indicated a temperature lower than —40 °C was needed.?®™ A surface of lower
interfacial tension with the nucleated phase than between that of the two bulk phases can

act as a catalyst for nucleation (Fig. 4.2b).
(a) b)

1. air

2. . water drop

3. substrate

Figure 4.2. (a) Schematic of heterogeneous nucleation of a water droplet on a substrate.
(b) The relative free energy change of formation from homogeneous to heterogeneous
nucleation.

The presence of an interface can significantly decrease the energy cost of nucleation,

making the phase transformation process many orders of magnitude more favourable than

!The large variation in standard laboratory conditions corresponds more so to seasonal variations
and the inability of a modern, multi-million-pound building to effectively regulate conditions. Variation
throughout experimental run time was considered negligible.
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homogeneous nucleation.?#% In the new energy balance, a term for the energy of replacing

the existing air-substrate interface with a liquid-substrate interface is included.

AG?Et = V2AG, + 72412 + (12 — 713) Aas - (4.4)

By deriving the respective volumes and areas, this equation can be re-written as

4
AG?“ = (=7’ AG, + 4nriy

3

2 —3cosf + cos® 0
) ¢ ,

or more generally,

AGH = AGH™ - f(0) . (4.6)

f(0) = (2 —3cosf + cos®0)/4 with 0 < f(f) < 1. As surfaces become increasingly
non-wetting such that 6 — 180°, f(f) = 1, and the free energy is equal to that of
the homogeneous case (Eq. [1.1). As # — 0° and complete wetting occurs, f(f) = 0 and
nucleation is fully catalysed resulting in no barrier to nucleation at the surface. This gives
rise to two main modes in heterogeneous condensation, where for wetting surfaces, the
formation of a continuous liquid film arises (filmwise condensation) versus in non-wetting

cases where discrete droplets form (dropwise condensation).*4!

The critical radius r* remains unchanged for heterogeneous nucleation and homogeneous
nucleation in each case, however, the volume is significantly decreased resulting in a lower
nucleation barrier due to the nucleus shape being a function of the wetting angle.4°
Although the critical radius is independent of the surface properties, as previously shown
from alternative forms of Eq. [4.2] it is a function of the supersaturation pressure, or level
of subcooling given in the experimental set-up. However, the prediction of nucleation
onset is even more challenging as the surface roughness or fractal dimension has also been

shown to decrease the energy barrier and increase the number of nucleation sites.24 224

When the modulus of the solid substrate decreases, the condensation dynamics become
more complicated due to the substrate deformability. The nucleating sessile droplet im-
poses a vertical component from its surface tension at the three-phase contact line, which
pulls the substrate around the droplet periphery up into a wetting ridge. Further, the
Laplace pressure inside the droplet exerts a force pushing the contact area out.** Sokuler
et al. experimentally showed increased nucleation on soft substrates, with increasing
nucleation density on substrates that deformed greater.?2® The decreased nucleation en-
ergy barrier facilitated on PDMS with higher shear modulus results from the reduction
in free energy due to deformation. The air-water interfacial tension energy term is de-
creased compared to the rigid case, with this overcompensating from the increase of

PDMS-water area and elastic deformation. Phadnis et al. derived how softer substrates
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can augment phase change behaviour, promoting dropwise condensation with increased
nucleation density.%%” Sharma et al. performed experiments on PDMS-based organogels
with varying both the shear modulus through stoichiometric base:crosslinker ratio and
fraction of uncross-linked polymer chains with lubricant addition.??® Whilst reaching the
same conclusion as before where greater deformation results in lower energy barriers for
nucleation, they found that the uncrosslinked chains diffused to the interface, forming a
lubricating layer. Samples with infused lubricant demonstrated increased nucleation den-
sity, however, they also showed minimal dependence with the fraction of lubricant added,

speculating that a continuous layer governed this condensation increase.

Liquid substrates

The nucleation on liquid substrates presents an interesting scenario where the surface can
be viewed as atomistically smooth with no defects.™*® Eslami et al. used the argument of a
liquid substrate in condensation analysis to study the problem of soft substrates, defining
the liquid as infinitely soft.*4” They conclude a lower energy barrier is present for liquid
substrates when comparing to a solid substrate of identical interfacial properties. Large
experimental work on the topic has recently been driven by Lubricant Infused Surfaces
(LIS) in the use for heat transfer applications. 1342250228229 The significant difference with
condensation on liquid substrates is the presence of the phase boundaries between the

fluid phases characterised by their contact angles and relative interfacial tensions.*42

(a) (b)

1.air

2.  water drop

3. liquid substrate

Figure 4.3. (a) Schematic of heterogeneous nucleation of a water droplet on a liquid
substrate. (b) Magnified view of the liquid lens showing key parameters and dimen-
sions.

The nucleated phase forms a droplet lens shape at the air-liquid interface (Fig. [1.3p), with
the equilibrium shape a function of the relative interfacial tensions (Fig.). Eq. 4.4

becomes,

AG = VoAG, 4+ v12A12 + 723 Aoz — 113475, (4.7)
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where A, does not always equal Az, resulting in a partially submerged or suspended
droplet lens. Further, the substituted air-substrate interface (A},) has an area 7r? where

r is the three-phase radius in the plane of the substrate-free surface (Dg/2).

A requirement of BF patterning is for dropwise condensation and stable liquid lenses
to occur at the air-polymer interface. For liquid lenses of water to be able to form,
only partial spreading of the water on the liquid polymer can occur (Ss3 < 0), where
Saz = 713 — (712 + 7Y23) using the notation as per Fig. [4.3%% As a result, due to the
relatively high surface tension of water 91, the condensate forms a liquid lens on all the
NOA polymers tested as opposed to spreading into a thin film provided a high enough
supersaturation is achieved. With the Bond length of nano/microscale water droplets,
Bo <« 1, gravity effects are neglected and the equilibrium droplet shape is a function of
the interfacial energies. To minimise the potential energy, the interface with the lowest
interfacial energy will be maximised, demonstrating a largely submerged lens as a result
of the small water - polymer IFT. Assuming that at the length scale of nucleation, the
equilibrium interfacial tensions hold up and describe the shape the the nucleus at the
interface, the state of nucleation can be inferred. Lower energy barriers are hence achieved

where droplets remain largely submerged i.e. g3 < 7g1.23%

While the equilibrium shape of liquid lenses in the absence of gravity is dictated by
the balance of interfacial tensions creating a Nuemann triangle,?3! the apparent positive
spreading of the polymer on water makes this derivation non-trivial.**¥ With the extremely
low measured water - NOA IFT, the spreading of polymer on water, S3» given by S3; =
Y2 — (713 + 723) > 0 indicates a thermodynamic propensity to cloak the droplet with a
nanoscale layer of polymer. Without further dynamic studies, it is not clear if due to
the high polymer viscosity and continuous fast growth kinetics of droplet growth that

L34 Regardless, a cloaking layer should not affect the overall

3

cloaking does indeed occur.

kinetic scaling trends of the droplet growth which are evaluated within this chapter.?3

4.2.3 Experimental observations

The reality of condensation is clear when experiments are run using the experimental
apparatus described in Ch. 3. When the polymer film is held just above the dew point
for a prolonged period of time, no visible nucleation occurs at the interface or throughout
the film (Fig. ) At this temperature, the air does not become supersaturated and
no nucleation occurs either homogeneously in the air or at the air-polymer interface.
When the film is cooled to below that of the dew point temperature for the environment,
the presence of droplets at the air-polymer interface is observed after only a number of
seconds (Fig. [4.4b). The low miscibility of water within the liquid polymer suggests it is
unlikely that water could homogeneously nucleate within the bulk of the polymer. Further,

the relatively thick polymer layer comparative to nucleation length scales indicates that
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Figure 4.4. NOAG1 films held at different temperatures. (a) Peltier is set to below that
of the ambient conditions, but slightly above the dew point for 1 hour. (b) Sample
image of a NOAG1 film after 30 s. The image is focused at the optical plane of the
air-polymer interface with the Peltier set below the dew point.

droplets would not nucleate at the bottom glass-polymer interface where there would be
lower energies, due to the limited water diffusion.*** With the polymer layer acting as
a subcooled surface, and the saturation dynamics being directly linked with that of the
air, the air-polymer interface acts as the most likely region for nucleation.13#22%235 Thjig
is consistent with theoretical and experimental analysis which indicate supersaturated

vapour would nucleate at the air-polymer interface. 134147148

The lower energy barrier for heterogeneous nucleation further manifests in an increased
nucleation rate. Given as the number of nuclei forming events per unit volume per second,

J, is determined by,

AG*]
kT

J = Joexp[— (4.8)
where Jj is the pre-exponential factor determined from kinetic considerations, k is the
Boltzmann constant, and AG* is the critical free energy as before.”*® Whilst the pre-
exponential factor is still dependent on supersaturation, it can be treated as a constant
when compared to the significant dependence on exponential terms.*#® The probability
of a nucleus forming at a site is thus proportional to exp[—AG*/kT|. As a result, if AG*
is large and positive the probability of forming a nucleus is very low and nucleation will
be slow. AG* o« 1/T? so the numerator of the exponential is more 7" dependent than

the denominator. Therefore, with high subcooling a larger number of stable nuclei form
(Fig. [4.5).

By varying the level of subcooling on NOAG61, the influence on supersaturation can be

observed (Fig. [4.5). While these experiments are limited to microscale analysis in the
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Figure 4.5. Images of nucleation on NOAG61 taken at t = 15 s for different levels of
subcooling.

optically resolvable range, the increasing subcool indicates faster nucleation with higher
nucleation density. Snapshots for an equal working time of 15 s, the amount of condensa-
tion is almost indistinguishable for subcooling of AT = 1—2°C. At the highest subcooling
tested, the presence of multiscale nucleation families is clear. Given the lower free energy
barrier with increased supersaturation, decreased critical nucleation radii and increased

nucleation rates are expected.

The nucleation across different NOA polymer films was tested on the experimental set-up
described in Ch. 3 (Fig. . The first observation comes from the hydrophobised silanised
glass control, ‘S-Glass’. While some optimised coatings can create readily hydrophobic
substrates with minimal contact angle hysteresis, droplets here appear non-circular re-
sulting from contact line pinning as a result of defects and heterogeneities on the glass
surface.23% While these defects can act as specific nucleation sites due to the lower energy
barrier associated with the geometry (see Eq. argument), they ultimately result in
random droplet shapes. The premise of templating on a liquid film ensures the droplet
templates produce axis-symmetric equilibrium shapes which can be readily re-organised
and self-assembled. This is obvious on the red-outlined polymer films where droplets

exhibit a seemingly maximum packing criteria with touching droplet boundaries.

NOA60 NOA61

_NOA65 NOAG68

NOA63 _NOA81

10 pm ===

Figure 4.6. Initial nucleation on NOA polymer films tested, including silianised glass for
comparison. Blue outlines represent low initial nucleation density with red indicating
high nucleation density.

There is a clear difference in nucleation densities between the blue-outlined low density
films and red-outlined high density ones. In this case, a correlation exists where the higher
viscosity polymers used (NOA63, NOA65 and NOAGS) all have significantly higher nucle-
ation densities of droplets. The NOA60, NOA61 and NOAS1 polymers all have measured
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IFT > 10 mN/m and exhibit a relatively lower nucleation density. For the high viscosity
polymers 1 > 2000 mPa.s, NOA63 and NOAG5 both have measured IFT < 10 mN/m.
NOAG5, on the other hand, while exhibiting a high nucleation density, has a viscosity be-
tween the groups where 300 mPa.s <pinoags = 1200 mPa.s < 5000 mPa.s. The measured
IFT is also the largest measured across all the polymers at nearly 14 mN/m. Having the
lowest density relative to water, performing pendant drop analysis on NOA65 gave un-
certain measurements, with the size of the pendant drop having to be many times larger
than the others. Without further validation of the IFT and knowledge of the propri-
etary polymer compositions, it is difficult to draw conclusive remarks over the variation

of nucleation densities on different NOA films.

The difference in nucleation densities between the low and high viscosity polymer films
makes it easy to study the disparate regimes when analysing the nucleation and subsequent
growth kinetics of the droplets. As a patterning approach, having a consistent nucleation
regime with predictable nucleation sites throughout the interface is more desirable. In-
stead of a stochastic distribution of droplets with different generation families (spatial and
size distribution) as seen in NOA61, NOAG3 provides a high nucleation density from the
first microscopically resolvable point. Fig. shows images of condensation nucleation
on NOAG63 at different time stamps for different levels of subcooling. While the resolution
of the optical set-up does not match the scale required to resolve individual droplets, the
higher subcool level shows an increase in the condensation rate with the largest droplets in
the bottom right image. Across the subcool temperatures, the nucleation density appears
fairly consistent at this optical resolving power, with droplets appearing from the onset
at very high nucleation density. At subcooling AT = 5 °C, however, individual droplet
sites are just about detectable between ¢t = 30 s and ¢ = 45 s, indicating that while in

seemingly almost maximum packing, droplets are initially growing in isolation.

Further study is needed to elucidate the disparate nucleation density regimes observed
between the high and low-viscosity NOA polymer films. Previous BF research indicates a
correlation between a decreased resultant pore size with increasing molecular weight, M,,,
of the polymer chains for consistent conditions. M #237%238 1t could thus be plausible to relate
the M, (and hence viscosity) to a lower free energy barrier for nucleation and increased
nucleation density, however other reports suggest no influence of density and distribution
with the viscosity.®¥233 Potential thermal-capillary waves in the order of 10’s A resulting
from temperature fluctuations could play important roles in nucleation®** and even poly-
mer functional groups have shown preferential sites for nucleation.'®%9 Further, any
potential contaminants or additives at the interface as well as small amounts of adsorbed
water can significantly impact the preferential nucleation of new droplets.**® Without
knowledge of the polymer composition and the differences between them, it is difficult

to conclude the origin of the nucleation density variation. However, from a patterning
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Figure 4.7. Images of nucleation on NOAG3 taken at different time intervals for different
subcooling levels AT

perspective, it is more beneficial to have a high initial nucleation density of droplets that
facilitate systematic and predictable patterning across length scales. Because the main
pattern characteristics are determined by the subsequent growth of the droplets, more
emphasis is thus placed on the kinetics of droplet growth. With the different films ex-
hibiting two distinct nucleation regimes, taking NOA61 and NOAG63 forward presents an
opportunity to study the respective growth rates.

4.3 Kinetics of condensation growth

The growth of breath figures has been studied numerically and experimentally on various
substrate dimensionalities and materials.*®¥ This was first explored in detail in the studies

of Beysens and Knobler®e

analysing the physics of dropwise condensation rather than in
the context of the later-derived templating BF approach. Their work was theoretically and
experimentally validated, and later corroborated by computational models. %240 While

many different growth regimes have been reported based on the droplet size and packing,
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two main stages are considered significant to the experimental work completed here. Early
and late-stage droplet growth, correlating to the surface coverage of the droplets and
working time duration in these experiments can be summarised; initial growth of isolated
droplets in a diffusion-limited regime where as interactions between neighbouring droplets

become significant, a crossover into a late stage, coalescent-dominant growth.

Despite the wealth of research on condensation physics, in situ analysis or evaluation of the
growth mechanism is substantially less studied in breath figure patterning. Constraining
successful patterning to monodispersed, non-coalesced droplets, and with an inability to
control the arrest within the classical approach, limits the need for study and control of
pattern kinetics. As described in Ch. 3, in classical BF patterning there is not necessarily
a steady state of condensation with a constant subcooling level AT, due to the progression
of the solvent evaporation. Further, the evaporation of solvent in tandem with condensing
droplets create a new layer of complexity in the process that can affect the overall growth
rate.”” There is thus limited scope for pattern prediction as the average diametric growth
is not always a known function of time, D # f(¢). On the other hand, the temporally
arrested breath figure approach facilitates a greater need for understanding of the droplet

growth regimes due to the ability to arrest the pattern on demand.

4.3.1 Growth of isolated breath figure droplets

At early stage growth (isolated droplets) of water on viscous oil, Beysens and Knobler
showed that for a steady state of condensation, the droplet growth rate is governed by a
diffusion-limited regime where droplet-droplet interactions are negligible. Growth occurs
through the direct accretion of molecules at the drop surface, as well as diffusion into the
drop perimeter through critical droplet nuclei on the substrate.’®® The diameter hence

scales with,2%6

D~ (DAPCy~'t)Y/3 (4.9)

where ® is the diffusion coefficient for water vapour molecules, AP is the saturation
pressure difference, Cj is the concentration of water vapour in air and ¢ is the length
scale of the condensation gradient. Assuming a constant volumetric flux of condensation
occurring (steady state conditions), the volume change of a droplet per unit time, dV//dt,
is constant. As V oc D3, for this isolated growth regime, one can view a relationship of

D o t'/3 when analysing 2D images of the growing droplets.5?

Droplet coalescence is negligible until a critical surface coverage value is reached, be-
yond which inter-droplet interactions result in temporal and spatio-temporal variations

in the surface coverage and geometric configuration.’® Monitoring the temporal evolu-
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tion of condensation droplets thus provides valuable insight into the physical mechanisms
governing their growth and spatial organisation. Due to the relatively lower nucleation
density previously observed in NOA61 (Fig. , the growth rate of individual droplets

was analysed at a 1 Hz sampling frequency.
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Figure 4.8. Temporal growth of condensation droplets on NOA61 recorded at
RH = 26%, Ty = 24 °C, AT = 14 °C.

Fig. shows the real-time data of a single droplet throughout the analysis period in
dark grey. Prior to any coalescence events (¢ < 200 s), the temporal growth of individual
droplets is well predicted by a power law of exponent of 1/3.%% As the droplet grows
closer to neighbouring nucleated droplets, sporadic jumps in diameter are observed due
to occasional droplet coalescence, demonstrated by the inset images. By subtracting
the rapid droplet diameter increase, the coalescence jumps can be effectively eliminated
and the continuous growth shows convergence to the initial power law, Dy, oc t'/3. This
growth analysis demonstrates the quiescent conditions of the experiment, where constant

temperature and no significant airflow result in steady-state conditions.

4.3.2 Growth of highly-packed breath figure droplets

As the surface coverage of droplets increases, coalescence effects from neighbouring droplets
significantly impact the average droplet growth rate. With a continuous increase in droplet
radius, coalescence occurs from the Laplace pressure exerted by neighbouring droplets
draining the viscous boundary separating them.” This transitional growth regime occurs
when the area fraction of water droplets increases to a point typically beyond 30%.%°
Coalescence between neighbouring droplets rapidly increases the average growth rate in
the field of view as this becomes the dominant growth mechanism. Scaling arguments
show that for a 3D droplet growing on a 2D constrained substrate by conserving both

mass and volume, the area taken up before for two droplets of radius R is ~ 2 x R?. Upon
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coalescence, the droplet has radius R’ ~ 23R, resulting in A’ ~ 2?/3R2. Self-similarity
occurs due to an increase in the free surface area from A’ < 2A 15324 With continu-
ous condensation flux, the continuous decrease in area coverage upon coalescence events

results in a three-fold increase in the power-law exponent to unity, Dy, oc ¢.B8:153220.241
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Figure 4.9. Temporal growth of condensation droplets on (a) NOA61 and (b) NOAG3.
Data recorded at RH = 26%, Ty = 24 °C, AT = 14 °C, with the shaded error bands
representing the range in mean data across the three repeats.

Further to the single droplet analysis in Fig.[4.8] the average parameters from the complete
field of view in the same dataset can be analysed. Fig. 1.9 shows a log-log plot of data
for NOAG61 from the full frame, downsampled to a 15 s average plot. The mean of three
repeats is plotted with an error corresponding to the range in diameter across the repeat
window. For ¢ < 150 s, a continuation of the 1/3 power law trend is observed across the
whole field, indicating growth is predominantly diffusion-limited. This is evidenced in
the previous analysis (Fig. 4.8) where the first coalesce occurs just before 200 s. A linear
regression plotted in blue shows an adjusted R? coefficient of 0.99, and the inset image

shows the initially low area coverage of droplets.

For ¢ > 150 s, the growth rate increases in a transitional regime as the increased droplet
packing leads to more frequent coalescence events between neighbouring droplets.* The
droplet growth at £ > 350 s then tends to a power law with exponent of unity with respect
to time, demonstrating coalescent-dominating growth manifested by the large droplet
number density (see top-right image in Fig. ) Similar analysis can be completed on
a NOAG63 film which attains a high nucleation density of droplets from early times. The
packing of droplets is already at maximum as the size range becomes optically resolvable.
The linear regression again shows a high correlation with an adjusted R? coefficient of

0.99, with the inset images showing the consistent droplet packing (Fig. [4.9b).

By quantifying the area coverage and number density of the droplets on NOA63, the
coalescent-dominant regime is evident from the start, characterised by the high area cov-

erage A and sudden decrease in number of droplets per unit area Ng. By late times, both
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Figure 4.10. Area fraction A; and number density Ngq of condensation droplets calculated
for NOA61 and NOAG3 with data recorded at RH = 26%, T, = 24 °C, AT = 14 °C.
NOAG63 is indicated with square markers and NOAG61 with circles, with the shaded error
bands representing the range in mean data across the three repeats. Representative OM
images of the droplets on NOA61 and NOAG3 are acquired at corresponding discrete
times.

films exhibit a plateau in the A¢ ~ 0.7 (Fig. indicating consistent growth rates at this
late stage. The maximum observed packing corresponds to over 70% of the theoretical
packing limit in a 2D plane (around A; ~ 0.9), complimenting earlier studies® and sug-
gesting this is near optimal packing given the viscous liquid boundaries which stabilise/en-
capsulate the droplets. Droplet coalescence at such large initial number density Ny yields
a quick decrease due to the large number of coalescence occurrences within the frame
of view. Conversely, the distinct diffusion-limited and coalescence-dominated regimes of
droplet growth observed in NOA61 (Fig. [4.9R) leads to an initially larger increase in area
fraction as droplets grow without coalescence, resulting in a smaller decreasing rate of
Nq for the same reason (see comparisons in Fig. [£.10). At later times (¢ > 350s), both
Ar and Ngq on NOAG61 films reach similar values to those found for NOA63 during the
observable coalescence dominated stage, demonstrating both films tend towards the self-
similar growth regime. Video S1 and S2 in the SI of the published paper show examples
of droplet growth for NOA61 and NOAG3, respectively. 18
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4.4 Thermodynamic control of pattern growth

The self-similar growth of BF patterns on NOAG63 that extends from early time (10’s s
depending on the environmental conditions) to later time (100’s s and beyond) suggests
that exposure to the UV light will allow arresting patterns of well-predicted pore size
and constant surface coverage using this material. Environmental parameters, however,
mediate the effective patterning growth resulting from the condensation rate and thus need
to be further controlled. In this adapted method, the supplemental handle of substrate
temperature control replaces the indirect handle of empirical polymer solution design
(polymer type, solvent, concentration) in the classical BF. As the scaling of the growth
trend kinetics is independent of the thermodynamics, this section explores how the pattern

development can be accelerated or amplified through thermodynamic control.
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Figure 4.11. Impact of RH and AT on temporal growth of templating droplets on
NOAG63. (a) RH was kept constant at 50% for subcooling levels of AT = 5°C and
AT =10°C (left). (b) For AT = 5°C, the experiments were repeated at RH of 50%
and 70% (right). Both graphs have fitted trend lines of D o t.

The growth rate of the droplet diameter is proportional to the concentration gradient and
diffusion coefficient of water molecules in the vicinity of the substrate and the difference
in the saturation vapour pressure (Eq. 4.9).209242 Modulation of the growth rate can be
varied through the relative humidity, however, this is commonly achieved through control
of humidified gas flow, increasing the system complexity and causing potential deviation
from the theoretical predictions due to hydrodynamic and thermal effects.’>? Therefore,
regulation of the substrate temperature at a fixed RH practically attains more predictable
patterning across ambient and low humidity conditions. At temperatures close to 20 °C,
the saturation pressure difference AP, is proportional to AT%®, therefore, increasing the
subcooling level at constant relative humidity will increase the growth rate of the droplet
diameter (Fig. {4.11R).14340% Additionally, the concentration gradient of water molecules

can be controlled by modifying the relative humidity and thus the water content of the
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surrounding environment (Fig. 4.11p). At a given time, the slower growth results in
smaller droplet diameter variation arising from coalescent-effects; this is manifested by
the smaller error bars in Fig. for AT = 5 °C at RH = 50%. The growth rate,
reflected largely by the number of coalescence events per unit time thus has implications

upon UV curing as will be discussed in the next chapter.

The growth trends of templating droplets remain unchanged, following Dy, o t for all
conditions, indicating that the coalescent-dominated growth regime is upheld throughout,
even in the less optimal conditions (less subcooling and low RH). Due to the self-similar
nature of the growth regime evident in Fig. [£.11] the data can be collapsed onto one
single curve by compensating for the faster growth rates observed at higher subcooling
and relative humidity. To this end, a new dimensionless time ¢/, is defined, where ¢, is
an arbitrary initiation time at which average droplet diameters reach 500 nm. The inset
plot in Fig. demonstrates the relationship between ¢y and the actively controlled

subcooling level AT at different relative humidity values.
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Figure 4.12. Impact of RH and AT on temporal growth of templating droplets on
NOAG3. Droplet diameter growth can be collapsed onto a single power law using the
dimensionless time as the new variable. t; is an arbitrary initiation time at which
average droplet diameters reach 500 nm. Inset graph demonstrates the evolution of %,
vs. subcooling level at different relative humidity. The shaded error bands represent
the range in mean data across the three repeats.

As expected, the initiation time decreases as condensation is enhanced at larger subcooling
and higher relative humidity. Plotting the droplet diameters obtained at various environ-
mental conditions (subcooling and relative humidity) versus the new dimensionless t/t,
all data is predictable by a new single power law Dy, o t/ty, showing that growth trends

remain invariant to input environmental conditions (Fig. 4.12)).
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4.5 Discussion

From the analysis of droplet nucleation on different substrates, two disparate regimes are
observed from the microscale experimental observations. While it is difficult to experi-
mentally interrogate the specifics of nucleation given the short timescale and small length
scale of nucleation events, the findings can be characterised on the polymer viscosity. Low
nucleation densities and discrete individual droplets at low area fractions are observed on
the low viscosity polymers trialled (NOAG0, -61 and -81). High nucleation density at
initially optically resolvable length scales is observed on the high viscosity films, which
also sees a general correlation with lower polymer-water interfacial tensions. For more
conclusive remarks on nucleation density across polymer films, known polymers should

be trialled that systematically vary IFT and viscosity.

It is seen that increasing the level of supersaturation not only decreases the critical nu-
clei size but increases the nuclei density. Within this experimental set-up, low viscosity
polymers could not attain a similar high nucleation density to the high viscosity polymers
even with higher subcooling. Due to the relatively dispersed initial droplet nucleation
on NOAG1, the area coverage does not reach the maximum packing until late experi-
mental working times, by which point the droplets are relatively large. This limits the
application use of the lower viscosity films, with high nucleation density enabling smaller
minimum feature sizes and predictable patterning throughout the observable self-similar

growth regime.

The role of coalescence also plays the dominant role in pattern re-ordering, occurring
during the self-similar regime. For NOAG61, the sparse nucleation results in large average
droplet spacing. However, as neighbouring droplets grow closer to each other a slight or-
dering seemingly occurs with the formation of droplet couples, triplets and longer chains
(Fig. . Short range capillary forces attract droplets together due to the minimisation
of alike menisci on the floating droplets.2%3 However, at the length scales of droplet separa-
tion in this study coupled with the polymer viscosity, the polymer substrate deformation

is near negligible due to the insignificance of gravity resulting in minimal attraction.

Figure 4.13. Droplet growth on a NOA61 film from ¢ = 10 s. The capillary attraction
between touching droplets does not facilitate the long-range ordering of droplets.

Whereas on high viscosity polymers, for example NOA63, the droplet rearrangement is
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more evident in videos the pattern evolution (see SI in published work from this thesis).
The self-similar patterns in the coalescent-dominant regime leads to fast energetics of
continual droplet coalescence. Due to the constancy in area fraction, the re-ordering of
droplets is further evidenced with a constant packing order. The conformation Voronoi
entropy was measured at 125 s, 250 s and 500 s, corresponding to average droplet sizes of
3.4 pm 7.8pm and 14.2 pum, respectively. This value measures the probability of a droplet
having a particular number of neighbours, indicated by the colour scheme with droplets
having increasing numbers of neighbours going from purple to yellow. The entropy of
Svor = 1.15 £ 0.02 throughout indicates the packing order remains constant, evidencing
the self-similarity. The entropy obtained between perfect hexagonal order (S, = 0) and
complete random packing (S, = 1.71) indicates a relatively poor order compared to
classical patterning, but size invariant consistency. While complete hexagonal packing
requires a monodisperse droplet size, the small polydsipersity in this regime is constant

and small.
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Figure 4.14. Conformation Voronoi entropy measure diagram overlaid on binary masks
of thresholded droplets on NOA63. Colour gradient is an inverse rainbow corresponding
to the number of neighbouring droplets. The average droplet size doubles across each
frame.

4.6 Summary

e Predicting the exact onset and rate of nucleation is challenging given that these
events occur at atomistic length scales and on time scales in the order of thermal
fluctuations from the vibrational frequency of atoms. The CNT framework, while
perhaps becoming increasingly outdated, can provide an overview of the key ther-

modynamics to infer the results that we are seeing.

e Although the nucleation physics on liquid substrates are still somewhat unclear, the
empirical implications for a patterning approach mean key characteristics such as

high nucleation densities are more favourable.
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e By using a polymer which exhibits a high nucleation density from early onset, the
stochastic nature of condensation and nucleation events is transformed into a more

predictable pattern growth regime that translates into systematic fabrication means.

e Constraining pattern growth to a coalescent-dominant growth regime, the linear

dependence of diameter with time enables easy prediction of the resultant pattern.

e The self-similar pattern growth in the coalescent-dominant phase results in con-
stant area fractional coverage with systematic variation in average diameter in the

temporal domain.

e With photocurable polymers, the trends of pattern growth in time can be arrested
at discrete intervals, transferring the liquid-liquid observations from this chapter

into a porous pattern as will be discussed in Ch. 5.



Chapter 5

Pattern modulation and temporal

arrest

The ability to fabricate breath figure patterns of varied morphological arrangements is
described in this chapter. Content partially described here has previously been published

in the paper ‘Fxploiting breath figure reversibility for in situ pattern modulation and hi-
86!

erarchical design’ "

“The role of science, like that of art, is to blend exact imagery with
more distant meaning, the parts we already understand with those
given as new into larger patterns that are coherent enough to be

acceptable as truth.”
Edward O. Wilson

80
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5.1 Introduction

Functional patterned surfaces in nature exhibit diverse patterns of varied feature size and
arrangement, showcasing examples from highly packed nanoscale structures to multiscale,
hierarchical assemblies, including both concave and protruding pattern features.**4 The
combination of control handles provided by the temporally arrested breath figure (BF)
approach not only facilitates prediction and control over the pattern growth rates, but
provides access to a breadth of intermediary pattern arrangements that are not feasible
with the classical technique. Full exploitation of such biomimetic fabrication methods
towards predictive surface patterning thus relies upon the understanding and taming of the
underlying complex multiphysics phenomena.” Here, the translation of the liquid-liquid
breath figure pattern to the cured film is demonstrated. Predictable growth rates observed
in Ch. 4 are systematically cured to show the arrested design. Further, the possibility
of tuning the standard highly packed surface architecture is explored by exploiting the
reversibility of the phase change process that governs the operation. Building on from
Ch. 4, translating the thermodynamics governing the BF method into controllable and
predictable patterns that are not only low cost, but inherently scalable, provide insight

into this technique for biomimetic surface patterning applications.

The classical BF technique enables the fabrication of highly ordered honeycomb-packed
pore arrangements. The low viscosity of the polymer-solvent solution facilitates sub-
stantial rearrangement of the stabilised droplets through interfacial and thermo-capillary
forces, as well as the evaporating front of the solvent.”** As a result, providing successful
fabrication, strikingly ordered films are created of monodisperse features that are hexag-
onally arranged in the lowest potential energy configuration. While achievement of this
monodisperse pattern is only a reality in strict experimental conditions, systematic per-
mutations of the design are more difficult. Spatial modulation of features created through
attractive forces is generally inaccessible due to the specific self-assembling mechanisms
that create the close-packing. Although pattern modulation can be practised to some
extent in the evaporation-driven breath figure approaches, %449 fyll reversibility of the
condensation process®* and access to intermediate patterns are only possible in methods

that eliminate solvent evaporation and provide an active polymerisation route.

Recent attempts have been made to further advance the classical BF pattering approach

1420149/178 12467248

towards modulating pore shape and generating hierarchica structures. The

specific pore shape which is primarily dictated by the interfacial tension at the three-phase

1421249

contact line has been altered through the use of non-aqueous vapors, strict tempera-

ture/humidity regulation,™ and employing additives*™" or sacrificial layers’™™. Secondary

patterns have been created via consecutive processes such as large-scale re-shaping of the

1

pre-patterned substrates® or BF patterning on physically confined 3D18L2402020203 g
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strates. The use of combined techniques with nanoparticles™ 1254256 o gther self-assembly
and phase separation techniquesHO248257 haye also proven successful for the fabrica-
tion of hierarchical BF patterns. The reliance upon hybrid approaches, however, further
narrows the range of operational working parameters and choice of materials, impairing
the simplicity of the classical BF method with little to no deterministic control over the

final design.

This chapter delineates the main control parameters in the temporally arrested BF ap-
proach alongside the realisation of the final pattern. Sample patterns of predictable pore
diameter and area fraction are achieved from the process’ combined temperature control
and curing dynamics, harnessing the inherent reversibility of the BF phase change. The
possibility of inducing and retracting the reversible BF pattern via external temperature
control is explored by implementing subsequent regimes of subcooling and superheating.
As shown in Fig. [5.1] starting with a high nucleation density polymer such as NOA63,
droplet growth can be controlled in the self-similar regime at constant surface coverage
from early experimental working times. Evaporation of the pre-established BF pattern
is investigated by increasing the Peltier temperature to above the dew point, causing
a reduction in the surface coverage. The feasibility of restarting the BF process after
evaporation to initiate a secondary condensation regime for the creation of multi-scale
patterns is also explored.This approach facilitates in situ tuning over the size and spatial
arrangement of BF patterns with direct translation to cured patterns via UV curing. The
prospect of further pattern permutations such as replica moulding to create protruding

features are also investigated.
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Figure 5.1. Diversity of patterns that occur through subsequent external cooling and
heating cycles in the temporally arrested BF. The substrate temperature on the Peltier
device, Tp, is set with respect to the dew point temperature, Tpp, to alter the patterning
regime.

5.2 Temperature controlled patterning regimes

Due to the simplistic experimental set-up centred around the temperature controlled

Peltier device, the main handle to modulate the patterning regards the substrate temper-
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ature. As described in Ch. 4, a highly packed BF pattern can be established by subcooling
the polymer film to below the saturation dew point of the environment. The temperature
of the Peltier can be used to vary the growth rate of the pattern when subcooled, and
increased to above that of the dew point, thereby starting to evaporate the droplets. As
such, permutations of a standard highly packed design can be achieved through temper-

ature modulation.

5.2.1 Size modulation at constant area fraction

Under quiescent conditions of constant temperature and no significant airflow, the growth
rates of droplets forming the BF pattern follow the well described drop-wise condensa-
tion physics trends:18? for isolated droplets, diffusion-limited growth increases the droplet
volume monotonically, leading to a diametric growth relationship of Dy, o< /355 How-
ever, when droplets pack closely, their growth is accelerated due to the coalescence be-

tween neighbours, yielding a self-similar growth regime in which droplet diameters follow
DL X t.m

On the pre-cured liquid polymer film, the pore diameter in the BF pattern can be readily

The implications of using

controlled using the temporally arrested BF methodology.
a film that exhibits a high nucleation density of droplets restrict the pattern growth to
the latter coalescent-dominant regime, resulting in a linear increase in average droplet
diameter with time. By exposing the liquid pattern to UV irradiation, the liquid pattern

characteristics can be translated into a cured film with pores (Fig. |5.2]).

¥ (b)

Figure 5.2. Images of pattern transition from (left) liquid droplets on liquid films to
(right) pores on solid films at different length scales. The pattern is cured with the
UV curing system for 5 s at 650 mW /cm? after different experimental working times
to attain relative small and large features.

This self-similar regime arises from the rearrangement of coalescing droplets, resulting
in a constant area coverage in time. As droplets coalesce, the scaling and self-assembly
arguments indicate the decrease in the surface area taken up by the daughter droplet
facilitates more droplet growth at a plateaued coverage. Curing different films at discrete
time intervals thus produces a systematic increase in the average pore diameter attained in
time, with patterns exhibiting a constant area fraction (Fig. . High-resolution SEM
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and LSCM analysis of the cured films show they exhibit the same trends observed in
the liquid state, indicating a negligible impact of the curing exposure time, see Sec. 3.3.
Fig. [5.3 indicates convergence to the linear trend with droplets less than the previously

observed optically resolvable size range.

(a) ¢ (b)
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Figure 5.3. Analysis of highly packed NOAG63 films cured at discrete condensation
working times of 20 s, 30 s, 60 s, 90 s and 180 s. (a) Diametric and area fraction
analysis alongside (b) LSCM image examples of the cured films.

The lower Ay pg here corresponds to the average diameter at the triple line (pore open-
ing), Dg from LSCM analysis of the cured films (Fig. 3.14 from before). This lower value
is reflective of the pore morphology, where due to the low polymer-water IF'T, the equilib-
rium shape of the liquid lens results in the majority of the droplet submerged below the
surface. Maximum packing analysis using Dy, in the liquid state, indicates A; ~ 0.7. At
the air-polymer interface in the cured state, Ay p, =~ 0.4, suggesting a pore morphology
of Ds/Dy, ~ 0.8 £0.1. The constant ratio throughout the size domains tested suggests a

constant pore shape in time, further reflective of the self-similar growth regime.

5.2.2 Area fraction modulation at constant spacing

At a given relative humidity, the difference between the substrate temperature and the
dew point sets the supersaturation level and controls the rate of phase change. For set
temperatures below the dew point (Tp < Tpp), the subcooling defines the linear growth
rate of highly-packed BF patterns during the BF formation (Fig. |5.4a). Conversely, on
samples with a well-developed BF assembly already established, substrate temperatures

above the dew point (Tp > Tpp) result in evaporation of the droplet pattern (Fig. |5.4p).

As before, with microscopy analysis attaining pattern characteristics at 1 Hz frequency,
the evaporation kinetics of evaporating BF patterns on NOA63 at constant superheating
levels can be characterised. In the highly packed condensation regime, droplets are pushed

by the neighbours and rearrangement occurs due to coalescence. The average size of
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(b)

Figure 5.4. Example of (a) a highly packed and (b) sparsely packed cured film.

droplets increases, but the area fraction remains constant due to the self-similarity. Upon
evaporation, droplets remain stationary due to the negligible capillary interactions and
droplet diffusion in the length and time scales studied here. No coalescence occurs and
the radially shrinking droplets maintain a constant interdroplet spacing, L. ~ 1.2 x Dy,
where Dy, is the maximum droplet diameter attained in the highly packed condensation
regime (Fig.|5.5a). This evaporation leads to continuous reduction in the droplet diameters
whilst the distance between them is maintained; the area fraction can thus be significantly
reduced in a controlled manner by understanding the evaporation kinetics. The images

in Fig. show a decrease in the area fraction by more than 85% from the initial value.

In cured BF patterns, while pore size modulation at constant high surface packing was
achieved via continuous condensation in a subcooled regime, elevating the temperature
above the dew point for this evaporation step facilitates a reduction in the area fraction
from the radial decrease in the droplet diameter. Due to no coalescence and re-distribution
of droplets within the evaporation analysis, the polydispersity in droplet diameter smears
the observed trends, especially at later times. It can be seen that the polydispersity during
this regime slowly increases from g ~ 0.1 to g > 0.2. Fig. demonstrates the smearing
effect observed when comparing the reduction in droplet diameter for a single droplet
compared to full-field analysis. To ensure that the randomly selected droplet statistically
represents the kinetics across the field of view, four other droplets of similar diameters
(maximum diameter variation of + 5%) were selected across the image frame at the
start of the analysis. The identical droplets were then automatically tracked during the
evaporation regime with the average plotted. By decreasing the analysis sample size from
100’s droplets in the full field analysis, to 5 droplets of approximately equal dimensions,
the evaporating kinetics of the droplets can be better studied. All data is presented in

square diameter to allow comparison with the available prediction models.

Droplet evaporation occurs in non-saturated environments when surface molecules which
have enough energy undergo a phase transition from liquid to gas. At temperatures above

the saturation dew point, evaporation occurs through the diffusion and net mass transfer



Chapter 5| Pattern modulation and temporal arrest

86

() I s e s —_————
12l ‘...~o... . DL |
®e
°
— ) [}
g. ¢ .:" B
\;‘ 8Fos e ° 7
°
O ba, °
Q AAAA [ ]
4r< @
0. :
ol® t(s), 200 ]
0 50 100 150 200
t(s)

b) FFS
()~,O

NnO

‘o)O‘
o OO

Figure 5.5. Evolution of BF patterns during the evaporation regime with t, taken as
the time at which the pattern started shrinking. Data was collected at T, = 22 °C,
RH = 55% and ATy = 5°C. (a) In the evaporation regime, the droplet diameter
decreases while the interdroplet spacing remains constant. Shaded area refers to the
standard deviation. (b) OM images from initial, intermediate and late stage analysed
times (circled on the graph) show the constant interdroplet spacing created from the

previous condensation regime.
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Figure 5.6. Analysis of all droplets in the field of view vs 5 individual droplets plotted

as a normalised diameter in time.

of molecules from the liquid bulk to the atmosphere, resulting in a decrease in droplet

volume.



Chapter 5| Pattern modulation and temporal arrest 87

dVv £y
— = ——/VC ds, (5.1)
dt Po
where V' is the volume of the lens, © is the diffusion coefficient of the vapor, p, is the
density of the water, C' is the concentration of the vapour in air, and S is the area of the

droplet—air interface.

Different evaporation regimes are known to occur that are predominantly a function of
the substrate, with the wetting interaction between the droplet and substrate determining
the evaporation regime and temporal evolution of contact angle and contact area.22%:252
With the substrate in this case being a deformable fluid, classical hysteresis observed with
sessile droplets on solid surfaces cannot occur.®¥ The decrease in volume of the droplet
has thus been shown to be analogous to that of evaporating sessile droplets on solid
substrates.?0%26l The droplets maintain an equilibrium lens shape with consistent contact

angles as the overall size decreases - constant contact angle (CCA) evaporation mode.*>"

Previous theoretical and experimental investigations of evaporating droplets in a CCA
mode indicate a non-linear decrease in mass given from Eq. [5.1], resulting in a temporal
volume relationship of V2?3 o ¢.262 Due to the difficulty of directly analysing the evo-
lution of BF droplet volumes or contact angles in time, a more suitable handle tracks
the diameter. While at the length scale of these experiments (D < 10 pm), the focal
plane is too small to properly differentiate between the three-phase contact radius and
maximum droplet diameter, measuring the submerged maximum diameter Dy, as per pre-
vious analysis is still appropriate as a result of the CCA behaviour. Without significant
variation in the contact angle in time, a time-dependent linear relationship of D? o ¢ can

be derived.403
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Figure 5.7. Kinetics of BF evaporation analysed for individual droplets averaged over
10 s intervals. (a) The square of droplet diameter monotonically decreases with time.
The initial average diameter in the fully packed BF is controlled by varying the duration
of the condensation regime t., before starting the heating cycle. Data corresponds to
ATy = 5°C, Ty = 19°C and RH = 66%. Snapshot images show patterns with similar

average square diameter D
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For a given A and RH, L. is only a function of the condensation working time from
the start of the BF formation in the highly packed condensation process, t.. Therefore,
combining the condensation and the evaporation steps provides a powerful handle for dy-
namic spatial modulation of BF patterns where both droplet diameter and area fraction
can be controlled. Initiating the evaporation at different times from the start of the con-
densation nucleation allows the generation of BF patterns with different diameters and
interdroplet spacing for given subcooling and superheating conditions. Fig. 5.7k shows
diverse patterns with similar average droplet diameters but varying interdroplet spacing

obtained by tuning #.. The snapshot images correspond to D? = 30 pym?

, showing that
BF patterns can be arrested with different arrangements and area coverage at constant
pore diameters. Additional control over the evaporating BF pattern is obtained by ad-
justing the elevated temperature set by the value of AT}y, i.e. higher superheating levels
yield faster evaporation and smaller final diameters with larger interdroplet spacing at a
given time from the start of the evaporation cycle (Fig. ) Constant average pattern
diameter and interdroplet spacing can thus be obtained by arresting varying temperature
evaporation cycles at different times, creating effectively identical patterns using different

input parameters, see example snapshots of patterns in Fig. [5.7pb.
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Figure 5.8. (a) Normalising pattern diameters and time allows the collapsing of all
data presented in Fig. (b) SEM images correspond to the top view morphology of
sinking pores observed at late stages of the evaporation cycle. Sample imaged at (left)
5 kV and (right) 0.1 kV show what would have been droplets encapsulated by a thin
polymer film right below the interface.

While the trends in droplet diameter reduction appear to be similar in Fig. [5.7b, higher
temperatures above the dew point yield faster shrinking of the droplet. Normalising the
z-axis by an arbitrary time, g4, at which the average droplet diameter reaches 40% of its
initial value (D, /Dy, = 0.4), accounts for the impact of superheating and in turn collapses

all data captured at varied operational and environmental conditions onto a single curve
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(Fig. ) A linear trend, (Dy/Dy,)* o t/to4, provides a fair prediction of the collapsed
data for short evaporation times until (Dy/Dy,)* = 0.5 is reached. At later times, a
significant increase in the droplet shrinkage rate with deviation from the predicted linear
trend is observed (Fig. |5.8a). At these times, some of the condensation droplets in the
field of view appear out of focus, suggesting an increasing frequency of droplets moving
downward relative to the focused reference frame at the top interface of the polymer
film.?¢ This vertical translation is clearly observed in the SEM images of the cured film
cross sections as presented in Fig. [5.8b; droplets sink below the interface and eventually
become fully encapsulated within the polymer. By varying the accelerating voltage in
SEM analysis from 5 kV (left) to 0.1 kV (right), the penetration depth of electrons into
the surface decreases.289 Analysis of the secondary electron signal thus shows increasingly
surface-only detail with lower voltages (Fig. ) Whilst all of these pores are visible
with optical microscopy, potential pores that are identified at 5 kV indicate that they are

subsurface with analysis at 0.1 kV.

@[ ] (b)

Figure 5.9. Downward translation of droplets out of the optical plane at the air-polymer
interface. (a) OM images representing a 10 s interval between each image. (b) SEM
imaged cross-sections of droplets at high packing and partially encapsulated states,
where (c¢) the downward motion of droplets deforms the normally flat interface.

As the BF approach is employed here as a surface patterning technique, later evaporation
times where initial water droplets are no longer all on the surface are not considered for
further analysis. Compared to the condensation regime, at the final stages of evaporation
where the downward translation of droplets is observed, the polydispersity in droplet
diameters increases up to a maximum value of g ~ 0.3. This increase arises from the
initial polydispersity in the highly packed droplet population, augmented by the different
evaporation rates and translation of droplets within the field. By analysing the moment
at which the majority of droplets experience a sudden decrease in contrast and focus
(Fig. [5.90), this can be interpreted as a change in the normal regime and interpreted as
the downward translation away from the optical plane. The exact onset is difficult to

analyse, particularly at low elevated temperatures where the shift is gradual. Further,
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differentiating between tiny droplets in the field of view and stabilised ones presents
additional challenges arising from having only top-down n situ optical microscopy. The
data shows the contrast change occurs at around Dy,/Dy, ~ 0.3 (Fig. p.8h), regardless
of the maximum droplet diameter or the set temperature. This corresponds to a packing
of around 10% of the initial highly packed regime, and an overall area fraction of Ay ~
0.1. The near constant translation moment as a function of size makes sense given the
collapsed data sets independent of temperature and size in Fig. [5.8h. Cross-sectional
SEM analysis of cured spatially varied scales confirms the encapsulated droplet states
observed in Fig. . Fig. /c shows varied states of sinking droplets, where the overall
air-polymer interface goes from planar with sharp contact angles in pores, to deformed
with partially encapsulated droplets. While the route onset of droplet encapsulation is
unclear without further analysis of the temperature and surface tension gradients within
the system, the sinking of droplets below the surface defines the patterning limits as

predictable surface features are no longer created.

5.3 Pattern permutations

Beyond the two main temperature-controlled patterning modes, further modulation of
the resultant patterning can be created via combinations of the modes and subsequent
manipulations to the set-up and cured designs. These subsections elaborate upon existing

avenues and potential new routes for the fabrication of patterned films.

5.3.1 Bimodal patterns

Dynamic droplet patterns are transformed into static porous designs only after UV ex-
posure of the photopolymer in the temporally arrested BF approach. Therefore, the
reversible condensation and evaporation regimes can be arranged in repeated cycles to
attain diverse BF architectures prior to polymer curing.**® The evaporation regime cre-
ates free surface area on the polymer film interface by reducing the area fraction of BF
pattern. These free areas can be subsequently re-patterned by generating a new popula-
tion of droplets as the polymer film is cooled below the dew point again, restarting the
condensation phase. In this post-evaporation regime of re-condensation, original droplets
grow simultaneously with the formation of new droplet families. Upon UV exposure, the

bimodal distribution of the templating droplets creates novel BF designs.

Fig. schematically illustrates the experimental procedure with in situ microscopy
images of the BF patterns produced through a simple combined cycle of condensation,

evaporation and re-condensation:

1. An initial subcooling period of condensation is completed to establish highly packed
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Figure 5.10. Schematic illustration of the complete experimental process followed for
hierarchical BF patterning, demonstrating the modulation of temperature around the
system dew point and examples of respective patterns obtained. Data was collected at
To = 22°C, RH = 36%, AT = 10°C (tg, = 250 s, tc, = 140 s) and ATy = 5°C (tg, =
250 s). (i) Real-time OM images capturing the maximum diameters of condensation
droplets underneath the interface of the polymer film with air. (ii) SEM images of
samples cured at the discrete times showing the pores’ openings on the surface of the
polymer film. (iii) Probability Density Function of the pore diameters, derived from
the SEM images.
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BF patterns. This regime dictates the specific interdroplet spacing for the large

droplet domains.

2. The system is heated, reducing the droplet packing and modulating the A;. The
droplet diameters decrease in their radial dimension during evaporation whilst main-

taining a constant L.

3. By re-cooling the polymer film, condensation as a result of subcooling is restarted.
This re-condensation regime manifests in the appearance of new condensation nu-
cleation sites on the free surface of the polymer, as well as through the growth of

the original droplets.

SEM images of the cured films and the corresponding histograms of pore diameters are
presented in Fig.|5.10| (ii) and (iii), respectively. The visible diameters on the (i) liquid and
(ii) solid films differ as they are associated with the full droplet diameter visible during
liquid analysis and the pore opening diameter visible with SEM. The pattern histograms
in (iii) show the polydispersity in pore diameters and their distribution at different times,
demonstrating the transition from unimodal to bimodal droplet distributions. The active
regulation of the substrate temperature allows the control of the overall droplet spacing
in the primary regime, modulates the area fraction and facilitates the formation a new
droplets. The use of active UV polymerisation enables the translation of these liquid-liquid

patterns into cured designs.

tiyg—t; =10s 10 pm

e d =
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Figure 5.11. Life cycle of a droplet from evaporation to re-condensation. The secondary
condensation droplets are observable in the final image.

Limitations to the hierarchical pattern arise with the working time and temperatures used.
Whilst near complete evaporation of the droplets in the evaporation regime can lead to
droplet sinking and encapsulation beyond A; < 0.1, these droplets can be re-surfaced
to attain the equilibrium shape, providing full evaporation has not occurred (Fig. [5.11)).
Upon reestablishing a subcool temperature, the droplets that does not appear with sharp
contrast reappears in-focus, suggesting re-attachment at the air-polymer interface. If the

evaporation working time is too long, the droplets become lost and re-organise in the bulk.
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Although it is difficult to quantify the actual z-height of the droplet, qualitative results
indicate that both the droplet size and thermal gradients affecting the flows within the

polymer can have significant effects.

Upon changing the substrate temperature for the re-condensation regime, the effect of
nucleation density discussed in Sec. 4.2 is more prominent. Lower nucleation density is
more obvious at low supersaturation (smaller AT'), where preferential nucleation of new
droplet families occurs. Droplets tend to nucleate far from the large droplet domains
and at a lower nucleation density than initially observed in the primary condensation
(Fig. [5.12)). The existing large droplet domains create a horizontal gradient in vapour
pressure with a reduced vapour pressure which limit new nucleation of droplets at the
near interface.239 An exclusion zone with little to no new nucleation droplets is apparent
at early re-condensation times, characteristic of nucleation of films with a low number of

This effect is mitigated to a degree with larger supersaturation levels

nucleation sites.
(e.g. AT > 10 °C) where high nucleation density is observed - compare the secondary
nucleation densities between Fig. [5.12h vs Fig. [5.12p. Fig. [5.12b shows SEM images of
the samples cured at early times with low nucleation density as a result of the saturation.
Alongside the evaporating size limit, this prescribes further limits and design guidelines
for the creation of bimodal patterns; if the distance between large droplet domains is
too small, condensation will favour the continual growth of existing droplets rather than
new condensation families. Further, with only low supersaturation, condensation mani-
fests with low nucleation density, meaning effective bimodal patterns are best created by

evaporating droplets to near their limit, before re-condensing at high levels of subcooling.

Figure 5.12. (a) Optical microscopy images of new nucleation at low and high su-
persaturation. (b) SEM images of bimodal samples cured at early and late times of
re-nucleation growth regime.

5.3.2 Gradiented patterning

The ability to create gradients in topography opens up new potential applications for
the fabricated patterned films and further demonstrates the versatility of the fabrication

approach, enabling the fabrication of architecture beyond what is classically attainable

242)

self-assembly techniques.”*< The evidenced control over pattern evolution on NOA63 with
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substrate temperature control combined with the use of photocurable polymers thus fa-

cilitates new capabilities to create feature gradients, as illustrated in Fig. [5.13]

ry

UV light source

(a)

Photomask

A 4

Polymer film ———

l—— Glass coverslip

Peltier stage ——

(b)

(c)

Figure 5.13. Adapted schematic from Fig. to show fabrication of gradiented pat-
terns. (a) Use of an opaque photomask to spatially control the curing location, (b)
variation of the applied cooling location and (c) variation of the substrate cooling tem-
perature indicated by the colour change.

Photomasking. The strict feature size control attained by the short UV exposure fur-
ther provides the ability to spatially control the patterning on a single substrate beyond
temperature modulation. As a proof of concept, opaque UV photomasks were used to
selectively cure sections of the NOAG3 films at discrete times. While relatively sharp
pattern borders with increased geometrical control over temperature modulation could
be attained, experimental difficulties arise with locating the mask above the liquid BF
without touching it, whilst limiting the distance to decrease light diffraction upon curing.

More details on future perspectives are discussed in Ch. 7.

Temperature gradient. Analysis of the pattern evolution on NOA63 demonstrates
good control over the feature sizes through the Peltier temperature handle. Provided

that the environmental parameters, namely RH and T}, can be characterised, the imposed



Chapter 5| Pattern modulation and temporal arrest 95

temperature on the polymer film determines if the droplets grow or shrink. As such, by
defining a temperature gradient from the Peltier device across the z-axis of the stage,

different growth rates can be harnessed leading to varying feature sizes across a single
sample (Fig. [5.13b/c).

Metal strips 1 mm thick were placed partially across the stage and stacked on each other
to diffuse the intended cooling. By varying the location of the strips, type of metal, and
location of the polymer film, a temperature gradient could be achieved across the surface.
The most abrupt gradient (Fig. ) consists of the polymer film placed only partially
on the Peltier device, and varies to more diffuse gradients with increased numbers of
offset metal strips. With real-time analysis of the pattern feature parameters, the right-
hand side of the polymer (or fastest growing region) could be monitored, and the sample
cured at the specified feature size. While the growth of highly packed droplets occurs
in a self-similar regime, the temperature difference impacts the growth rate providing
a condensation flux imbalance. The coalescent-dominant regime works to smooth the
gradient where smaller droplets coalesce into the larger ones (Laplace pressure imbalance),
however well-defined gradients can still be achieved. The pattern gradient can hence vary

with feature sizes of average Dg =~ 10 nm to no features in as little as 100 pm, to the same

variation in size over millimetre scale (see differences in Fig. [5.14)).

Figure 5.14. Examples of increasingly diffuse pattern gradients created from tempera-
ture variation. Patterns ranging from a near binary transition of features to no features
over hundreds of pm to gradient transitions over the order of mm.

5.4 Pattern replication

Replication of classical BF patterns has previously been done to create inverse, protruding
features on samples using common elastomeric materials such as PDMS.T2266-268 [ oy
ever, with BF’s often created on thin and brittle PS films, each replica is made with a

BF pattern which is then commonly dissolved to remove the structure. 12 As a result, the
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initial BF pattern is destroyed and one BF patterned sample can make one replica.

Figure 5.15. Overview of SEM-imaged replicated samples. BF and replication (a)
top view and (b) cross-section. (c) Detailed view of BF - PDMS replication prior to
separation.

The temporally arrested BF approach is completed on strong cross-linked polymer films
meaning the replica can be separated from the mould without causing permanent damage.
While a pore shape limit of depth/negative curvature must exist, the pattern can be
replicated for samples fabricated in NOA63 without leaving artefacts attached in the BF

pore. Successive replicas can thus be created for a singular BF pattern.

Several silicone elastomers were used to replicate the BF patterns before deciding on
Sylgard 184 (Dow Corning). Sylgard 184 is a low surface energy material that provides
easy release from the BF mould without leaving artefacts.%9 Sylgard 184 is mixed at a
10:1 ratio of base to hardener and is degassed and poured onto the BF as per Sec. 3.3.
Fig. [5.15] shows top view and cross-sections of the PDMS - BF mould post curing. The
images show good conformation of the PDMS to the BF mould, indicating successful, high
fidelity replication of the features. Not only do the protruding replica patterns serve many
different applications in their own right, but they can provide new indirect quantitative
analysis of the BF geometry that is difficult to attain due to the negative curvature.

Fig. [5.16] shows examples of different replicated patterns.

5.5 Discussion

BF patterning harnesses the dynamic templating of droplets to pattern a polymer film.
While in the classical BF approach, limited systematic control over the feature charac-
teristics is harnessed, the temporally arrested approach creates new potential for novel
patterns. The benefits of a dynamic template (a growing/shrinking water droplet lens) is
harnessed via in situ arresting through UV exposure, curing and solidifying the transient
design. By controlling the experimental time and substrate temperature, patterns are

created consisting of highly packed features at varied sizes, spatial variations of differing
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(a)

Figure 5.16. Examples showing the range and variation of replicated BF samples. (a)
Highly packed, (b) varied spacing, (c) hierarchical patterns and (d) gradiented replica
samples.
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packing densities and permutations of these combined effects. A wide breadth of pattern

configurations can thus be created with the same equipment and experimental design.

Analysis of the transition from liquid BF design to cured pattern indicates minimal influ-
ence of the curing mechanism. The transient UV exposure rapidly stabilises the droplets
and arrests the pattern evolution in 1 s at 650 mW /cm?. With continued cooling applied
at the time of curing, any potential heating effect from the irradiation is mitigated as
much as possible, and no detectable influence is observed for droplets in the optically
resolvable size range. As the level of subcool determines the average growth rate of the
pattern, it is important to consider the transition time from liquid-liquid pattern to cured
design. Lower levels of subcooling implies a slower growth rate of the design. Although
this can take longer to reach the desired feature size, the UV exposure is statistically less
significant as tcyring <K teondensation- With real-time analysis of the pattern characteristics
using the developed code, arrest of the design at the desired feature characteristics is thus
more accurate with slower growth rates. While not characterised due to the success of
NOAG63 as a polymer film, viscosity can also impact this cured design. With growth rate
a function of coalescence events in this regime, the time taken for coalescence to occur
can manifest in the final design with the arrest of partially coalesced droplets. NOAGS
produces similar high nucleation density to NOAG63, but has a viscosity over 2x that
of NOAG63. For coalescence to occur, draining of the liquid film separating droplets has
to occur which is a function of the droplet size and film viscosity.?? This is evident in
the curing of NOAGS, where cured films exhibit a greater number of partially coalesced
pores (Fig. [5.17)). Not only is the coalescence duration a factor, but qualitative handling
and fabrication of BF on the polymers indicates NOA68 films require higher UV doses
to stabilise the droplets, despite having the same recommended energy dose on the spec
sheet. I Experimental design choice thus prioritises fast coalescence and slow growth with

rapid polymer curing, facilitating accurate arrest of the desired pattern characteristics.

Figure 5.17. Images of cured samples with high amount of partially coalesced droplets
arrested.

Whilst the majority of the experimental work has been completed in the optically resolv-

able range using in-house microscopes for studying the pattern evolution, SEM was used
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to view patterns cured before they were detectable. From Ch. 4, the critical radius for
nucleation within the system used is calculated to be around 20 nm. The earliest mentions
of BF in literature by Rayleigh and Aitken describe the scattering of light from the plano-
convex lens of water droplets on a hydrophobic surface.B%81 Similarly, before the optical
microscopy system can resolve any droplets, the liquid film increases in its opacity from
the completely transparent unpatterned state. By curing at the onset of colour change,
the patterned films have droplets of diameters in the visible light range (> 350 nm) as
the light rays detected by our eyes have been scattered by the surface. Fig. shows
examples of some cured films with pores as small as 100 nm. While evidently possible, the
feasibility of arresting the patterning at near-critical nucleation size presents new chal-
lenges for fabrication. At this early experimental working time and small length scale,
slight variations in substrate temperature can be the difference in observing pattern and
no pattern. When cover slips are not completely flush with the Peltier, the non-conformal
alignment results in more noticeable variation of patterns as pockets of insulating air con-
sequently delay the nucleation and growth of droplets. Further, the impact of UV curing
becomes much more significant as only small amounts of energy result in the evaporation
of nanodroplets - an undetectable volume change in large droplet sizes. Best results were
thus achieved in high relative humidity environments with near to ambient temperature
dew point. At this temperature, using a low subcooling temperature on the Peltier de-
vice is essential for maximising the nucleation density at small, potentially pre-coalescent

scales. The temperature difference also limits the net evaporation upon curing, enabling

an effective transition from the liquid-liquid pattern to cured state.

Figure 5.18. Examples of wide-scale patterns consisting of pores of Dg < 500 nm.

Not only is the size and spatial configuration of droplets important for surface characterisa-
tion, but the pore shape with replica samples can drastically influence the end functional-

ity. Analysis of cured films can be done to elucidate the pore geometry which is difficult in
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the liquid state. By infiltrating the pores with fluorescent dye, LSCM can be used to attain
a z-stack of the cured pattern and view both the pore diameter Dg and largest diameter
Dy, simultaneously. Fig. highlights both dimensions in a composite flattened image
from the z-stack. Analysis shows Dg/D;, = 0.8 regardless of the packing (highly packed
and partially evaporated droplets). This value is in agreement with combined liquid-liquid
analysis and SEM analysis of solid films, where respective area fraction plateaus at highly
packed states indicate a ratio of Dg/Dy, = /(A ps/Asp,) = (0.44/0.7)1/2 = 0.8. The
constant ratio, regardless of packing, indicates that droplets are in a constant contact
angle regime, maintaining droplet morphology and that minimal polymer shrinkage and
curing effects affect the droplet morphology. Ultimately, the ratio is set by the balance of
relative interfacial energy differences, allowing potential for future shape manipulation as

a result.

Figure 5.19. Shape analysis using 3D LSCM scans for (a) highly packed and (b) spatially
modulated BF samples. The blue corresponds to the reflected wavelength of light
highlighting the pore opening whereas the yellow is excited emitted light indicating
the maximum pore diameter.

5.6 Summary

e Temperature control via the Peltier device provides the main control handle for
varying the pattern evolution. Highly packed size variations and spatially varied
permutations can be readily fabricated by setting the temperature below and above

the dew point temperature, respectively.

e Photosensitive polymers enable effective temporal arresting of the liquid-liquid pat-
tern. Analysis of cured samples shows negligible curing effects for microscale droplet

patterns, facilitating access to a wide array of pattern configurations, a summary of

which can be viewed in Fig. [5.20

e Pattern permutations including bimodal and gradient designs can be readily fabri-

cated by the harnessed control in the temporally arrest breath figure technique.
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e Extensive optical microscopy and SEM characterisation demonstrates the design

guidelines for effective patterning;

» Area fraction of droplets can range from 0.1 < Ay p, < 0.7. The high packing
limit is a combination of the droplet ordering and viscous boundaries separating
the droplets. At low area fractions in evaporative regime, droplets tend to sink

and become encapsulated within the polymer.

» High relative humidity and large subcooling is needed for nanoscale patterning

to ensure high nucleation density and minimal evaporation during UV curing.

» Large subcooling upon the re-condensation regime is needed for effective bi-

modal patterning to enhance the nucleation density of the secondary droplet

families.

(d)

Figure 5.20. SEM images of the cured patterns attainable from the temporally arrested
BF process, showing the diversity of the programmed design. (a) Constant area fraction
at varying diameters. (b) Constant interdroplet spacing at varying diameters. (c)
Constant diameters at varying interdroplet spacing. (d) Varied hierarchical designs.
More details are available in the original figure of the published work.*



Chapter 6

Wetting behaviour of breath figure

patterned surfaces

This chapter concerns the initial characterisation of interfacial wetting behaviour on pat-
terned samples created within this work. Insights delineate how design over size and

spacing achieved with the temporally arrest breath figure approach can create tuneable

wetting properties.

/

“God made solids, but surfaces were the work of the devil.

Wolfgang Pauli

102
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6.1 Introduction

The wetting interaction of liquids on solid surfaces is not just of fundamental scientific
importance, but relevant to a vast variety of industrial applications.®® With the ability
to strictly control the surface morphology through the developed patterning technique,
initial characterisation of the wetting behaviour is performed to understand the functional
properties of the surfaces, and how modulating the surface features can influence this

behaviour in anticipation of future applications.

In such fields where wetting is important, the role of liquid droplets on surfaces is primar-
ily characterised by the contact angle of a static sessile droplet and subsequent dynamic
measurements. As a result, sessile droplets are commonly used to probe the key char-
acteristics of surfaces, where the basic interactions tell us information about how the
droplet resides on the surface, if it is slippery or adhesive, and even how the droplets will
behave in motion.®Y If a surface is significantly rough, air pockets are entrained within
the microstructure and remain below a sessile droplet, known as the Cassie-Baxter state.®
Provided that the total energetic cost of the sum of the liquid-air interfaces is less than the
energy gained by the liquid droplet completely conforming to the roughness, the droplet
remains in this metastable state resting on top of the roughness features on a surface-air
composite interface.2? As such, a large increase in apparent contact angle is observed from
the complementary flat surface. The underside of the droplet bridges the gap between
rough features, contacting an extremely low fraction of the solid surface. Control of the

surface structure to modulate the subsequent wetting regime is thus significant to any

interfacial-related application, where anything from the control of liquid collection to the

transport of fluids relies on these interactions.

Figure 6.1. 3 pL droplet on (a) classical BF and the corresponding (b) pincushion
structure, fabricated on PS-CAB from Ch. 2. The high contact angle on the pincushion
with no pinning effects results in the droplet not detaching from the syringe.

Breath figure surfaces are a low-cost and scalable way of fabricating surfaces with spe-
cific porosity. Previous research has well demonstrated different states of wetting from
BF samples, creating both hydrophilic, hydrophobic and even stimuli-responsive struc-
tures. 136172269 Dye to the combination of chemical and structural optimisation often re-
quired for specific wetting scenarios (e.g. superhydrophobic surfaces), various methods

have included direct synthesis of BF films via low-energy fluorinated polymers 8172270
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and various post-fabrication modifications. 62271

In comparison to the corresponding BF
surfaces, pincushion design generated by removal of the top surface level (Sec. 2.4) exhibits
significantly reduced solid surface area, thus yielding large water contact angles. Fig.
shows a 3 nL droplet on a BF sample and the corresponding pincushion film, creating
an increase in contact angle from 6 =~ 116°, to § > 160° where the contact angle cannot
be effectively measured due to the extremely low hysteresis and non-wetting behaviour

where the droplet will not detach from the deposition needle.

Li et al. characterised the dynamic behaviour of impacting water droplets for porous BF
and pincushion films of varying size, demonstrating that the spreading of the droplets
increases adhesion to the surface and limits the rebounding potential of incident drops.“™
The strong adhesive effects in some BF samples have been demonstrated due to isolated
pores with entrapped sealed air pockets engendering a vacuum effect that diminishes
droplet movement.*™ While final BF structures can consist of interconnected pores which
enable the fabrication of low adhesive pincushion structures (Fig. , isolated pores
such as ones created in this research with NOA polymers engender high adhesion. The
attempted removal of droplets creates a negative pressure, facilitating strong adhesion to
the surface, which can be used for controlled fluid manipulation and even anti-splashing
scenarios.?™ Further, the specific geometry of BF pores residing predominantly below the
surface has negative curvature which makes the trapped air pockets particularly stable
upon complete submergence.™27% This plastron-like trapped air is reminiscent of aquatic
insects and can create oil and bubble-repellent surfaces.?® Replica moulding BF structures
with hydrogel materials to create the inverse replica has also demonstrated interesting

oleophobic properties. ==~

The temporally arrested BF technique enables systematic control over self-similar pore
sizes, producing strict design over desirable air-surface fractions. Highly packed porous
samples with constant area coverage can be fabricated with the average features sizes
ranging across an order of magnitude from 100’s nm to 10’s pm. Further, the ability to
readily modulate the area fraction through evaporation of the pre-established BF pattern
as described in Sec. 5.2 facilitates novel scope for modifying the interfacial wetting inter-
actions. As an initial but fundamental analysis of the surface functionality, the wetting
behaviour in static and dynamic conditions is characterised in this chapter. For com-
parison, measurements on replica samples in PDMS are also taken to show the range of

wetting capability.

6.2 Experimental Methods

A range of samples using NOAG3 were fabricated as previously described in Ch. 3. Differ-

ent feature size and packing variations were created for BF samples, with further samples
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replicated in PDMS to characterise both porous and protruding surface structures.

Surface wettability was characterised by measuring the water contact angle for different
volumes of sessile droplets, with a minimum of 5 droplets measured per sample. A lab-
made shadowgraphy set-up was created to measure static contact angles using a Nikon
D750 DSLR equipped with a Navitar Zoom 1-60135 lens, and a 200 mW LED collimated
backlight source (M530L4-C1 - 530 nm, ThorLabs). Analysis was completed on ImageJ

software. 201

Advancing and receding dynamic contact angles®” were measured using a Theta Ten-
siometer (Attension, Biolin Scientific) by slowly inflating and deflating a sessile droplet.
Contact angles were measured through geometrical analysis of the droplet on the OneAt-
tension software (V4.0.4). Automatic dosing was completed at a flow rate of 0.1 pL/s
for both advancing and receding contact angles. As noted in the discussion, droplets of
over 20 nL. were used at points to attain a large enough baseline diameter for effective

measurement of an equilibrium receding contact angle due to strong adhesion.

6.3 Breath Figure Porous samples

6.3.1 Static contact angle

Samples of systematically increasing average pore size were created by varying the con-
densation working time in the BF approach, creating average pore sizes ranging from
sub-micron to Dg > 5 pm. In this highly packed growth regime, droplets grow in a self-
similar regime at constant area fraction, resulting in a pore coverage of Ay p, ~ 0.44 at

the free surface for cured samples (Fig. [6.25).
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Figure 6.2. (a) Graph reprinted from Ch. 5 showing variation in pore size of fabricated
BF samples. (b) Contact angles of 5 pnL sessile water droplets were analysed on the
respective samples.

5 pL droplets were placed on the surface with their contact angles measured (Fig. . An
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average of 72.1+1.8° (mean =+ standard deviation) was found for flat NOA63 and 104.0+
1.9° for highly packed patterned samples. An average contact angle increase of nearly
50% demonstrates an increased hydrophobicity of samples solely through the creation of
highly packed pores. Microscopic imaging of the sessile droplets on the patterned surface
further showed no significant in-homogeneity along the contact line on the solid surface
across the feature sizes tested (Fig. . No macroscale pinning effects from perimeter
pores were noticeable, indicating valid analysis with the droplet radius much larger than

the characteristic scale of porosity.

Figure 6.3. Top view optical microscopy image of a 3 pL. water droplet on a BF patterned
surface with large pores (Ds > 5 pm). The contact line on the surface (green framed
image) is masked by the maximum droplet diameter (red framed image) when viewed
from the top and can be imaged only through high magnification objective with a thin
focal plane (high numerical aperture).

The constant contact angle value regardless of the pore size suggests the droplets must be
in the Cassie-Baxter regime, with air trapped within the pores. The observed apparent

contact angle can be modelled based on the equation,

coscp = frcosby + focosby (6.1)

where f; and fo are the solid and air fractions respectively. ¢; and 6y are the intrinsic
contact angles of the solid and air surfaces, where 6y = 180° as water forms a spherical
droplet in air. Further, A pgy = fo, relating to the air fraction from the pore coverage in
previous analysis, resulting in the solid fraction f; = 1 — f5. Eq. is thus commonly
simplified to,

cosbop = frcosf — (1 — f1). (6.2)

This equation assumes that the liquid bridges over the porous features and does not
penetrate inside. It is assumed that the liquid only contacts the flat free surface of the
BF structure, and the meniscus of the liquid bridge also remains flat where the pore

diameter is much greater than the meniscus curvature.?”

For the fabricated highly packed surfaces, the fraction of solid sample in contact with a

droplet is given by, f; = 1— A pg ~ 0.56. For an equilibrium contact angle on flat NOA63,
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Figure 6.4. (a) Data plotted alongside Cassie-Baxter prediction for BF surfaces of varied
fractional area. (b) Schematic of respective fractional quantities.

0 = 72.1°, the predicted contact angle assuming a Cassie-Baxter state is 0o = 105.5°,

indicating a good approximation for the regime.

BF surfaces with decreasing pore fractional area can be fabricated to view the effects on
contact angle as f; — 1 (flat NOA surface). Fig. shows the predicted Cassie-Baxter
contact angle and overlaid data points corresponding to tested samples. The dashed lines
represent a fractional area tolerance of fi4 0.1 and the data points are plotted with the
standard deviation in measured contact angles. The Cassie-Baxter prediction is in good

agreement with the data, suggesting that all the samples are in that regime (Fig. )

6.3.2 Dynamic contact angle

While the static contact angles are well predicted for the BF films, the dynamic contact
angles paint a more interesting picture. Due to the isolated pore structure, it is well-
known that these samples create highly adhesive surfaces.™ Advancing contact angles
can be measured by pumping liquid into a sessile droplet, measuring an equilibrium angle
as the baseline diameter increases (Fig. [6.5a). Receding contact angles are measured
in the same manner upon withdrawal of the liquid. Due to the high adhesion of these
surfaces,?™ little confidence in receding data is given; large droplets greater than 20 L
are needed to provide a large enough contact diameter for an equilibrium receding contact
angle to be measured. A constant contact radius is observed until very low contact angles
are achieved, at which point there is little to no volume to effectively measure the receding
angle. Further, the effects of the vertical location of the syringe cannot be neglected (see
inset images in Fig. [6.5b).“™ Despite the difficulty in measurements of receding contact

angles, qualitative behaviour in differences of varying area fraction is readily observed
(Fig. [6.5p).

Flat NOA has a static contact angle of 72.1° and advancing / receding angles of 78.9+0.4°
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Figure 6.5. (a) Static, advancing and receding contact angles on varied BF surfaces. (b)
Visualisation of receding contact angles for the highly packed (HP) (Ayp, ~ 0.7) and
spatially modulated (SM) (A p, ~ 0.2) samples at constant spacing. For scale, the
tip used is 27 g. (c¢) Manifestation of the high adhesive properties showing adhesion at
angles.

/ 38.8 & 1.0°, respectively (Fig. The sample exhibits moderate hysteresis, calculated
by the difference between the dynamic contact angles at 40°. The pinning of the triple
line (droplet perimeter at the vertex between liquid-solid-air boundary) manifested in the
macroscopic analysis of the dynamic contact angle is a result of intermolecular interactions
from chemical and physical irregularities.23? The highly packed surface has a significantly
higher observable hysteresis, primarily arising due to the densely packed pores providing
a lower surface fraction f; and higher static contact angle. The large number of pores
which entrap air also exert a negative pressure on the droplet when receding, manifesting
in small receding contact angles from the high adhesion. By analysing dynamic contact
angles on a surface with similar average pore diameter (= 5 pm), but lower area fraction
of pores, the measured hysteresis decreases by around 40% from near 100° to around 60°
(see Fig. [6.5a). By maintaining the same pore size, the vacuum effect per pore should
be similar, with the lower hysteresis stemming from the decreased number of pores. The
increasing solid contact from highly packed pores to flat surface which should equate
to greater adhesive force contributions from van der Waal’s forces is outweighed by the

counteracting pore effect, manifesting in ‘stuck’ droplets on inclined planes (Fig. [6.5¢).

6.4 Breath figure replica samples

6.4.1 Static contact angle

The BF samples produce a simplistic, co-planar system that is well predicted by the
Cassie-Baxter equation. The replica samples, however, are 3D representations that are

no longer represented by a free surface and pore diameter. Instead, the larger ‘pores’
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manifest in 3D protrusions which extend in both diameter and height. This 3D variation
results in a wetting regime that is not assumed within a singular plane due to the wetting

behaviour on individual protrusions.

A modified Cassie-Baxter equation can be used which incorporates a roughness factor,

r*, defining the ratio of actual surface area in contact to the projected area, %32

cosbcp =7r"frcosld — (1 — f1). (6.3)

The surface can be modelled in a similar way to previous Voronoi tessellation (Sec. 3.4) in
which the projected area of highly packed features consists of Voronoi polygons separated
by the bisecting distance between neighbouring features. For simplicity, the surface is ap-
proximated by hexagonally arranged homogeneous features of average measured diameter,
separated by the average measured interdroplet spacing. A sessile droplet partially wets
the features and forms a spherical cap contact, with the meniscus spanning the distance
between features (Fig. [6.6h).%™ On one characteristic feature, the height of the spherical
wetting cap, h, can be approximated through analysis of the intrinsic material contact
angle on flat PDMS (Fig. [6.6p.ii) with the relationship sin(f — 7/2) = (R — h)/R, where
R is the feature radius. The feature wetting radius 7 is given by r2 = 2Rh — h? and the

roughness factor, r*, and solid area fraction, f; can be calculated by,

. area of contact by droplet 27 Rh (6.4)
rt = = , .
projected area s

projected area of contact mry  8arj

" area of hexagonal base feature T A 3v3L2

(6.5)

Again, these equations assume a homogeneous ordered micropatterned surface, where the
use of these equations is somewhat misleading. Here we assume consistent exposure of the
droplet to features that are at a constant height (constant level of penetration). Unlike in
the flat BF surfaces, f; # 1— f, due to feature curvature.? rx is a function of the wetting

and thus varies with increased penetration, where r* — 6,¢,..; upon full penetration.

After measuring the intrinsic contact angle on the PDMS material to be 117°, the droplet
area in contact can be calculated through calculating the area of the spherical cap with
Eq. [6.4)[6.5/%™ For the highly packed surface being analysed, Dy, = 11.7 and L. = 15.9,
the roughness and solid fraction values equal 1.38 and 0.52, respectively. The angle for a
5 pL sessile droplet on the patterned surface of 145.841.7° is reasonably well predicted by
Cassie-Baxter angle for the surface of o5 = 144°. For a range of highly packed samples
tested (1.3 pm < Dy, < 10.0 pm), near constant static angles are observed at 143.5+1.6°.

As the area fraction of BF samples can be modulated by evaporating a pre-established
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droplet array, samples were fabricated with approximately equal average interdroplet spac-
ing of (mean +range/2) 16.2+£0.7 pm. Fig. plots the predicted Cassie-Baxter contact
angle for the observable range of average feature diameter, with the same f; +0.1 tolerance

as the previous model.

_______

(a) [

Predicted

Error Region (f = +/- 0.1)

0 2 4 6 8 10
Average feature diameter, D, (um)

Figure 6.6. (a) Respective parameters used, adapted from Arora et al.?™ for (b) the
Cassie-Baxter prediction of wetting on PDMS replica surfaces. Replicas have constant
L. ~ 16.2 pm and varied A through evaporation of the pattern, hence the average Dy,
is plotted.

Due to the nature of the replication being the counter of the BF surface, the opposite
trends to the BF results are observed. Decreasing the area fraction through a decrease
in the average feature size Dy, increases the contact angle. As the average feature size
decreases for a constant interdroplet spacing, the area fraction of solid decreases, result-
ing in a higher contact angle measured. This is evidenced by superhydrophobic angles
over 150° observed at the smallest feature diameter. Experimental values for the lower
packed surfaces tend to deviate from the predicted trend as assumptions become less valid.
The curvature of the liquid meniscus increases as the feature spacing increases, and the
3D height variation of features varies with the previously described templating droplet

sinking.

6.4.2 Dynamic contact angle

Similar dynamic analysis is completed on the PDMS replicas. Fig.[6.7 shows the opposite
effects of the BF samples, as evaporating the pattern decreases the solid area fraction;
higher hysteresis is observed on the spaced samples relative to the highly packed, mea-
suring 134.3° and 93.1°, respectively. This is significantly higher than the flat PDMS,
exhibiting a small hysteresis of only 16.4°. While the sticky behaviour does not arise
from individual entrapped air pockets like the pores in the BF samples, the level of pin-
ning here depends on the wetting behaviour on individual features. Due to the spherical

cap nature of the protrusions, resistance to receding motion is partially governed by how
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Figure 6.7. (a) Static and dynamic contact angles on varied PDMS replica surfaces. (b)
Visualisation of receding contact angles for the highly packed (HP) (Ayp, ~ 0.7) and
spatially modulated (SM) (Ayp, ~ 0.2) samples at constant spacing. (c) Despite high
adhesion, droplet still moves when pulled by a capillary. For scale, the tip used is 27 g.

far down the protrusion curvature the sessile droplet wets.2? Further, with increasingly
spaced feature samples, the curvature of the meniscus bridging the gap between features

increases, manifesting in the larger receding angles observed in Fig. [6.7]

6.5 Droplet evaporation

With the difficulty in analysing receding contact angles by conventional active deflation
of a sessile droplet,®? comparative sessile droplets evaporation tests were performed on
BF patterned surfaces and their PDMS replicas.2® 5 pL droplets were left to evaporate in
ambient laboratory conditions, with the baseline and contact angle tracked throughout.
As the experimental set-up is much simpler with no inserted syringe pumping the droplet
in this study, the difference between size variation of features in highly packed samples
was studied compared to a flat control surface. Sessile droplets on hydrophobic and
superhydrophobic surfaces undergo different regimes of constant contact angle (CCA)
and constant contact radius (CCR) during evaporation.26227 While CCA is indicative of
continuous sliding of the contact line on slippery surfaces, CCR is characteristic of sticky
coatings that induce significant pinning and stick-slip effects of the contact line on the
surface. The relatively high hysteresis observed for dynamic contact angles indicates that
the droplet is expected to evaporate in an initial CCR regime with a continuous decrease
in droplet volume. The droplet perimeter will be largely pinned until reaching the natural

receding angle, upon which the baseline area will decrease.?™

For both highly packed (HP) BF samples, a similar receding contact angle of around
20° is observed at the onset of the baseline decrease (highlighted in Fig. . For flat

NOA, the angle is only marginally higher at 25°, however, the overall evaporation time
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Figure 6.8. Evaporation of 5 nl. water droplets on flat and highly packed (HP) NOA
BF samples, with the different colours representing three independent repeats. Hashed
line represents onset of baseline diameter decrease. Respective feature sizes for small
vs large highly packed BF samples are roughly 1 pm vs 10 pm.

is much shorter at 1300 s. The time at which the sessile droplet is in a constant contact
radius regime is over half the time of the patterned films, primarily arising due to the
lower intrinsic contact angle on the flat film with the greater initial contact area. No
significant difference manifests across the size variation in the highly packed surfaces, with
the decreasing angle appearing near constant irrespective of pore size and thus contained
volume of trapped air. The 20° angle for highly packed patterned films is similar to the
receding angle found previously, however the evaporating angle undergoes a CCR mode
at a smaller angle than the previously found 38.9° value. The size of the evaporating
sessile droplet was also separately varied from 3 nL to 7 pulL, with no significant difference

in the angles found.

All of the PDMS replica samples exhibit a similar CCR evaporation mode, with the
contact line pinned until reaching the receding angle (Fig. . There is a more significant
variation in the receding evaporating angle between the size variation of highly packed
surfaces. A smaller angle of around 60° is found, compared to 75° for the larger feature
surface, indicating a higher level of pinning and adhesion with the smaller features. An
interesting change in the data is observed near the start of analysis on the small feature
sample (Dy, ~ 1 pm). An approximate 7% increase in the baseline length occurs at the

same time as a small decrease in the contact angle (yellow and red lines). This passive
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Figure 6.9. Evaporation of 5 nl. water droplets on flat and highly packed (HP) PDMS
replica samples. Hashed line represents onset of baseline diameter decrease. Respective
feature sizes for small vs large are roughly 1 pm vs 10 pm.

jump is clearly visible in the live view of the droplet shape, indicating a sudden transition
in the wetting regime, for example, as the droplet partially penetrates the gaps between the
surface features.? With small features, depending on how far down the sessile droplet wets
the protrusions, only a small change is needed for the menisci to touch the bottom surface
and partially penetrate the topography. Different failure modes of Cassie-Baxter state
evaporating droplets depend on the overall energy landscape, as the droplet can explore
intermediate equilibrium conformations that are neither complete Cassie-Baxter or Wenzel
regimes. 230281 Ag the radius of the evaporating droplet gets smaller, the local Laplace
pressure enlarges and can drive the menisci to protrude deeper. A sufficiently large Laplace
pressure (as the droplet size decreases) can also drive menisci to slide down along the sides
of the features. It is also true that even without sufficient Laplace pressure exerted at
only very small droplet sizes, a global interfacial energy analysis could show that partial
penetration of the droplet is likely. Wetting transitions can also occur due to a number
of external properties, such as vibrations?®2 or even through capillary condensation of the
sessile droplet into the topography.™ These results indicate that while the PDMS replicas
show increased hydrophobicity and superhydrophobicity relative to the BF samples, the

BF samples with entrapped air tend to be in a more stable Cassie-Baxter state.
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6.6 Discussion

As tested samples could not be destructively characterised through SEM analysis, the
evaluation of the key surface pattern characteristics is estimated optically. Due to the
film transparency, it is hence difficult to attain values for the top surface level of the
BF, in particular Dg (see discussion in Sec. 3.4). Despite this, the static analysis of the
BF samples matches well with predictions. Evaporated, spatially modulated BF samples
are less well predicted, however, the results show a further handle to module the wetting
behaviour, as seen with the decreased /increased hysteresis effects for pores vs protrusions,

respectively.

The good predictability of the Cassie-Baxter equation indicates that the surfaces are in
the Cassie-Baxter regime, meaning droplets rest on a composite surface-air interface.="
The dominating effect of the wetting behaviour hence originates from the area fraction
and volume of trapped air. In the fabricated BF samples, isolated pores result in trapped
pockets of air where the meniscus of a sessile water droplet is assumed flat when modelling
the Cassie-Baxter regime. However, in practice due to the capillary pressure of the water
droplet, a small meniscus will form as shown in Fig. [6.10f. In a larger pore, a larger
volume of sealed air would exert a smaller Laplace pressure on the sessile droplet, and the
larger pore diameter would result in a higher meniscus curvature. Upon droplet removal
(Fig.|6.101i), this would manifest in a lower air expansion ratio and lower negative pressure
indicating that the larger pores are less adhesive.“™ While for flat surfaces, the force from
van der Waals interactions between the droplet contact area determines the adhesion and
hysteresis, the observed adhesion is created by the counteracting pore volumes exerting a
negative pressure. The adhesive effects in the PDMS protruding surfaces can be viewed
from the depth of penetration of the droplet on the curved features. This is further
evidenced by the apparent wetting transition observed for small PDMS pillars, manifesting
as a jump in the contact area and a decrease in the contact angle as water penetrates
the feature gaps. Hence, the adhesive force can be readily controlled by varying the BF

pattern, indicating an effective way to fabricate surfaces with different adhesion.

]

Figure 6.10. Schematic of a sessile droplet on a breath figure surface. (i) Resting Cassie-
Baxter state and (ii) negative pressure produced upon droplet removal.
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The apparent stability of the Cassie-Baxter state in BF surfaces is greater than that of
the PDMS replicas. In fact, the negative curvature of the porous surface is commonly
used morphology where the re-entrant design manifests in many oleophobic surfaces in
nature.?®¥ The re-entrant curvature enhances the stability of the composite air inter-
faces, 283254 heyond that described by the use of the classical Cassie-Baxter fractional
surface area (Eq. . Like the partial penetration behaviour observed for evaporating
droplets on small highly packed PDMS protruding surfaces (Fig. , the discovery of
numerous metastable wetting states beyond the binary Cassie-Baxter and Wenzel regimes

24 Emphasised by

demonstrates the insufficiency to describe complex wetting scenarios.
Tuteja et al., it is the local surface curvature that plays a key role in driving wetting. Sur-
faces with re-entrant curvature result in liquids with significantly lower surface tensions

than water unable to readily penetrate the topography.283:285

The wetting behaviour of fluids with surface tension less than water can be measured
by depositing sessile droplets in the same manner on both flat and patterned surfaces.
Silicone oil (40 mN/m), sodium dodecyl sulfate (SDS) solution (33 mN/m), ethanol
(22.1 mN/m) and toluene (28.4 mN/m) were used as probing fluids. Ethanol and toluene
were used as polar and non-polar volatile solvents. Results in Tab. show an increase in
contact angle for all fluids tested from the flat to patterned samples. The angular increase
for SDS solution is well predicted by the Cassie-Baxter equation for the average pore size
Dy, ~ 2 pm). Further, both ethanol and toluene solvents which completely wet the flat
surface (measurements unable to be taken) produce a significant increase in the apparent

contact angle on the patterned surface.

Table 6.1. Contact angles of low surface tension fluids on highly packed breath figure
patterns (Dy, &~ 2 um).

Fluid Surface tension Flat contact angle Patterned contact angle
(mN/m) 6° 6°
Silicone oil 40 11.9 + 0.7 52.5 £ 2.9
SDS solution 33 24.8 + 3.3 84.6 £ 1.6
Ethanol 22.1 of 46.6 =+ 1.9
Toluene 28.4 of 33.6 +£ 1.8

fComplete wetting resulting in no measurable contact angle

The tuneable wetting response based upon the porous or protruding architecture provides
scope for varied applications. The short fabrication time over seconds or minutes, as
well as the ability to modulate the pattern morphology in situ further facilitates the
potential for programmable surfaces for specific control and manipulation of fluids. More
in depth wetting analysis including pore-scale visualisation of the wetting effects with use
of immersion lenses in optical set-ups and LSCM fluorescent analysis will provide more

conclusive remarks, 42804287
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6.7 Summary

e Fabrication of highly packed breath figure samples with varied pore sizes exhibit
predictable static wetting behaviour as a result of Cassie-Baxter analysis of constant
solid-air fraction. An increase of contact angle of over 40% is observed from flat NOA

film to highly packed sample.

e Spatially modulated BF samples tend towards the properties of the flat film as the
Ay — 0, as expected.

e Non planar PDMS surfaces show the opposite trend, where increasing the spac-
ing between features (lowering Ay) results in increased hydrophobicity, with some

samples reaching contact angles over 150°.

e Higher hysteresis effects are observed on the spatially modulated PDMS samples
relative to the highly packed samples.

e The partial wetting transition observed in the small highly packed PDMS samples
show that the PDMS Cassie-Baxter state is less stable, and the design of larger

features is favourable for greater hydrophobic properties.

e Preliminary results with common low surface tension fluids show omniphobic prop-

erties of the BF re-entrant patterning.

e As demonstrated in the next and final chapter, the initial studies on wetting show
variable behaviour dependent on the tuneable pattern morphology, promising po-

tential for future applications of these patterns.



Chapter 7

Overview: applications, conclusions and

future perspectives

The overall discussions of the thesis work are presented alongside concluding remarks.

Current ongoing application-driven collaborations and initial results are also summarised

to provide perspectives for future work.

“We can only see a short distance ahead, but we can see plenty there

that needs to be done.”
Alan Turing
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7.1 Overview

The surface of any object is the outermost exterior face, representing a physical boundary
between the object and its environment. As such, the properties at this boundary dictate
its interactions with the environment and determine the overall performance. As we
have seen abundant in nature, nano and microscale patterning offers age-old optimisation
strategies that we are only now beginning to fully explore. The development of new
fabrication and low-cost manufacturing routes with good control will enable the broader

use of biomimetic patterned surfaces with further commercial exploitation.

Since the development of the breath figure templating method in the mid-1990s, significant
interest regarding the technique has been observed with the study of huge numbers of
varied polymer architectures and applications across a number of fields. The extraordinary
order of these patterns exemplifies the potential for bottom-up and self-assembly-driven
techniques for the creation of micropatterned surfaces. While the simplicity of the passive
approach can create almost counterintuitive perfect ordering, it is the same simplicity that
limits the effectiveness of the surfaces for diverse applications. The described adapted
methodology in this work is hence an attempt to increase the reliability and systematic

adaptability of the approach.

Figure 7.1. Spatially varied gradient topography BF samples from the combined use of
UV photomasking and substrate temperature variation.

While Ch. 1 & 2 introduce the inspiration, rationale and methods for surface pattern-
ing, Ch. 3 presents the temporally arrested breath figure method in full alongside the
experimental techniques used. The majority of time on the project was spent analysing
the evolution of the droplet pattern in the liquid state (Ch. 4), ensuring it is possible to

modulate and actively design the final cured structure. Overall good control over the size
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and morphological arrangement of the pattern was achieved. This is evidenced in Ch. 5
by the creation of systematically varied highly packed patterns with average feature sizes
varying from hundreds of nanometres to tens of microns, all with near-constant feature

morphology and polydispersity.18

Further patterns were created varying in packing den-
sity coverage from Ay p, ~ 0.7 to Ayp, ~ 0.1, through subsequent evaporation of the
established BF pattern.T8 The ability to extend the modulation level through tempera-
ture gradients and photomasking is also briefly introduced towards the end of this work
with the overall effect on wetting and interfacial properties characterised in Ch. 6. As can
be seen in Fig. [7.1] spatially varied and gradiented feature design can offer potential new

samples for undiscovered applications.

Tuning of the fabricated patterns was touched upon at the end of this work, facilitating
new ways to alter the potential interfacial behaviour. With more analysis of the sinking
effects of droplets upon late evaporation, control of the pore morphology or replicate
feature could unlock new geometries, including increasingly re-entrant designs (Fig. [7.2p
vs. (Fig. [7.2b) for omniphobic applications. Further, Fig. [7.2c - e shows how control
of the replicating conditions can also create features varying from smooth high fidelity
replicas, wrinkled secondary features and nanoparticle infiltrated hierarchical geometries.
Additional study is needed to facilitate a better understanding of the level of control

harnessed with these modulations and the corresponding change in interfacial properties.

Figure 7.2. (a) Standard BF morphology replica and (b) partially sunken pore morphol-
ogy and replica. Further modification of replica features from (c¢) standard replication,
(d) wrinkling instability and (e) nanoparticle infiltration. Average feature sizes corre-
spond to Dy, &~ 10 pm.

What has not been covered here is potential future avenues for application-driven use
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of the patterned surfaces created. The breadth of patterned designs which can be fab-
ricated, ranging from the highly packed, spatially modulated and bimodal BF designs
to the inverse PDMS replica surfaces, exhibit widely contrasting topography which can
be applied to many different open-ended applications. While this feeds into some of the
ongoing collaborative work that is discussed below, further opportunities relating to anti-

288 and perforated through-pore filtration membranes®™

reflectance photonic applications
could all be promising studies. The cross-linked polymer BFs in this study are also sig-
nificantly stronger than many of the classically made films, overwhelmingly composed of
brittle polystyrene-derivatives. The robust films hence not only have more controlled pore
distributions, but exhibit mechanical and solvent resistance, making them appealing to
a wide range of industrial applications. The ability to readily control the film thickness
independently of droplet growth kinetics makes films created via this method more adapt-
able to a range of applications where the coating thickness is important. With this in
mind, the following final sections elaborate upon three ongoing collaborations employing
fabricated surfaces for diverse applications, showcasing potential future perspectives of
this research. Each subsection presents the application challenge and preliminary data

summarised so far.

7.2 Ongoing application-driven collaborations

7.2.1 Directional wetting analysis on non-homogeneous surfaces

Work in collaboration with Maximilian Dreisbach (PhD student), Jochen kriegseis and
Alexander Stroh of the Institute of Fluid Mechanics, Karlsruhe Institute of Technology,

Germany.

Spatial gradients in topography can give rise to variable wetting effects and the direc-
tional manipulation of incident droplets.*®” Surfaces in nature exhibit similar structures
to control the direction of liquids crucial for their survival. 443 For example, the overlap-
ping structured peristome of pitcher plants resembles asymmetric re-entrant geometries,
which engender low adhesive unidirectional flow.*®? For survival in arid conditions, Namib
desert beetles have rough bumps on their elytra to be able to harvest and guide water
from the atmosphere.??Y While artificial surfaces tend to manipulate droplets through
external stimuli (e.g. electric fields), the ability to passively manipulate droplets based

on topography is essential for optimising new functional and responsive materials.“

This collaboration tests gradiented patterned samples created in this work at Leeds on
the state-of-the-art imaging facilities at Karlsruhe Institue of Technology. Gradiented BF
patterns were created with NOA68 on the set-up described in Sec. 5.3, using stacked metal

strips to diffuse and create a temperature gradient across the polymer film. The pattern
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growth on the ‘cool’ side of the film was analysed in real-time and the film was cured
when Dp, =~ 10 pm. A subsequent pattern gradient was created based on the diffused
temperature gradient from the number of offset metal strips. Cured BF patterns were
replicated in PDMS following the pre-established procedure and were the primary interest
in testing. A single camera was used to image an impacting droplet with both standard
contact angle shadowgraphy side-on views and bottom-up perspectives. Droplets of 2.1
mm diameter impacted the substrate with a downward velocity of 0.69 m/s, corresponding
to a Weber number of We = 6.9.
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Figure 7.3. (a) Graph of central droplet contact position on varying gradient pattern
samples plotted as the mean of three repeats in time. (b) Side-on and bottom-up views
of impacting droplets on the largest gradient pattern (top) and controlled homogeneous
pattern (bottom).kit

Fig. shows data tracking the central coordinates of the contact line for the impacting
droplets on different patterned samples as a function of time. For flat patterned highly
packed BF films, while the protruding features are not completely hexagonally ordered
(See Sec. 4.5), an impacting droplet has no lateral translation, producing an axisymmetric
impact shape (bottom images in Fig.[7.3b). The largest surface pattern gradient exhibits
clear forcing of the impacting droplet to the non-patterned side. The patterned side has a
stable enough Cassie-Baxter state that the droplet does not wet the surface and rebounds,
compared to the non-patterned area which exhibits pinning and ‘sticky’ behaviour. What
is interesting is that the patterned side produces high adhesion on placed sessile droplets
as observed in Ch. 7, yet the impacting droplet is able to rebound and translate almost
completely off of the patterns. Within 35 ms after impact, the droplet has shifted to a
new equilibrium position for all the patterned samples tested. Modulation of the pattern

can hence attain precise manipulation and retention of droplets.
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7.2.2 Biomaterials for biofilm inhibition

Work and secondment opportunity in collaboration with Desmond van den Berg and Ben-
jamin Hatton of the Functional and Adaptive Surfaces group, University of Toronto,
Canada.

Surface adherent bacteria can proliferate and colonise surfaces, forming biofilms that are

222l Bacterial

up to 1000 times more resistant to chemical bactericides such as antibiotics.
colonisation hence poses significant challenges ranging from device failure of biomedi-
cal implants to infection spread from contaminated touch. Patterned surfaces are able
to limit bacterial attachment and delay subsequent biofilm growth as a function of the
surface structure, limiting requirements for intervention.**¥ The understanding of how
different pattern morphologies impact bacterial attachment is hence necessary for further

application.

Two bacterial strains were chosen for analyzing the initial attachment and subsequent
biofilm formation on flat control, small packed and large packed breath figure surfaces:
gram-negative Pseudomonas aeruginosa (PAO1, wild-type stain; serotype O5) and gram-
positive Staphylococcus aureus (KR3). Both bacterial strains were prepared by obtaining
a single colony from a tryptic soy agar (TSA) plate and streaked using the four-quadrant
method on a new agar plate before incubation at 37 °C overnight. Precultures were
prepared by transferring a colony from these plates using a sterile loop into 10 mL of
tryptic soy broth (TSB) medium at 37 °C overnight in aerobic conditions. Inoculations
of both strains were prepared by adding 1% of the bacterial suspension to fresh TSB,
which resulted in a cell density of 2.7 x 107 £ 0.2 x 10" and 3.2 x 10° £ 0.4 x 10° for
P. aeruginosa and S. aureus, respectively as confirmed through serial dilution and plating

via the Miles and Misra method in triplicate.?*

Each microstructured surface (PDMS and NOA polymer samples) was placed in a 35 x
10 mm petri dish and sterilized via UV irradiation for 3 minutes. Following disinfection,
each dish was filled with 5 mL of the prepared bacterial suspension and incubated at 37
°C under aerobic conditions for 1, 6, and 18 h. After each time point, the samples were
rinsed in 5 mL of DI water 10 times by vertical dipping, and submerged in 3 mL of 2%
glutaraldehyde (v/v) in 1X PBS for 10 min. All samples were then submerged in 0.05%
Tween-20 (v/v) in 1X PBS for 10 min. Attached microbes were stained with Sytox Green
(1 pL suspended in 10 mL of 1X PBS) by submersion in 3 mL of 1X PBS and 100 nL of
the prepared stain solution. After staining, all samples were placed on glass slides and

dried for 30 min at 37 °C before being imaged.

Fig. shows preliminary fluorescent microscopy images of adhered S. aureus cells to
breath figure surfaces after 2 and 6 hours respectively. Images are taken at the free sur-

face level at different magnifications. Initial data indicates a clear trend with significantly
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Figure 7.4. Fluorescent images of stained S. aureus cells on control and breath figure
surfaces (both small highly packed Dy, ~ 1 pm and large highly packed Dy, ~ 6 after 2
hour and 6 hour exposures).

lower bacterial attachment after 6 hours on the patterned films. 2 hour studies do not
show significant difference in density between all samples, with large highly packed sam-
ples showing consistently lower number of adhered cells at later times. The larger pores
seemingly disrupt the ability for bacteria to aggregate and colonise at the same rate as
the flat control group. Further studies aim to test surfaces of feature sizes concomitant

with bacteria.

7.2.3 Cryogenic quenching heat transfer enhancement

through micropatterning

Work in collaboration with Marco Graffiedi (PhD student) and Matteo Bucci of the Nuclear
Science and Engineering department at the Massachusetts Institute of Technology, USA.
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Cryogenic fluids such as liquid hydrogen, liquid oxygen and liquid methane are commonly
used fluids for propulsion and thermal management systems in space exploration.?* The
transport, handling and storage of these fluids pose significant challenges as the surface
temperature of equipment is typically much higher than that of the saturation temperature
of the fluid, resulting in vigorous boiling of the liquid through initial surface contact.
Upon transfer of these fluids, an initial flux of fluid is commonly spent in a ‘chill-down’
regime to cool the surfaces of the new system. However, the heat transfer rate during
this boiling regime is extremely low due to the insulating effects of the vapour film,
demonstrating process efficiencies as low as 8%.4% The vaporised cryogen has to be vented

to the environment before the full liquid transfer can commence.

Low effusivity coatings and increased surface roughness have all been used to enhance
the heat transfer of the process during liquid-to-vapour phase change.“*™4%% This work
demonstrates the possibility of improving the quenching thermal efficiency through the
use of microporous surfaces to increase the Leidenforst temperature and critical heat
flux.?% The quenching thermal efficiency can be improved through early suppression of

the film boiling regime, shortening the overall chill-down time.

Different breath figure pattern morphologies, including small, large highly packed and
spatially modulated samples were tested by measuring the temperature across the film
during contact with a jet of liquid nitrogen. Fabricated samples had to be created on steel
substrates with mounting points for securing the sample and installing thermocouples.
Coating adhesion of the patterned polymer layer to the steel was optimised through
initial plasma cleaning of the steel and annealing of the sample post-fabrication, where
preliminary tests showed good adhesion of the coating to the substrate. Samples were
mounted to the designed rig where three temperature points were probed continuously

during the experiment and the process was recorded on a high-speed camera at 550 fps.

Results indicate that the micropatterned samples effectively reduce the chill down time
up to a factor of 5, as shown in Fig. The micropattern suppresses the film boiling
regime, promoting the wetting of the surface. The large highly packed sample performs
the best, however further investigation of the wetting dynamics and coating thickness is

required.

7.3 Conclusions and future outlook

This work presents an adapted breath figure templating approach to facilitate greater
patterning control whilst maintaining experimental simplicity. The respective chapters
summarise each key element of the working process, documenting the progression from the
rationale and initial inspiration through to the final ongoing collaborations that validate

the use of these surfaces in future applications.
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Figure 7.5. Top plot shows the temporal evolution of temperature for the respective
coatings tested. The bottom plot shows the corresponding boiling curve, with inset

images showing high speed stills at respective marked points. Adapted from Graffiedi
et al 22

The current landscape of fabrication methods for bio-inspired and biomimetic de-
sign of functional surfaces has been discussed, highlighting the applicability of self-

assembly techniques for scalable fabrication.

The literature surrounding classical breath figure patterning is summarised with the

use of classically fabricated examples to highlight limitations to the process.

The temporally arrested breath figure approach was introduced in full indicating

how the de-coupled control handles provide new capabilities for pattern formation.

Droplet condensation studies highlight the ability to readily predict and control
the ensuing pattern provided a polymer exhibiting high initial nucleation density is

used.

Quasi-instantaneous arrest of patterns is demonstrated via use of UV curing. Trans-
lation of modulated pattern designs are highlighted as a new capability of this tech-

nique.

Initial wetting properties on porous and replica patterns is characterised to demon-

strate the behaviour of the surfaces.

Potential future avenues and new applications of the manufactured surfaces are
highlighted.
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