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Abstract

Inkjet printing provides a promising method for the fabrication of OLED displays but currently,
inkjet printed displays are not commercially viable. This thesis focuses on understanding the
drying processes that occur once drops have been delivered to the patterned substrates
necessary for OLED devices. To this end, internal flows in drops evaporating within wells were
investigated and the changing drop profiles during drying were imaged. A method was

suggested for successful fabrication of OLED devices.

Particle tracking was carried out on both pure solvents and binary solvent mixtures within
square wells. Due to the large particle size in comparison to the depth of fluid these
experiments were not very informative, though they did confirm evaporation was faster at the
contact line than in the centre of the drops. Evaporation was also slightly faster in the corners

of the wells relative to the straight edges.

Studies on pure solvents identified the influence of evaporation rate on profile development in
drying drops. Two main drying regimes were identified and the main influence on drop profile
development was found to be the evaporation rate of the solvent. Slow drying drops gave U-

shaped profiles and fast drying drops gave W-shaped profiles.

The influence of thermal effects on drop profiles was also considered. Thermal Marangoni
flows were found to have a profound influence on profile development, with drops giving M-
shaped profiles. Thermal effects could not always be reliably reproduced and it was concluded
that further experimentation in this area was necessary. The lack of repeatability in the results

was assumed to be due to the sensitivity of the drop profile to its initial behaviour.

Binary solvent mixtures were also found to have an impact on profile progression during
drying. Solutal Marangoni flows gave M-shaped profiles in the case where the more volatile
solvent had a lower surface tension and enhanced drainage from the corners of the wells

towards the centre in the case where the more volatile solvent had a higher surface tension.

The thesis then moved on to investigate the effect of active materials on drop profiles. The
active materials used were found to increase the surface tension of the solvents, giving M-
shaped profiles when dissolved in single solvents. In some slow drying solvents, diffusion of
the material evened out concentration gradients during drying and U-shaped profiles were
seen. When solvent mixtures which had shown flows in opposition to those caused by active
materials were used to print the actives, the profile development showed enhanced drainage

from the corners of the wells suggesting solvent driven Marangoni flows were dominant over



active material driven Marangoni flows. Crystallisation of the active material in this case
showed re-circulatory flows were present with the active materials following the flows. This

suggested particle tracking should be possible in these systems.

A proposed method for obtaining flat deposits from printed drops was then presented, along
with some initial results towards that goal. The initial results were promising but more

investigation is needed in this area.
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1. Introduction

1.1 Motivation
Organic light emitting diodes (OLEDs) have the theoretical capability to offer low-cost, high
resolution displays which require little energy to drive them compared to current display
screen technologies such as liquid crystals (LCs).! With the identification of OLEDs as the
potential future of display screen technology, many studies have been performed to develop
the necessary materials for use in such displays.?!1123-10 The materials required to
manufacture OLED screens have now been developed to a point whereby they are
commercially viable and long lasting enough to be sold on a large scale.>**!* However the
manufacturing costs of OLED displays far outweigh those for LCs. % In order to make OLED
screens more widely accessible, the manufacturing methods used to create them need to be
reviewed and developed to reduce costs.’® Inkjet printing provides an opportunity to reduce
manufacturing costs for OLED displays; though devices manufactured in this way are not

currently commercially viable. %17

In order for ink-jet printing to become viable for the production of display screens, problems
with the performance and lifetime of the devices need to be rectified. In order to improve
performance and device lifetime, control over the deposit morphology from printed OLED
materials is essential. OLED deposits for display screens must be level across their entire area
to ensure even light output across devices; if light output is not even, the devices are not
commercially viable. Uneven deposits from printed drops cause problems with short lifetimes,
thin regions give higher currents which leads to rapid aging. When printing OLED materials,
drops are deposited into wells and surrounded by walls on all sides; understanding how the
presence of walls surrounding drying drops has an impact on deposit morphology is necessary
for control of the deposits. Much is understood about the driving mechanisms behind deposit
morphology for drops drying on flat substrates and how the drying can be controlled to give
even deposits;'® 2 very little on the other hand is understood about drops drying within wells.
The research which has been carried out into deposits from drops printed into wells generally
focuses on the final deposit morphology or stills from the drying process®?¢ rather than looking
at the entire drying process in real time which is necessary to understand fully the mechanisms

driving the process and to develop strategies to control deposits from printed drops.

This thesis aims to understand the fundamental processes behind the drying of drops printed
into wells and what drives deposit morphology. The investigation focuses on the relevant

flows and transport mechanisms present in drying drops, along with how the profile of drops



changes during drying. Once an understanding of the drying process and relevant driving
forces behind deposit morphology has been established, it can be used to suggest ways in
which deposit morphology can be controlled to give commercially viable ink-jet printed OLED

devices.

In order to understand the processes behind drying, a number of different experimental
techniques were used to look at a range of different organic solvents. Initially a range of single
solvents was investigated before looking at the effect binary solvent mixtures had on the
drying process. Once the driving mechanisms behind the drying of pure and mixed solvents
were understood, the effect of the presence of active materials on drying was also
investigated. The influence of changes in the ambient temperature surrounding evaporating
drops was considered and the consequences of temperature on drop profiles were identified.
Knowledge of the physical processes and transport mechanisms important during drying were
then used to suggest ways in which morphology could be controlled to ensure deposits are
even across their entire area. The work in this thesis is important for the development of
industrial processes to manufacture OLED displays that are commercially viable, as well as
furthering the academic understanding of droplet evaporation. Whilst there are many
different processes involved in inkjet printing, this thesis focuses on the drying behaviour of

the drop after impact and spreading.

In this chapter, the motivation behind the work undertaken in this thesis is reviewed and the
main theoretical concepts relating to the work are discussed. The main literature
contributions relating to the evaporation of single solvents and solvent mixtures along with

deposit formation are discussed along with their relevance to printed OLED system:s.

Chapter 2 explains the main experimental techniques used for data collection and image

analysis.

Chapter 3 investigates the internal flows present within drops drying in wells. The main driving
mechanisms behind particle transport are considered and the role of walls surrounding the
drops is discussed. Both single solvents and solvent mixtures are considered and the influence

of the presence of co-solvents (if any) on the drying is identified.

Chapter 4 focuses on the changing drop profile during drying and its relationship to particle
transport processes. Profile development is found to be dependent on the speed of

evaporation of the drops and two main drying regimes are identified.

Chapter 5 concentrates on the effect of substrate temperature on the drying of single solvent

drops. Some solvents showing thermal surface tension gradients are identified and the effect
2



of temperature on drop profile development is discussed. The influence of changing the
temperature of drying drops not showing thermal effects at room temperature is also

investigated.

Chapter 6 considers the effect of binary solvent mixtures on drop profile development during
drying. Some flows due to solutal surface tension gradients are identified and the potential

influence on the drying of OLED materials is discussed.

Chapter 7 investigates the effect the presence of active materials has on drop profiles during
drying and final deposit morphologies. Active materials are printed from both single solvents
and binary mixtures, and found to have a profound influence on profile development.

Deposits dried under ambient conditions are compared to those dried in a vacuum.

Chapter 8 gives concluding remarks and identifies areas to be investigated further in the
future. A method for obtaining level deposits from drops printed into wells is proposed and

some preliminary experiments to determine its feasibility are presented.



1.2 OLEDs
An organic light emitting diode is a solid-state semiconductor, formed of a series of thin films,
which emits light on application of a voltage. OLEDs have the capability to provide low energy,
high resolution displays. Much research has been carried out in recent years to improve the
materials and manufacturing methods used to create OLED displays so they can be produced
on a commercial scale at a competitive price.’® The materials used have now been developed
to a point whereby the lifetimes of light emitting materials are what would be necessary to
give commercially viable devices.?*3'*?” The manufacturing methods used to produce
commercial OLED devices do give even light output across the entire area but are costly and
time consuming,®® as such commercially produced OLED screens are too expensive to be

accessible to the majority of consumers.
1.2.1 Working Principle

In order for a material to be conductive it must contain mobile holes or electrons. The Fermi
level of a material (E¢) is defined as the energy at which there would be a 50 % chance of an
electron occupying an electronic state at a given temperature. In pure conductors, such as
metals, there are a number of different energy levels available for electrons to occupy. These
energy levels form a continuous band of levels of filled and empty states (figure 1.1). Due to
the continuous band of energy levels in a metal the Fermi level lies somewhere within a band,
allowing for easy transport of electrons through the metals and so easy conduction. Insulating
materials have a series of filled states, referred to as the valence band (VB), and empty states,
referred to as the conduction band (CB). The gap between the VB and CB is referred to as the
band gap (Eg). In a pure insulator E¢ lies within the band gap, and E; is large enough that
thermal excitation from the VB to the CB is not possible (figure 1.1). In semiconductors, Eg is

small enough that thermal excitation from the VB to the CB is possible (figures 1.1 and 1.2).2%"

30
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Figure 1.1: A schematic diagram showing the relevant energy levels in metals (i), insulators (ii) and
semiconductors (iii). Grey areas show the filled states and white areas show the empty states.
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Figure 1.2: A schematic diagram showing the presence of electrons (-) in the CB and Eg for a
semiconductor material.

In OLED devices layers of organic material are sandwiched between two electrodes. A
schematic of a typical OLED device is shown in figure 1.3. The substrate is used to support the
device and provides a base onto which the remaining layers can be deposited. The backplane
contains all of the electronic circuitry used to drive the device. The device also contains a
number of organic layers, including a few different host materials and an emissive material.
Host materials can be constructed from either small molecules or polymers, and the emissive
layer is usually formed of a heavy metal complex (eg. Iridium). In some cases dopants are

introduced into the host layers to improve efficiency and output as well as reducing operating



voltages. A barrier layer, or encapsulation of the device, is also necessary as host materials are

sensitive to both oxygen and water.>®

Cathode

Electron Transport Layer (ETL)

— Emissive layer

- — Hole Transport Layer (HTL)

Hole Injection Layer (HIL)

Anode

Backplane

Substrate

Light emission

Figure 1.3: A schematic diagram showing the necessary layers in an OLED device.

The layers of organic materials in OLED devices act as a semiconductor. When a voltage is
applied electrons flow from the cathode to the anode (figure 1.4). As the electrons move
through the device, they are injected from the cathode into the electron transport layer (ETL)
where they act as charge carriers. The ETL has a lowest unoccupied molecular orbital (LUMO)
close in energy to the work function of the cathode so injection of the electrons into the ETL is
trivial.>®131 As electrons are being injected into the ETL the anode is removing electrons from
the hole transport layer (HTL) via the hole injection layer (HIL) to form holes. The energy of
the highest occupied molecular orbital (HOMO) of the HTL is close to the work function of the
anode, making the removal of electrons from the HTL facile.>*'*3! Collectively the ETL, HTL
and HIL are known as the host materials of the device. The materials in the host layers contain
a network of extended conjugation and delocalisation, allowing the holes and electrons
created to move towards one another through the device. Eventually the holes and electrons
meet in the emissive layer and combine to form an exciton. Excitons are an excited bound
state of holes and electrons which then decay back to a ground state by emitting a photon and
causing luminescence from the device.>® The energy of the photon produced and the resulting
wavelength of light depends on the HOMO-LUMO gap of the organic materials present in the
HTL and ETL respectively. Therefore the wavelength of light emitted on decay of the exciton

can be tuned by altering the organic materials used.%®11:3!



0 0 0 c —— Hole Transport Layer (HTL)

3 Emissive |
| == hv > Emissive layer

@ @ G @ ———— > Electron Transport Layer (ETL)

Figure 1.4: A schematic diagram showing the working principle of an OLED device.

The luminescence from OLED devices can be either fluorescence or phosphorescence
depending on the organic materials used. Fluorescence is emission from an excited singlet
state whereas phosphorescence is emission from an excited triplet state. Fluorescence is a
spin-allowed process and so is very fast when compared to phosphorescence, which is a spin-
forbidden process (the order of nanoseconds as opposed to microseconds—seconds). When
two half-integer spin materials are combined in an excited state, three triplet states are
formed for every singlet state. Therefore the maximum quantum efficiency (QE) of
fluorescence is 25 % as opposed to the 75 % for phosphorescence.”?1143132 \When a heavy
metal atom like iridium is present the spin selection rule is relaxed allowing crossing from a
singlet excited state to a triplet excited state, a process known as intersystem crossing (ISC).
ISC increases the maximum QE of phosphorescence from 75 % to 100 %. Electrons and holes
both have half-integer spin meaning OLED devices can form both singlet and triplet excited
states to give either fluorescence or phosphorescence. The increased maximum QE of
phosphorescence makes it more desirable than fluorescence, though phosphorescent blue
emitter materials are difficult to synthesise with appropriate lifetimes so often a combination

of fluorescent (blue) and phosphorescent (red and green) materials are used.”#10:31
1.2.2 Benefits and Limitations

OLEDs have a number of benefits when compared to current commercially available display
screen technologies. Most display screens on the market today are constructed from LCs.
Liquid crystal devices, like OLEDs, are made from a number of different layers* (figure 1.5).
The light source in LC displays is a white backlight behind the screen; the rest of the layers
comprise crossed polarising filters, electrodes and a liquid crystal layer. Each pixel is switched
on or off on application of a voltage which shifts the orientation of the molecules within the
liquid crystal layer. The shift in orientation of the molecules either prevents light from passing
through the layer or allows it through. In the “on” state, light is able to pass through the LC

layer, as the orientation of the molecules allows the rotation of the polarisation of plane



polarised light. Rotation allows light to pass through a polarising filter angled at 90° to the
polarisation of the original light source and the pixel is lit up. In the “off” state no rotation

occurs so light is not able to pass through the LC layer and the pixel remains dark.*

/ Circularly polarised light source

<€ Horizontal polariser

€< Liquid crystal layer

€ —— Vertical polariser
\ Colour Filter

\ Transparent screen

Figure 1.5: A schematic diagram showing the structure of a liquid crystal device.

LC devices use a single backlight which is always on, even when the pixels are not in use. In
OLED devices by contrast, only the pixels which are in use are lit. Therefore the energy
consumption in OLED devices is dependent on the image displayed on screen but in LCs the
energy consumption is constant regardless of the image displayed. The energy efficiency of
OLED devices therefore has the potential to be greater than that of LCs. The absence of a
backlight in OLEDs also improves the contrast and resolution of screens and increases viewing
angles. The requirement for a backlight in LCs means all layers above the light source, apart
from the liquid crystals themselves, must be transparent in order for light to pass through. As
the pixels themselves are emissive in OLED devices there is no need for all of the layers to be
transparent and the range of uses for OLEDs compared to LCs is greatly increased. The low
number of layers in OLED devices compared to LCs ensures they are relatively lightweight and
low in bulk and are easier to transport. The relative lack of bulk in OLED devices also opens the

possibility of manufacturing screens onto flexible substrates. 41

Whilst OLED devices offer many benefits compared to the display screens currently available
commercially, there are also limitations to their use. The light output of OLED devices
decreases over time, a problem known as burn in. Areas of the screen lit more often than
others fade more quickly to give light and dark patches across the device screen. Different
lifetimes of the different emissive colours further enhance the problem of burn in. However

compounds with long enough lifetimes for devices to be commercially viable are now



available. Itis also possible to compensate for burn in using a variety of methods, including

differing pixel sizes.>®1

The major problem with OLED devices when compared to LCs is the relatively high cost of
fabrication. The technology behind the fabrication of LC devices is very advanced compared to

the technology behind OLED devices and LCs are much cheaper to manufacture than OLEDs.5*°
1.2.3 Fabrication

There are two main factors which need to be considered when fabricating OLED devices:
patterning of the pixels and deposition of the active materials. OLED devices consist of pixels
of red, green and blue emitter materials. The pixels within devices must be well defined and
the patterning must be distinct. As the active materials in OLED devices are emissive
themselves they need to be deposited evenly both within and across pixels to prevent images

on the screen from appearing patchy.

OLED devices currently available commercially are manufactured using vacuum evaporation.!
In vacuum evaporation the materials are cooled and condensed onto the substrate (figure 1.6),
patterning of the pixels is done using a shadow mask. A shadow mask is a thin layer of metal
with the patterning of the pixels cut into it, which is placed over the substrate in the chamber.
The active materials are deposited individually and the shadow mask is moved between each
deposition. Vacuum evaporation gives devices a very even layer coating but it is not a very
efficient process: a lot of the active material is deposited on the mask and walls of the
chamber so material wastage is high. As each emitter material has to be deposited individually

it is also a time consuming process.?

Substrate Holder

> Substrate

Shadow Mask

Red emitter Green emitter Blue emitter

Heat Source

Figure 1.6: A schematic diagram showing the vacuum evaporation process.



Vacuum evaporation also presents problems due to the shadow mask. Using an external mask
for the patterning of pixels limits the resolution of devices as the holes within the mask are
limited to a certain size. At large areas the shadow masks also start to sag in the centre,
reducing the accuracy of the patterning of the pixels. The problem of sagging in the centre of
shadow masks makes scaling up to large device areas difficult. The problems associated with
scaling up to large areas, limits on the resolution and the cost of vacuum evaporation could be

addressed by using inkjet printing as a manufacturing method instead.
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1.3 Inkjet Printing
Inkjet printers are well established in the printing of both text and graphics onto paper and
other porous substrates. Alongside the well-established uses for inkjet printing, in recent
years, a variety of new uses have been developed including the printing of three-dimensional
parts, arrays of proteins and nucleic acids and printed electronics.33* Inkjet printing is an
attractive method for the production of OLED displays as deposition and patterning can
happen at the same time and all emitter materials can be deposited together. The
manufacturing of OLED devices using inkjet printing has the potential to be a fast, scalable and
efficient process which could make OLED displays commercially viable and low-cost in

comparison to LC displays.

Inkjet printing is a non-contact, material-conserving deposition technique which is used to
deposit liquid-phase materials onto a substrate. A variety of different materials can be
printed, usually in the form of a solid which is either dissolved or dispersed in a solvent. Inkjet
printing allows a pre-determined quantity of material to be deposited to a high degree of
precision and accuracy. Inkjet printing technologies were reviewed by Hoath et.alin 2016.% In
general, a fixed quantity of ink is ejected from a chamber due to a sudden reduction in the

chamber volume, the drop then falls to a substrate where it spreads and dries.
1.3.1 Types of Inkjet Printing

The term inkjet printing covers any technology which involves the digitally controlled ejection
of fluid drops from a print-head onto a substrate. There are a number of ways in which
ejection of the fluid can be controlled; most ways are covered by the headings continuous
inkjet (ClJ) or drop on demand (DOD).3”-3¢ ClJ printing (figure 1.7a) is mainly used for coding
and marking of products and packaging. In ClJ fluid is forced through the nozzle in the form of
a jet which is then broken-up into droplets due to a perturbation caused by a vibrating
piezoelectric crystal. The perturbation of the jet induces a Plateau- Rayleigh instability3® and
bulges and necks form as a result. Bulges have a lower curvature than the neck regions and so
have a lower Laplace pressure; pressure-driven flow is therefore from the neck towards the
bulges. Pinch off of the jet occurs once the neck radius reaches zero (figure 1.7b). After pinch-
off, spherical droplets are formed in order to minimise the surface energy of the fluid. Control
of the jet perturbation using a piezoelectric crystal forms droplets with a controlled size at a
known frequency. Once formed, droplets pass through a set of electrodes that place a charge
on each drop. The charged drops then pass a deflection plate (electrostatic field) which either

deflects the drop towards either the substrate or the collection reservoir.
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Recirculation

Figure 1.7: Schematic diagram showing the ClJ printing process (a) and an image of the presence of
bulges and necks in the printed jet*° (b) the red arrows show the direction of pressure driven flow.

The high ejection frequency of drops in ClJ gives high-speed printing and the high velocity of
falling drops allows for relatively large distances between the print-head and the substrate.
Typical drop sizes in ClJ are 40-70 um with viscosities of approximately 1 mPas. Printing
frequencies are of the order of hundreds of kHz with printing speeds of up to 10 m s, ClJ
gives low print resolution compared to DOD, and the equipment requires a lot of maintenance
due to high workloads. Inks for use in ClJ are limited as they must have the potential to be

charged electrically.35-38

In drop on demand inkjet printing, drops are only ejected from the print-head when required.
Drop formation is a result of a pressure pulse in the print-head. Typical drop sizes in DOD are
between 10 and 100 um with viscosities between 2 and 50 mPa s. Typical printing frequencies
are of the order of tens of kHz with drop velocities of 5-8 m s*. There are two main
subdivisions of DOD printing: thermal and piezo. Thermal inkjet printing (Tl)) is often used in

commercial desktop printers, a resistive element is heated rapidly within the ink chamber to
12



temperatures as high as 400 °C. Heating causes a thin film of ink around the element to
evaporate, giving a rapidly expanding bubble which forces a drop through the nozzle (figure
1.8). Asthe drop is ejected it leaves a void which is replaced with fluid from a reservoir in
preparation for the next drop.3”4**? TlJ gives the potential for small drop sizes and high
resolution. A higher nozzle density is possible compared to ClJ so devices are more compact
and cheaper to produce. Limitations exist on the fluids used in TlJ; they must be vaporisable

and capable of withstanding high temperatures.337

Bubble

Ink

Ink drop

/

Heat Source

Figure 1.8: A schematic diagram showing the processes involved in thermal inkjet printing.

Piezoelectric (piezo) DOD printing is common in industrial inkjet applications. In such devices,

a piezo crystal is distorted on application of an electric field, causing a pressure pulse in the
chamber which forces a drop from the nozzle3”3#43> (figure 1.9). Advantages of piezo DOD
include the ability to print a wide range of fluids to a good degree of reliability and control.

The print-heads used in piezo DOD printers do have a high cost however, limiting their

36-38

application for low cost, home and office printers.

Piezo crystal

Ink ———>

\

Ink drop

Figure 1.9: A schematic diagram showing the processes involved in piezoelectric DOD printing.
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Figure 1.10: A schematic diagram showing the different drop break-off modes in DOD printing (a) shows
ideal drop formation where pinch-off occurs at the droplet, (b) shows pinch-off at the top of the
ligament, (c) shows satellite formation and (d) shows a misfiring droplet.

Once droplets formed in a DOD process have been actuated, their behaviour is similar
regardless of how they were formed. *¢4” In all cases the fluid forms a droplet connected to
the nozzle via a ligament, if the conditions are correct the ligament then pinches-off and
retracts back into the nozzle to leave a spherical droplet. However if pinch-off occurs at the
nozzle rather than the droplet the ligament joins the drop rather than retracting into the
nozzle to give a droplet of a larger volume. It is also possible for the ligament to break off at
both the nozzle and the droplet, or for it to break up into multiple fragments to give satellite
droplets; satellite droplets are smaller, secondary drops. Satellites are undesirable in inkjet
printing as they can degrade the quality of the printed product and can be deposited within

the printer itself. Figure 1.10 shows the possible break-up regimes from DOD droplets. In
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some cases the printed drop fails to break away from the ligament, if pinch off fails the droplet
remains attached to the printing nozzle and may be pulled back into it. If a drop is pulled back
into the nozzle it can cause the next drop to misfire (as well as the retracted drop) due to a

disturbance of the meniscus.
1.3.2 Benefits and Limitations

There are a few common problems associated with inkjet-printed droplets: namely print
failure, whereby no drop is ejected from the nozzle, and misdirected droplets whereby drops
are not deposited in the correct place. The most common causes of print failure are
misfiring®®4° (due to retracted droplets,*” air bubbles®*>! or use of the wrong perturbation®?),

nozzle obstruction®3>

and flooding of the nozzle plate.>® One form of obstruction is clogging
whereby a thin particulate film is formed across the nozzle. Clogging occurs when fluid is left
at the nozzle for long enough periods that particles build up at the orifice. Clogging is less of a
problem for ClJ than DOD printing as there is constant flow in ClJ. However both ClJ and DOD
are susceptible to blockage due to particles larger than the orifice diameter or aggregations of

particles.

Misdirection of printed drops usually occurs due to either satellites or tail-hooking.*” Tail-
hooking occurs when the drop ligament does not form in the centre of the orifice but to one
side of it; as break off occurs the ligament then hooks to one side and prevents the droplet
from falling straight. Misdirection of droplets can be problematic for DOD printed products
which usually require high precision and print quality but is less of a problem for ClJ which is a

high-throughput, lower quality technique.

The formulation of inks to be used in inkjet printing is a complicated process. The ink must last
from when it is made up until the final deposit has been printed, so the lifetime of the ink
needs to be considered. Inks consist of many different components aside from the solvents
and pigments; surfactants and polymers are often used as wetting agents, dispersants or
binders. The presence of many components can induce complicated flows in drying drops
which have an impact on deposit morphology. The many components within an ink also affect
the surface tension, viscosity and elasticity of the fluid, all of which must be carefully

controlled for a fluid to be printable.>®>’

There are a variety of other printing methods which could be used to manufacture OLEDs:
flexographic printing, offset lithography and screen printing are some examples. Flexographic
printing comprises a four-roller system whereby one of the rollers contains an engraved

pattern. The engraved roller is covered in ink by another roller and the inked pattern is
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transferred onto a third roller. The third roller comes into contact with the substrate and the
ink is transferred on contact. Offset lithography is similar to flexographic printing though
instead of an engraved roller the pattern is formed from hydrophobic areas, which are not
wetted by the ink, and hydrophilic areas which are. The patterned roller is covered in ink by
another roller and the pattern is then transferred onto the substrate on contact. Screen
printing uses a screen of woven material glued to a frame under tension. The pattern is
formed by coating areas of the screen with an emulsion that is impervious to the coating ink in
areas of the screen where the image should not appear. The screen is then filled with the
coating ink and brought close to the substrate where pressure is applied from one side to the

other to transfer the image.

Despite its limitations, inkjet printing offers some benefits over other printing techniques, the
main benefit being that it is a non-contact technique. There are also many other benefits
relating to its flexibility and wide ranging applications. The range of fluids which can be
deposited through inkjet printing is wide and as such it is accessible for numerous applications,
many more than other printing methods, though the lower viscosity required of ink-jet printed
drops does limit the solid content of the inks. Some examples of applications more accessible
to inkjet printing than other printing techniques include: pharmaceutical compounds for use in
dosing tablets, OLED materials, metallic nanoparticles for use in conducting wires, biological
samples for high-throughput assays and ceramics for 3D printing and prototyping.>8%?
Alongside the wide range of inks available to inkjet printing, the lack of contact between print-
head and substrate means the range of substrates which can be printed onto is equally wide

ranging. All substrate types from rigid to flexible and flat to 3D are accessible to inkjet

printing.

Alongside the wider range of fluids and substrates available to inkjet-printed products, there
are other benefits associated with the technique. It allows layers of material to be built up
using multiple passes of the print-head, reducing printing times and material wastage.
Compared to lithographic methods inkjet printing is more efficient for short runs as no mask is
required, though for longer runs the extra time spent preparing masters pays off for offset
lithography and flexographic printing where the run speed is higher. Ink-jet inks are more
expensive and more ink is required for the same colour density compared to other printing

methods.

In most cases the desired deposit morphology from inkjet-printed drops is flat with a uniform
distribution of particles and optical density. A pinned contact line during drying is also desired

in order for deposits to have a well-defined, neat edge. The properties of the ink and substrate
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need to be carefully controlled in order for the desired deposit morphology to be gained from

inkjet-printed drops.
1.3.3 Inkjet Printing of OLEDs

In the inkjet printing of OLEDs, picolitre sized droplets containing active materials are
deposited onto a pixelated substrate containing a series of wells surrounded by walls (figure
1.11). Typically the base of the wells are formed from glass topped with an indium tin oxide
(ITO) film and the walls separating wells are made from a polymer resist material. Typical pixel

dimensions are 60 x 180 um for the well size with walls 1-2 um high (figure 1.12).

I 0

Emitter materials

Hydrophobic bank structure

Figure 1.11: A schematic diagram showing inkjet printing as a fabrication method for OLED devices.

The inkjet printing of OLEDs was first reported in the literature in 1998 by Hebner et al,®® who
reported the successful fabrication of a polymer-based OLED display. The printed device had a
large variation in drop height and diameter and a low efficiency compared to a spin-coated
device made from the same materials. Early devices such as this suffered from poor
reproducibility in the positioning of printed drops and uneven distribution of active materials
in deposits.>® As printing technology improved over subsequent years the accurate positioning
of drops ceased to be a problem,%®* though even distribution of active materials was still

lacking.

Figure 1.12: An image showing the typical pixel dimensions of a pixel for use in the inkjet printing of
OLEDs.

17



Polymer-based OLEDs are generally easier to process in solution than small molecule OLEDs
and have the advantage of being easier to tailor in terms of their surface tension and viscosity.
Solutions of small molecules also have a tendency to de-wet from the substrate during drying
to leave pin-holes in the dried film due to lower viscosities forming more unstable films than in
the case of polymers. Pin-holes can be mitigated by controlling the chemical and physical
properties of the substrate, as reported by Ding et al. in 2011.%® Whilst it is now possible to
produce pin-hole free devices, gaining even light output across devices is still problematic.4%

58 The problem of uneven active material distribution in deposits is common to both small-

molecule and polymer-based OLED devices.
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1.4 Deposition
As the drop reaches the substrate it deforms due to the resulting change in pressure; the level
of deformation on impact depends on the kinetic energy of the drop and the angle at which it
strikes the substrate.®® The drop then spreads and dries on the substrate. Impact and
spreading regimes of micrometre drops are characterised by the Reynolds and Weber
numbers.%® The Reynolds number, Re, is the ratio of inertial to viscous forces and is given by

Re = "f”T"D" (1.1)

where py is the fluid density (kg m3), v, is the drop velocity (m s™), Dy, is the drop diameter in
flight (m) and 77 is the fluid viscosity (Pa s). The Weber number, We, is the ratio of inertial

forces to the surface tension, g, and is given by

We = %5”" (1.2).

Average impact speeds in DOD printing are > 5 m s, 3® though for the systems considered in
this thesis 1-2 m s is more common. For the aromatic organic solvents discussed in this
thesis, anisole has been identified as a typical representative. For anisole, pr is 990 kg m3, i is
1.001 mPa s and o is 34.96 mN m™.7% Using an impact velocity of 2 m s the Reynolds and

Weber numbers for anisole are 99 and 6 respectively, for a drop diameter of 50 um.

Another value important in identifying impact and spreading regimes of printed drops is the
Ohnesorge number, Oh, which describes the ratio of viscous and inertial forces to surface
tension effects. In the case of Oh there is no dependence on drop velocity, only the material

properties and drop size are important. For anisole,

We <002 (13).
Re

Oh =

In order for a fluid to print without any satellites or splashing, the Ohnesorge number must fall
between 0.1 and 1°”7! and in order for the kinetic energy to dominate over surface tension
forces (so detachment can occur) the Weber number must be greater than 4.7 In the case of
anisole above, kinetic forces dominate surface tension forces so detachment will occur. The
Ohnesorge number for anisole does suggest some splashing or satellites may be present
however. If Re > 1, as in the case of anisole, the drop has enough kinetic energy to dominate
viscous forces within the drop and as such the ligament will detach during printing.>® The
Weber number also defines the level of deformation drops will undergo on impact; if We <
12 (as in the case of anisole), the drop will only undergo small deformations on impact. The
reduced Weber number, We*, explains why We < 12 is required for small deformations
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(equation 1.4). The level of deformation then increases along with We.>® The reduced Weber

number is given by

Wer = o= Zdn (1 4)
12 Esurf
where 2K s the ratio of kinetic energy on impact to surface energy of the drop. If We* > 1

surf

i.e. We > 12 then kinetic energy is dominant over surface energy on impact, and the drop will

undergo large deformation.>®

When a drop impacts the substrate its shape is altered from a spherical drop to a spherical
cap, the drop then spreads giving a reduction in contact angle to its equilibrium value. In the
case of small, viscous drops (where small implies the capillary length ,l., is smaller than the
radius of the drop) the spreading of the contact radius, R, with time, t, for wetting fluids is

given by Tanner’s law”?
R.(t) atV (1.5)

where N = 0.1 for small viscous drops. N is a constant and depends on the rate of energy

dissipation near the contact line. The capillary length, [, , is given by

where g is acceleration under gravity. A sessile drop whose largest dimension is much smaller

than I, will take the shape of a spherical cap.

After impact and spreading of drops onto a substrate, the shape of the drop is determined by
the balance of surface tension and gravitational forces. Surface tension acts to minimise the
surface area of the drop, so tries to maintain a spherical cap shape, whereas gravity acts to
flatten the drop shape. The Bond number, B, characterises the ratio of surface tension to

gravitational effects

B():

2
Pr9Re (1.7).
(22

For an anisole drop of diameter 200 um as typical for this thesis, the Bond number is of the
order 1 x 102, Comparing equations 1.6 and 1.7 tells us that if R, <« I, gravity can be
neglected. Gravity is not the only deforming influence on sessile drops however; viscous
forces can also cause deformation. The relative importance of viscous and surface tension

forces is characterised by the capillary number, Ca; approximately 6 x 107 for anisole,
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assuming the internal flow velocity, u, is approximately 20 x 10® m s as evidenced in chapter

3 of this thesis.
—
Ca= . (1.8)

The numbers for anisole suggest surface tension forces are dominant in determining the shape
of sessile drops; as By < 1and Ca « 1. Assuch, sessile drops should take the shape of a
spherical cap.®®*” However the fluid properties are not the only factors which determine the

shape of the drop on the substrate, the properties of the substrate also have an impact.

If the substrate is perfectly smooth and chemically homogeneous, the balance of surface
tension forces is given by the Young-Laplace equation

Iw =95l — cos @ (1.9)

Oy

where gy, is the solid-vapour interfacial tension, d; is the solid-liquid interfacial tension, gy, is
the liquid-vapour interfacial tension and 8 is the equilibrium contact angle of the fluid on the

substrate. The capillary pressure within the drop is then estimated by the Laplace pressure

p= a(i+ i) (1.10)

T T2

where 1 and 1, are the principal radii of curvature of the drop. The maximum Laplace
pressure for the drops in the systems investigated in this thesis is approximately 10 Pa where

the minimum radius of curvature is approximately 5 x 103 m.

In OLED systems the pixelated substrate is not perfectly smooth, as drops lie within wells
surrounded by banks. As the bank material is different to that of the base, the substrates are
also chemically inhomogeneous, equations 1.9 and 1.10 still hold however. If drops printed
into wells pin at the bank tops the shape of the well will define the shape of the drops, the
drop will still have constant mean curvature however as surface tension forces will still be
dominant. The mean curvature across a drop surface, H, is given by

H, = l(l+ l) (1.11).

1 T2

In the printing of OLED drops into wells, uneven particle distribution in final deposits is
problematic. To improve light output across printed OLED devices, a number of groups began
to tailor the wettability of the wells and walls of the pixels to control the shape of the drying
drops, so controlling the structure of the final deposit.?®¢”74 Ely et al’* used self-assembled
monolayers (SAMs) and/or oxygen reactive plasma to control the wettability of polymer wells

and identified three main scenarios, represented in figure 1.13. When the wettability of the
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walls was much lower than that of the base of the wells, there was a build-up of material in the
centre of the drop with very little at the edges (figure 1.13i). If the wettability of the walls was
much higher than the base there was a large build-up of fluid at the edge of the wells with very
little in the centre (figure 1.13iii). Finally when the wettability of the walls and base was
approximately equal, the resulting drop was spread evenly across the pixel (figure 1.13ii). To
give more even deposits from drops printed into wells the wettability of the walls and base

must be roughly equal, usually requiring treatment of the substrate base before fabrication.

(i) (ii) (iii) Bank structure

Figure 1.13: A schematic diagram showing how the wettability of the walls surrounding the drops
impacts the shape of the drop within the wells (i) shows the case whereby the wettability of the walls is
much lower than that of the base, (ii) the wettability of the walls and base are roughly equal and (iii) the
wettability of the walls is greater than that of the base.

Tailoring the wettability of the walls and base of the wells to give drying as in figure 1.13ii

improved uniformity in inkjet-printed OLEDs. However complete uniformity has still not been

achieved, likely due to poorly understood evaporation of the drops.
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1.5 Thermodynamics of fluids
The equilibrium vapour pressure of a fluid is the pressure exerted by the vapour on its
surroundings. In the case of picolitre sized drops, like those considered in this thesis, the
surface of the drop is usually in local equilibrium so the vapour pressure of the gas at the
surface is equal to the equilibrium vapour pressure. A fluid with a high vapour pressure at
standard temperature is often referred to as volatile whereas a fluid with a low vapour
pressure at standard temperature is referred to as involatile. There is no defined cut-off
vapour pressure at which a solvent becomes either volatile or involatile; usually the terms are

used in relation to other systems being investigated.

The vapour pressure of a fluid depends on the temperature. For an ideal gas the change in
vapour pressure with temperature for an ideal system obeys the Clausius-Clapeyron equation

P “AH(1 1
%= = (TZ Tl) (1.12)

where p;and p, are the vapour pressures at temperatures Ty and T, respectively, AH is the
enthalpy of vapourisation and R is the ideal gas constant. The Clausius-Clapeyron equation

shows that vapour pressures increase exponentially with temperature.

In the case of drops drying within wells, the fluid surface will be curved and this will lead to
capillarity in the drying drop. The Kelvin equation (equation 1.13) tells us that the capillarity in
the fluid surface will have an impact on the vapour pressure of the solvent

In (;’—0) = % (1.13)

where p, is the saturated vapour pressure of the solvent and V;,, is the molar volume.

Equation 1.13 tells us that the greater the curvature in a drop surface, the higher the vapour
pressure and the more enhanced the evaporation of the solvent. Therefore in drops drying
within wells the vapour pressure will increase as evaporation progresses and, in the late stages

of drying, the vapour pressure will be higher at the edges of the wells than in the centre.

In binary mixtures in which the two solvents are chemically similar, the total vapour pressure

of the system obeys Raoult’s law

Dt = Pat+ Dp = PaXa + DpXgp (1.14)

where p; is the total vapour pressure of the system, p, and py are the partial vapour pressures
of components A and B, p; and pg are the vapour pressures of pure A and B and x4 and xp are

the mole fractions of A and B. Raoult’s law assumes the mixture is ideal; meaning each
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(a)

component within the mixture interacts with itself and the other component identically. In
most real mixtures however the interactions are not identical and vapour pressures show
deviations from Raoult’s law (figure 1.14a). In cases where one component is dilute, the major

component often follows Raoult’s law and the dilute component follows Henry’s law

pp = Hgxg  (1.15)

where Hp is the Henry constant. Henry constants are determined experimentally and
represent the slope of the tangent to the pg curve as xp tends to zero. A system in which the
major component obeys Raoult’s law and the dilute component obeys Henry’s law is termed

an ideal-dilute solution (figure 1.14b).

(b)
® HB
a ...".
Pa*
ps*
0.2 0.4 0.6 0.8 1 0.0 0.2 0.4 x 0.6 0.8 1.0
B

Xa

Figure 1.14: The variation of vapour pressure with mole fraction of A in an ideal mixture of A and B (a);
the blue line shows the total vapour pressure of the ideal mixture, the red line shows the partial vapour
pressure of A, green shows the partial vapour pressure of B and the purple line gives an example of non-
ideal behaviour. The variation of vapour pressure with mole fraction of B in an ideal-dilute mixture (b).
In some cases, deviations from Raoult’s law are significant enough that a minimum or
maximum in the total vapour pressure of the system arises at a certain composition; such
mixtures are termed azeotropes. If the deviation is positive, the mixture boiling point is lower
than either of the pure solvents and if the deviation is negative the reverse is true. Deviations

from ideal behaviour in a mixture are represented by the activity coefficient, y, of each

component

(g = YaXp = Zz (1.16)

where a, is the activity of component A within the mixture and the vapour is assumed to be
ideal. In anideal solution, the activity coefficient is one. In all systems molecules aim to
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minimise their chemical potential, 4. The chemical potential of a component within a mixture

is given by
Ug = yAe +RTInx 4 + RTlny, (1.17)

where yAe is the chemical potential of component A in its standard state. The Margules

equations describe the simplest non-ideal solution:

Iny, = B Inys = fx;  (L18)

where £ is an interaction parameter which measures the energy of same-species interactions
with respect to cross-species interactions. If the mixture is ideal, § = 0. In mixtures which do
not phase separate (those considered in this thesis), 8 < 2RT. When > 0, homo-nuclear
interactions are preferred over hetero-nuclear interactions. As most mixtures considered
within this thesis contain one polar and one non-polar solvent, homo-nuclear interactions will
always be favoured over hetero-nuclear interactions and as such 0 < § < 2RT. Combining

equations 1.17 and 1.18 gives us

fa= uS +RTInx .+ Bx§  (1.19)

g = uS +RTInx 5+ Bx;  (1.20).

Combining equations 1.16 and 1.19 then tells us

2
DPa = D X4€Xp (%) (1.21).

Equation 1.20 shows that in the case where § > 0, the vapour pressure is enhanced versus
the ideal case. Therefore, for the mixtures considered in this thesis, vapour pressures of the

solvents will be enhanced versus the ideal case.

1.5.1 Hansen Solubility Parameters

Hansen Solubility Parameters (HSPs) were developed by Charles Hansen and are a way of
predicting the solubility of one material in another. The core assumption of the program
Hansen Solubility Parameters in Practice (HSPiP) is that “like dissolves like”, specifically that a
solute is more soluble in a solvent if their intermolecular forces are similar. Each molecule in
the program is defined by three solubility parameters: 6D, 6P and 6H. 6D is a measure of
dispersion forces, 6P a measure of polar forces and 8H is a measure of hydrogen bonding

interactions. The units of each solubility parameter are MPa®>.

The HSPs are calculated using the cohesive energy density, EC/V, of a molecule
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where V is the molar volume of the solvent, Ep, Ep and Ey are the dispersive, polar and H-

bonding contributions to the cohesive energy respectively and 6% = E/V'

Once they have been calculated, 6D, 6P and 6H are used as co-ordinates in ‘Hansen space’ and
the closer molecules are in this space, the more likely they are to dissolve one another. The

distance between two molecules in Hansen space, Ra, is given by
Raz = 4(6D2 - 6D1)2 + (6P2 - 6P1)2 + (5H2 - 5H1)2 (123)

Measurement on “good” and “bad” solvents can then be used to define a sphere of radius R,
which encompasses all of the “good” solvents. The relative energy difference, RED, can then

be used to tell you where you are in solubility space
RED = Ra/R, (1.24).

HSPs can be used to predict more than the solubility of a solute in a solvent as the solubility
parameters and RED provide some measure of the ideality of a mixture. As HSPs are defined
by energies they can be used to calculate activity coefficients and Antoine constants for
solvent mixtures, these can then be used to predict vapour-liquid equilibria (VLE) data for
solvent mixtures. The Antoine constants are described by the Antoine equation which is a
semi-empirical equation describing the relationship between vapour pressure and
temperature for pure solvents

B
logp, = A — v (1.25)

where p,, is the vapour pressure, T is temperature and A4, B and C are the Antoine constants.
VLE data provides a measure of the ideality of the mixture and whether evaporation is

enhanced or depressed compared to the ideal case.
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1.6 Evaporation
Understanding evaporative processes in drying drops is important for a number of industrial
applications including spray painting and crop spraying, along with numerous inkjet printing
applications. A complete description of evaporative processes can involve a number of
different considerations; the most important aspects in the inkjet printing of OLED materials
are the deposit morphology and active material distribution. Deposition is usually controlled
by the position and movement of the contact line during drying alongside internal flows. If
evaporative processes are understood improvements can be made industrially, as such many

investigations into drop evaporation have been carried out in recent years. 227247579

1.6.1 Evaporation of Single Solvents

As previously described, inkjet-printed drops can be modelled as spherical caps and, whilst
OLED materials printed into wells may be distorted by the well shape, in the case of circular
and square wells they can still be assumed to have constant mean curvature across the drop
surface. In the case of oval wells the two principal radii of curvature will be quite different,
even at the apex, and as such the drop shape will deviate from having constant mean
curvature, though the shape will still be determined by surface tension. The low capillary
numbers associated with the solvents discussed in this thesis ensure the pressure required to
drive internal flow is small compared to the Laplace pressure and in the early stages of drying
the surface tension dominates drop shape, giving constant mean curvature across the drop
surface. In the later stages of drying however the drop shape is no longer dominated by

surface tension and there is no longer constant mean curvature across the drop surface.

Evaporation is an endothermic process and as such requires energy from the surroundings to
take place. Molecules must have enough energy to overcome the barrier and transfer into the
vapour phase. Molecules with a higher thermal energy are more likely to be transferred to the
vapour phase and as such the droplet surface cools during evaporation, a process known as
evaporative cooling.8%8! In order for more liquid molecules to then be transferred into the
vapour phase, heat transfer to the liquid-vapour interface is required. The rate of evaporation
in drops has three main limiting factors: movement of vapour away from the interface,
transfer of molecules across the interface and transfer of heat to the interface.”®’® In the
macroscale under ambient pressure, the movement of vapour away from the interface is

normally the rate limiting factor in evaporation.
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Transport of vapour away from the interface can either happen by diffusion®2? or
ballistically.®® For diffusion to occur there must be a concentration gradient in the vapour
phase. If a droplet is in an atmosphere saturated with its own vapour there is no
concentration gradient and so no evaporative flux. Macroscale drops evaporating under
ambient pressure at standard temperature are evaporating in the diffusive regime. As a drop
evaporates, the position of the liquid-vapour interface changes over time and the vapour
concentration surrounding the drop also has a time dependence determined by

dc _

= DV?c (1.26)
dt

where c is the vapour concentration and D is the diffusion coefficient of the vapour in the
ambient atmosphere. If the movement of the liquid-vapour interface is slow compared to
diffusion of the vapour, as in the case of the drops discussed in this thesis, the time dependent
terms in equation 1.26 can be ignored and the vapour concentration profile is given by the

Laplace equation
Vc=0 (1.27).

In this thesis only quasi-steady, diffusion-limited evaporation is considered where the vapour
close to the drop is saturated and in equilibrium with the liquid. Far from the drop surface the

vapour is at ambient concentration.

Ballistic evaporation occurs when the vapour molecules travel many times the size of the
droplet before collisions occur, as such the likelihood of molecules re-entering the liquid phase
is negligible. Ballistic movement of molecules away from the liquid-vapour interface on the
macroscale requires reduced pressures. The presence of ballistic evaporation is identified

when the Knudsen number, Kn, is greater than one
Kn = —+ (1.28)

where 4, is the mean free path of the vapour.

For drops drying in the diffusive regime, evaporation is enhanced near to the contact line
relative to the apex when the contact angle is less than 90°.1%8 Figure 1.15 shows an
evaporating drop with diffusive transport of vapour normal to the interface. If 8 = 90° each
segment in figure 1.15a would be the same area and evaporation across the drop surface
would be uniform. When 6 < 90° the region near the contact line (7 in figure 1.15a) does not
intersect the liquid-vapour interface and as such vapour diffuses into this region from the

region adjacent to it (6). As diffusion is enhanced in region 6 the concentration gradient in this
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region increases and evaporation from region 6 is enhanced. Diffusion from region 5 into
region 6 goes some way to replenish the vapour lost to region 7 and so on; giving the highest

evaporation rate at the contact line, decreasing towards the apex of the drop (figure 1.15b).

\ it 7
N
N

Figure 1.15: A schematic diagram showing the diffusive transport of vapour away from a sessile drop
normal to the interface (i) and the resulting evaporative flux (ii) around a droplet with a contact
angle less than 90°.

Whilst most of the evaporating drops discussed in this thesis are imaged in the diffusive
regime; industrially, inkjet-printed OLEDs are dried in a vacuum chamber. As such it is possible
OLED devices are drying in the ballistic regime rather than the diffusive regime, though this will
depend on the pressure within the vacuum chamber and the profile used to pump the
pressure down. A, is approximately 10® m at 1 bar and, for the drops considered in this thesis,
R, is approximately 10 m. Therefore in order for Kn > 1 we require p < 10~* bar to be
drying in the ballistic regime. Whilst drops drying in the diffusive regime may not be directly
applicable to industrial systems, understanding the processes behind drying in the diffusive
regime will still provide information relevant to the ballistic regime. Some data from vacuum

dried OLED devices is considered and compared to devices dried in the diffusive regime.

In the case of contact line motion in an evaporating drop on a flat surface, there are two
limiting modes of evaporation, constant contact angle and constant contact area.® In the
constant contact angle mode the contact line of the drop recedes during drying and the
contact angle remains constant, whereas in the constant contact area mode the contact line
remains pinned during drying and the contact angle reduces (figure 1.16). An intermediate
stick-slip mode exists whereby the contact line recedes intermittently.”” Drops which dry in

the constant contact area mode often move into the constant contact angle mode once the
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receding contact angle of the fluid is reached. In drops drying with a pinned contact line
(constant contact area), the domination of surface tension over gravitational effects causes
radial flows from the apex of the drop towards the contact line® %7 (where evaporation is
enhanced) to maintain the constant mean curvature of the drop surface (figure 1.17). In drops
with a moving contact line (constant contact angle), flows are not solely radially outwards

towards the contact line as an additional inward component complicates the flow profiles.2®

(a) (b)

Figure 1.16: A schematic diagram showing the evaporative modes in a drying drop: (a) constant
contact area mode and (b) constant contact angle mode. The dark green area shows the drop at
the beginning of evaporation and the light green area shows the drop after time has passed.

Figure 1.17: A schematic diagram showing the radial flows present when drops dry with a pinned contact
line.

The thermal properties of the substrate can also have a significant impact on the evaporation
rate in drying drops;?>889% good thermal conductors maintain a constant substrate
temperature and heat transfer within the drop determines evaporative cooling. In poor
thermal conductors heat transfer in the substrate is also important and the substrate
temperature in contact with the liquid falls, leading to lower temperatures of the liquid and
slower evaporation. On substrates where the thermal properties change across the surface,

different effects can be induced in drying drops.
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1.6.2 Evaporation of Mixed Solvents

The introduction of co-solvents to form binary solvent mixtures can have a significant impact
on evaporation when compared to single solvents.?*91™ |n mixtures where the two
components have significantly different volatilities, early evaporation rates tend to match
those of the more volatile component and later evaporation rates match those of the less
volatile component, as observed by Sefiane et al.’? In cases where the contact line moves
during drying, the contact angle of the drop can change as the relative proportions of the two
solvents change. The diffusion coefficients, D, of components, and the vapour pressures are
both important in determining the relative evaporation rates of the components in a mixture.
In mixtures of components which have different surface tensions as well as volatilities,

Marangoni flows can be induced.

Marangoni flows arise due to an imbalance of surface tension forces at the liquid-vapour
interface and were first explained in the literature in 1855.% In the case of sessile droplets, the
presence of surface tension gradients causes Marangoni recirculation cells to form within the
drops (figure 1.18).2%%7 Areas of high surface tension pull more on the surrounding fluid than
areas of low surface tension, leading to tangential stresses across the drop surface. Flows then

occur from areas of low to high surface tension to balance the tangential stress:

do du
E = —T]E (129)

where x is the tangential co-ordinate, n is the normal co-ordinate and u is the tangential

component of the fluid velocity at the liquid-vapour interface.

The Marangoni number, Ma, can be used to determine whether Marangoni flows will
dominate particle transport during drying. Ma gives the ratio of surface tension to viscous
forces

Ach
UcapMRe

Ma = (1.30)

where ucg,, is the fluid velocity due to capillary flows and h is the drop height. If Ma > 1,
surface tension gradients across the drop surface will cause spontaneous, surface-tension-
driven flows that compete with or dominate capillary flows. Marangoni flows can occur in

both single solvent systems and systems with multiple solvents.
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(i) (i)

o high

o low

Figure 1.18: A schematic diagram showing the recirculatory flows present within drying drops on flat

substrates due to the presence of Marangoni stresses across the drop surface. (i) shows the case of a
higher surface tension at the apex than the contact line and (ii) shows a higher surface tension at the

contact line than at the apex.

In the case of binary solvent mixtures, solutal Marangoni flows can arise due to compositional
gradients along the liquid-vapour interface. Preferential evaporation of the more volatile
component within a mixture, combined with enhanced evaporation at the contact line, causes
a depletion of the more volatile component at the contact line relative to the apex. In the case
where the more volatile component has a lower surface tension than the less volatile
component, the contact line has a higher surface tension than the apex and Marangoni flows
along the liquid-vapour interface are from the apex towards the contact line (figure 1.18ii). If
the more volatile component has a higher surface tension than the less volatile component,
surface tension gradients and Marangoni flows along the liquid-vapour interface are from the
contact line towards the apex of the drop (figure 1.18i). The presence of surfactants or non-
adsorbing solutes in a drying drop can also cause solutal Marangoni flows in either
direction;**°%%81%0 depending on whether materials increase or reduce the surface tension of

the fluid.
1.6.3 Thermal Effects during Drying

Thermal Marangoni flows can arise due to temperature gradients within drying drops, as
modelled by Hu and Larson in 2005 and backed up experimentally by Ristenpart et al in
2007.1%%2 Enhanced evaporation at the contact line of a drop causes more evaporative cooling
at the contact line than at the apex, giving a temperature gradient across the drop surface. As
a reduction in temperature increases the surface tension of a liquid, thermal gradients induce
surface tension gradients across the liquid-vapour interface. As such thermal gradients can
induce Marangoni flows. If heat transfer within the liquid is fast enough however, evaporative

cooling can be negated.
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The thermal conductivity of the substrate can have an impact on the relative direction of
thermal gradients within drying drops.1°? If the thermal conductivity, k, of the substrate is
above a critical value (k > 2 W m1 K1), energy transfer to the droplet makes it warmest at the
contact line and coldest at the apex, due to the relative length of conduction pathways. If the
thermal conductivity of the substrate is low (x < 1.45 W m™ K1), heat transfer to the drop is
poor and evaporative cooling causes the contact line of the drop to be cold relative to the
apex.1® The direction of thermal gradients across the drop surface determines the direction of

surface tension gradients and resulting Marangoni flows.

When the thermal conductivity of the substrate takes an intermediate value (1.45 < k < 2), the
contact angle of the fluid on the substrate becomes important in determining the relative
direction of thermal gradients in a drop. Some industrial applications include the heating or
cooling of the substrate; which can also induce thermal gradients.1%#1% When the substrate is
heated, transfer of heat to the drop causes a warmer contact line and a cooler apex, resulting

in thermal gradients.
1.6.4 OLED Systems

The patterning of the substrates used in the printing of OLED devices will affect the mode of
evaporation. Pixelated OLED devices are designed so drops evaporate in the constant contact
area mode with a changing contact angle. The presence of banks causes pinning of drops at
the bank tops in the early stages of drying, the angle of the bank and receding contact angle of
the fluid then determine what happens later in the drying. The drop will remain pinned at the
top of the banks until the receding contact of the fluid on the bank material is reached, at

which point the fluid will recede down the banks.

It is not clear how the presence of surface tension gradients will affect flow profiles of drops
drying within wells as the shape of the walls distorts the drop shape from a spherical cap. Re-
circulatory flows may still occur but the drying of drops within wells has not yet been
extensively investigated in the literature. The materials used for the patterning of OLED pixels
complicate heat transfer. The base of the wells is made of glass topped with an ITO film
whereas the walls are made from a polymer resist. The thermal conductivity of the glass/ITO

base is higher than that of the polymer walls.
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1.7 Deposit Formation
The presence of internal flows within drying drops causes material transport in the presence of
a solute or other material dispersed throughout the solvent. Transport mechanisms during
drying are the determining factor in deposit morphology. Most industrial processes require
even material distribution across a deposit and as such transport mechanisms within drying
drops need to be manipulated and controlled for industrial applications. Internal flows within
drying drops generally depend on contact line motion, evaporative flux across the droplet and
motion of the liquid-vapour interface. Though the main cases discussed in this thesis are

evaporation driven radial flow and Marangoni flow.
1.7.1 The Coffee-Ring Effect

Ring stains are a well-known phenomenon in the evaporation of droplets containing either a
solute or dispersion. Transport of solutes towards the contact line in an evaporating drop
causes precipitation at the contact line as the concentration exceeds the saturation point of
the solution.'®®1%” Ring stains were first explained by Deegan et al in 1997*° who also coined
the phrase ‘coffee-ring effect’ as the phenomenon is evident when coffee dries on a flat
surface (figure 1.19). Time-resolved microscopy experiments have shown internal radial flows
within evaporating drops towards the contact line for a variety of solvents and substrates,

causing a ring of concentrated deposit.1%198108-112

Figure 1.19: An image showing the ring stain left behind when coffee dries on a flat surface.

For ring stains to form the contact line of the drop must be pinned. Strong attractive
interactions between the solvent and the substrate mean the numerator in the Young-Laplace
equation (equation 1.9) is large and the receding contact angle is small or zero. Contact angles

on a substrate often depend on whether the drop is advancing or receding across the
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substrate and the difference between contact angles is referred to as the contact angle

hysteresis (CAH )2 given by
CAH = cos 8, — cos 0, (1.31)

where 6,. is the receding contact angle and 6, is the advancing contact angle. Higher values of
CAH make it more likely the receding contact angle is zero and so more likely the contact line
remains pinned. Strong attractive interactions between the solvent and the substrate

therefore increase the likelihood of contact line pinning and hence ring stains.114-116

Coffee-rings do not form below a characteristic length!'” which corresponds to a critical
droplet diameter. This characteristic length depends on the rate of evaporation of the drop
relative to the speed of diffusive transport of the particles. Drops with a diameter below a
critical point, usually on the nanoscale, do not show ring staining as particles collecting at the
contact line are able to diffuse back to the centre on the timescale at which the drop

evaporates; providing convective flow within the drop can be overcome.

The Peclet number, Pe, provides a measure of whether or not diffusion of a material will even
out compositional gradients during the drying time of a drop and a measure of the critical

length below which ring stains will not form

Pe = “;L (1.32)

where L is the length scale associated with the drop. For a droplet drying in an OLED pixel, in
the vertical direction L ~ 1.5 x 10°® m and internal flow velocities are of the order of 20 x 10
m s (as evidenced in chapter 3). Assuming Ir(ppy)s (figure 1.20) represents a typical emitter
material and takes the shape of a sphere, the radius can be calculated to be 6 x10° m

assuming a density of 0.9 g cm?. The diffusion coefficient of a molecule is then given by

D= X" + 4 x10710 m2st (1.33)

6ma

where kg is the Boltzmann constant (1.38 x 1022 J K1), T is temperature (298 K), a is the
particle radius (~ 6 x10™ m) and 7 is the fluid viscosity (~1 mPa s). In the case of Ir(ppy)s
Pe ~ 0.08 and as such diffusion averages concentration in the vertical direction quickly.

Diffusion time, ty;¢y, is given by

tair = Pe = ~ 6x 10735 (1.34).
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In the horizontal direction, L ~ 1 x 10™* m and as such Pe ~ 5 and tairf =~ 25s. The averaging
of concentration in the horizontal direction will therefore depend on the drying time of the

drop.

Figure 1.20: The structure of Ir(ppy)s identified as a typical emitter material.

As previously discussed, the banks in pixelated OLED substrates are designed to pin the fluid

and therefore ring stains are likely.
1.7.2 Mitigation of Ring Stains

There are two main conditions which must be met in order for the coffee-ring effect to occur,
pinning of the contact line and enhanced evaporation from the contact line. If the contact line
of the drop is not pinned, fluid at the contact line does not need to be replaced in order to
maintain a spherical cap. Therefore the flows inside an evaporating drop with a receding
contact line are not solely radially outwards and ring stains do not necessarily form.%
Prevention of contact line pinning can be achieved through electrowetting where the

118,119

application of an alternating voltage to the drop to cause oscillation of the contact line.

Electrowetting can be a difficult technique to use on an industrial scale however.

Alternatively, reducing the evaporative flux of a drop at the contact line can change internal
flows within an evaporating drop. One example of reducing evaporation at the contact line is
to dry drops in a closed environment with a hole above the drop to increase evaporation rates
at the apex relative to the contact line. Reducing evaporation rates at the contact line leads to

less distinctive coffee rings or even a central deposit.'#!20:12!

Surface tension gradients along the liquid-vapour interface can also be used to mitigate ring
staining.2#?>9397.122 The introduction of surface tension gradients and resulting recirculatory
flows does not require the contact line to be mobile or the evaporative flux to be reduced at
the contact line. In some cases it actually requires evaporative flux at the contact line to be

enhanced relative to the apex, as discussed in section 1.6. However if Marangoni flows end
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during evaporation, or if capillary flows become dominant over Marangoni driven flows, radial

flows will transport particles to the contact line and a ring stain will reform.

In the case of OLED devices, the pinning of the contact line around the wall tops is necessary
for defined pixel patterning so cannot be prevented. It is possible the relative evaporative flux
across the drop surface can be manipulated in OLED systems and it is also possible that surface

tension gradients could be used to mitigate ring staining.
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2. Experimental Method

2.1 The Experimental Setup

This section describes the experimental set-ups used for the high speed imaging of droplet
drying. Printed solutions were ejected from a piezo-electric single-nozzle print head (Microfab,
MJ-ABP-01) with an orifice diameter of 50 um, to give sub-nanolitre sized droplets. The nozzle
was resistant to both aqueous and organic solvent-based fluids at temperatures up to 50 °C.
The print head was connected to a fluid reservoir which was pressurised using a syringe such
that the meniscus of the fluid was pushed to the tip of the orifice without pushing the fluid
through. For most solutions (due to low surface tensions) a slight negative pressure was
required to hold the fluid in the nozzle and prevent any dripping. To prevent any leaks PTFE
tape was used to seal the vials holding solutions. Any bubbles present in the nozzle or tubing
prevented jetting and so had to be eliminated. The print head was actuated with a
symmetrical bipolar waveform (figure 2.1) to give drop-on-demand printing and a single drop
per pulse. An electronic pulse was sent to the piezoelectric device contained within the print
head; controlled using a Microfab driver unit (Microfab JetDrive Ill Controller CT-M3-02). The
voltage of the pulse was varied according to factors such as the viscosity and surface tension of
the fluid to give a single drop per pulse with no satellites. The typical voltage range used was
12-30V and typical separation between the nozzle and substrate was 2-3 mm. The substrate
was held on a motorised stage (Laser2000, T-XYZ-LS13) with a travel range of 13 mm to an
accuracy of + 15 microns. The stage was moved after each measurement in order to give a
clean section of substrate to be printed on. The use of a motorised stage also allowed arrays
of drops to be printed for later analysis of the deposits. Before each measurement, a small

number of drops were ejected from the nozzle in order to replenish the fluid at the orifice.
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Figure 2.1: An example waveform used to actuate the nozzle for drop emission. Typical time periods for
all solvents were (i) a rise time of 10 ys, (ii) a dwell time of 100 ys, (iii) a fall time of 20 ps, (iv) an echo
time of 100 ps and (v) another rise time of 10 pus

All imaging of droplet drying was done on an inverted microscope, as shown in figure 2.2. The
inverted microscope allowed imaging of internal flows along with the imaging of

interferometric profiles of the drying drops. Both setups had the same basic optical

arrangement but differed in their illumination.

Beam Splitter
1
\ : Collecting lens

Bandpass
filter

High-speed
camera

Figure 2.2: A labelled image of the experimental rig; illumination sources, the substrate and the nozzle
are excluded for clarity.
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The inverted microscope used a high-speed camera (Photron, fastcam SA4) and a 50x
magnification objective (Nikon, TU Plan ELWD, NA 0.6) mounted directly below the substrate
to capture images. For the imaging of internal flows, the fluid was seeded with silica tracer
particles (Kisker Bioteck, fluo-green beads, 500 nm) or gold particles (Nanopartz, gold particles
in toluene, 50 nm) and particle movement was imaged using dark-field microscopy. A cold
LED (Thorlabs, 1000 mA, 470 nm), labelled LED 1 in figure 2.3, was mounted above and
focused on the substrate from an oblique angle. The angle of the LED was chosen to ensure
illumination light missed the nozzle and made the particles visible without flooding the camera
with light. The particles appeared as bright spots (of forward scattered light) against a dark
background. Shutter times between 1000 and 1250 pus were used depending on the fluid,
ensuring enough forward scattered light reached the camera to image flows but particles were
still distinct. Frame rates were varied between 125 and 1000 fps depending on the solvents
and particle velocities. More volatile solvents were imaged using higher frame rates and
shutter speeds. Particle movement was imaged from below the substrate so both the
substrate and fluid needed to be transparent. The smallest resolvable particle size using a
light source at 470 nm is given by the diffraction limit

2 —391nm (2.1)
2NA

where A is the wavelength of the light source and NA is the numerical aperture of the objective
(0.6). However the dimensions represented by one pixel in the images were approximately

0.43 x 0.43 um, giving a smallest resolvable particle size limit of approximately 430 nm.
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Figure 2.3: A schematic diagram of the experimental rig used for particle tracking and capture of
interferometric fringes. LED 1 and the green light track represents particle tracking experiments, LED 2
and the blue light tracks represent interferometry measurements. The bandpass filter was only present
for interferometry measurements.

One of the limitations associated with the tracking of internal flows is the presence of a bright
region in the drying images. The bright region arises from refraction of light by the curved
drop surface. The size of the bright region is a function of the angle of the LED, the contact
angle of the drop, refractive index of the fluid and the numerical aperture of the objective lens.
Light which encountered the drop on the side of the drop closest to the LED had a larger angle
of refraction than light on the far side of the drop. The refracted angles were calculated

according to Snell’s law?!?3;
ng sin 6, = ngsinG,., (2.2)

where n, is the refractive index of air (1.00), 6;,, is the angle of incidence of light (°), ng is the

refractive index of the solvent (1.516) and 8,,, is the angle of refraction.

The objective had numerical aperture 0.6 which corresponded to a half-cone angle of 37°in air

(equation 2.3)24

NA = sin 0, (2.3)
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where 6. is the half-cone angle in the solvent. So any light which deviated from the optical axis
(normal to the substrate rather than the drop surface) by less than 37° was collected by the

objective to give a bright region in the collected images.

In the bright region, the intensity of light scattered by particles was less than the intensity of
the LED so particles could not be seen or tracked in this region. In general, the lower the angle
of the LED with respect to the optical axis, the larger the area of the bright region. In the
systems investigated in this project, the refractive index of the solvents (1.516) was close to
the refractive index of the particles (1.457) so a low angle between the LED and the optical axis
had to be used in order to distinguish the particles from the solvent. However, the drops used
were all relatively flat and had a low contact angle (<10°) which meant the angle of the light
relative to the optical axis and the angle of the light normal to the drop surface were the same
across the drop surface. As such the area of the bright region was reduced and a low angle of
the LED relative to the optical axis was possible without the bright region being too large to

gain any useful information (figure 2.4).

Figure 2.4: A schematic diagram showing example refracted light angles across the surface of a drop.
The contact angle of the drops was too low to measure (<10°) and the drops were much wider than they
were high; the width of drops was 200 um whereas the height was approximately 5 um. As a result of
this the refracted angle of the light as it travelled through the drop was close to the angle of the LED
relative to the optical axis.

The objective lens used had a finite depth of focus given by'#

A
dp = 222 (2.4)
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giving a depth of focus of approximately £1.5 um. As the analysis program could detect
particles not sharply in focus, particles outside of this 3 um range will have been detected. The
initial height of drops imaged was of the order of 5 um and so particles throughout the entire
drop height were imaged during drying. It was not easy to determine the vertical position of

the particles in the drops.

It would also have been possible to image particle moving using bright-field illumination (from
above) whereby particles would have appeared black against a bright background. However,
this option was discounted due to the presence of interference fringes during drying which
made the particles difficult to track. The use of interference fringes and illumination from
below was however useful in determining the changing profile of the drying drop. lllumination
from below would have given the appearance of bright field illumination due to reflections
from the substrate and would also allow for particle tracking whereby particles appear bright
against dark fringes and dark against bright fringes. lllumination from below was also

discounted due to problems with interference fringes making particles difficult to track.

Interferometry measurements used the same high-speed camera and objective lens mounted
below the substrate for image capture but illumination came from directly below the drying
droplets through a dichroic mirror. A cold LED (Thorlabs, 1000 mA, 470 nm), labelled LED 2 in
figure 2.3, was mounted below and focused on the substrate. The substrate/drop and drop/air
interface provided two different reflective surfaces; giving two reflected beams from the
illumination light which recombined before reaching the camera to give an interference
pattern in the final images. As reflections from the substrate were constant, any changes in
the interferometry images during drying could be attributed to changes in the drop profile.
Images were recorded at shutter times between 333 and 1000 ps depending on the solvent;
speeds were chosen to maximise the number of fringes that could be seen. Frame rates were
set between 50 and 3000 fps to ensure no fringes were skipped in the analysis. The distance

from bright fringe to bright fringe is given by'%¢

where Dy is the distance between fringes (nm). As the wavelength of light used was 470 nm
and the refractive index of the solvents was of the order of 1.5 the distance from bright fringe

to bright fringe (change in height) was 155 nm.

The coherence length, L. (nm), of the light source is given by'*’

L.= |22 (2.6)
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where AA is the full width half maximum (FWHM) of the light source assuming a Gaussian
emission profile. The FWHM of the LED was 20 nm, as can be seen in figure 2.5, giving a
coherence length of approximately 7 um. Some drop profiles appeared to show noise in the
early stages of drying, due to miscounting of fringes as the drop height reached the coherence
limit of the light source. For later measurements, a narrow-width bandpass filter (Thorlabs,
CWL 470 nm, FWHM 10 nm) was mounted between the collecting lens and camera in order to
increase the coherence length of the light reaching the camera. The presence of the bandpass
filter reduced the FWHM of the light to 10 nm (figure 2.5) so doubling the coherence length of

light to approximately 15 um and improving the appearance of early film profiles.
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Figure 2.5: Plots showing the emission profiles of the illumination LED in the absence of (blue line) and
presence of (red line) the narrow-width bandpass filter. The presence of the filter reduced the FWHM
of the light from 20 nm to 10 nm.

It is important to note there were actually three reflective surfaces present in the drying drops
(figure 2.6): the substrate/air interface, the substrate/drop interface and the drop/air
interface. However, the depth of the substrate was approximately 2 mm and as the coherence
length of the light was 7-15 um, reflections from the substrate/air interface were incoherent

with the other reflections and so did not have an impact on the interference patterns seen.
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Figure 2.6: A schematic diagram showing the different reflective surfaces in a drop; reflections from the
substrate air interface (red) were incoherent with reflections from the substrate/drop and drop/air
interfaces (green). The incoming beam is orange.

As evaporation and fluid flows are sensitive to temperature, cold light sources were used to
prevent uneven heating across the drop surface. The relative humidity (RH) and ambient
temperature in the laboratory were controlled and recorded using a thermohygrometer
(Extech) before each experiment. The temperature was generally kept between 20 and 23 °C,
recorded to an accuracy of 1 °C. The RH generally varied between 40 and 50 %, recorded to
an accuracy of +4 %. As all systems investigated in this project were based on organic solvents,
the RH should not have had an impact on evaporation or fluid flows. The rig was surrounded
by walls or curtains on all sides to prevent any drafts which may have had an impact on the
drying. As the solvents used in experiments were organic and volatile an extraction system
was set up in the lab to avoid inhalation of vapours. The extract was set up directly above the

drying drops with a plenum to ensure it pulled evenly across the surface of the drop (figure
2.7).

Figure 2.7: An image of the extraction system (left) used with a plenum (right) to ensure even extraction
across the surface of the drop.
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For some experiments a heated stage was used to control the temperature of the drying drop

used (figure 2.8). The temperature of the stage was controlled using a pair of peltier elements

mounted between an aluminium plate and a heat sink. The peltier elements were controlled

using a microprocessor employing a PID algorithm. A high precision digital temperature sensor

(absolute accuracy of £0.13 °C between 20 and 70 °C and of £0.25 °C between -40 and 125 °C)

was used to give real time information on the temperature of the stage. The temperature

could be varied between 15.0 and 45.0 °C with a long term stability of £+0.02 °C (figure 2.9).

When heating up, the stage would overshoot the set temperature and then quickly return

before stabilising (figure 2.10). The substrate was left at the set temperature for 5 minutes

before any measurements were taken.
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Figure 2.8: A labelled image of the heated stage used in some experiments from the side (left) and
above (right).
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Figure 2.9: Plot showing the long term temperature stability of the heated stage.
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Figure 2.10: Plot showing the temperature profile of the heated stages as it reached a new set
temperature of 29 °C. The stage overshot the temperature initially but quickly settled onto its set value.

To measure the distance between the substrate and the nozzle a mid-speed camera (Optronis,
CR450x3) was mounted to the side of the nozzle and substrate, and a cold LED (Thorlabs, 1000
mA, 470 nm) was mounted opposite so shadow images of the nozzle/substrate gap could be
taken (figure 2.11). The distance between the nozzle and substrate was determined using the
known pixel spacing of the camera (3 um). Side images were also used to ensure the nozzle
was directly above any printed drops during drying as light scattered off the nozzle when the
LED was placed directly below it, and the tip of the nozzle appeared bright in the images. The
nozzle was held on a manual translation stage (Thorlabs, MT3- %4” XYZ Translation Stage)

with a travel range of 13 mm.

Print head

To reservoir

Mid-speed camera LED 3

o it T

Lens

Figure 2.11: A schematic diagram showing the experimental setup used to determine the relative
distance between the nozzle and the substrate.
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2.2 Preparation of Solutions

Six organic solvents were investigated for use in the printing of OLED materials; anisole

(ReagentPlus, 99 %), methyl anisole (99 %), dimethyl anisole (99 %), methyl benzoate (99 %), o-

xylene (99 %) and mesitylene (98 %). All six solvents were purchased from Sigma Aldrich.

Later on some model solvents were used: ethanol (Sigma Aldrich, 99.5 %), butyl actetate

(Sigma Aldrich, 99 %), butanol (Fisher Scientific, 99 %), toluene (Fisher Scientific, 99 %) and

methoxy propanol (Sigma Aldrich, 99.5 %). All solvents throughout were used as supplied.

Densities of mixtures were measured by adding 1.000 cm? of solution from a pipette (+ 0.001

cm?) to a vial weighed using a high precision balance (+0.00005 g) and calculating the

difference in mass. A table summarising the properties of all fluids is shown below.

Table 2.1: Showing the properties of all fluids investigated, all values are quoted at 25 °C.

Solvent Surface Density/ g cm™ | Viscosity/ mPas Vapour
Tension/ mN Pressure/ kPa
m-l

Anisole 34.967° 0.9907° 1.0017° 0.4777°
4-Methyl anisole 32.88 0.971 n/a n/a
3,4-Dimethyl 32.41 0.962 n/a n/a
anisole
Methyl benzoate 37.277° 1.0857° 1.9587° 0.0517°
o-xylene 29.607° 0.8767° 0.7477° 0.8767°
Mesitylene 28.05"° 0.8617° 0.916"° 0.3277°
Ethanol 23.397 0.7877° 1.0577° 7.837°
n-Butyl acetate 24.787° 0.8767° 0.6777° 1.527°
1-Butanol 25.677° 0.8067° 2.5997° 0.9317°
Toluene 27.937° 0.8657° 0.5487° 3.767°
1-Methoxy 2- 27.7'%8 0.916%28 1.7%%# 1.2
propanol

For particle tracking experiments the fluids were seeded with tracer particles; either silica

(Kisker Bioteck, fluo-green beads, 500 nm) or gold (Nanopartz, gold particles in toluene, 50

nm). The silica particles were supplied as a dry powder which was added to solvents up to a

concentration of 0.05 % by weight and placed in an ultrasonic bath for 30-60 minutes until

evenly dispersed. Gold particles came dispersed in toluene and were added to solvents up to a

concentration of 0.05 % by volume, then placed in an ultrasonic bath for 30-60 minutes before

use. Solvents were measured out using a micropipette (Eppendorf, 1-5 ml, £0.012 ml).

For interferometry measurements the solvents were measured out using a glass syringe

(Hamilton, 5 ml, £0.1 ml) and passed through a 0.45 um Teflon filter before use to eliminate

any dust particles which may influence the measurements. For measurements in the presence

48




of active OLED materials (Livilux TH-123, host material, Merck Chemicals), solutions were made
up to concentrations between 5 and 40 mg cm?, the material was added to the filtered solvent

and placed in an ultrasonic bath for 15 minutes or until evenly dispersed.
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2.3 Preparation of Substrates

All substrates used were provided by Merck and consisted of wells with a glass base topped
with an indium tin oxide (ITO) film, surrounded by walls of polymer resist (figure 2.12). Drops
sat within the wells and were surrounded by walls during the drying process. Three different

geometries were used: square, oval and circular.

Walls of polymer resist
1T il vy

Glass substrate

Figure 2.12: A schematic diagram showing the different layers present in the substrates. Not to scale.

Square substrates consisted of wells of size 200 x 200 um separated by walls which were 1.5
pum high and 20 um wide (figure 2.13). The majority of experiments were carried out in the
square wells as they were by far the most abundantly available for experimentation and drying
effects were most exaggerated in the square geometry. Whilst the square systems were not
axisymmetric, the same drying patterns existed in all geometries (including the axisymmetric

circular systems) so the same mechanisms could be applied to all geometries.

‘ n

50 um 50 um 50 um

Figure 2.13: Images of the substrates used for experimentation showing the square (left), oval (middle)
and circular (right) geometries.

The oval wells were the closest to bank structures which might be used industrially; they
consisted of wells which were 64 x 212 um in size, separated by walls which were 2 um high
(figure 2.13). In the case of the oval wells, the walls were treated to make them hold fluid in

more easily (so drops did not spill over into adjacent wells). The circular wells had a diameter
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(a)

of 134 um and a wall height of approximately 1.3 um (figure 2.13); there were some

inconsistencies in the wall heights of the circular and square wells.

Close up images of the square wells (figure 2.14a) show they are not flat-topped but look more
like an inverted “V” with a rounded apex. The banks are also not of uniform height, the
intersection between banks are 200-250 nm lower than the bank tops. Non-uniformity of the
bank height will influence the shape of the free liquid surface and may introduce some
complexity into the interference patterns. Close up images of the oval wells (figure 2.14b) did
not clarify whether the bank tops were flat or not but it is likely they are rounded as in the
square wells. Close up images of the circular wells showed gently sloping walls (figure 2.14c)
which may encourage de-pinning down the walls during drying, though the bank tops in the
circular wells were flat. There were no intersections between wells in the case of the oval or

circular wells so the banks would be of uniform height.

(b)

50 pm 50 pm

50 pm

Figure 2.14: Close up images of the banks in the square (a), oval (b) and circular (c) wells.
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All substrates were cleaned and prepared in the same way; they were placed in IPAin an
ultrasonic bath for 2 x 15 minutes with a change of IPA in between. They were then placed
back in the ultrasonic bath in ultra-high purity water (Milli-Q A-10, Millipore) for 15 minutes.
Substrates were blown dry with argon or nitrogen before being placed in an oven at 230 °C for
2 hours. If they were then used again at a later date they were placed back in the oven at 180
°C for 10 minutes. For all experiments only one drop was imaged at any one time, in the
absence of any other drops drying around it. Therefore there were no vapour effects from

adjacent drops at any time.

In some cases it was necessary to use glass cover slips for preliminary experiments; cover slips
were cleaned as outlined above. Some substrates were then treated with
trichloro(octadecyl)silane (Sigma Aldrich) prior to use. Throughout the cleaning and coating
process slides were held separated in a Teflon slide holder. Once the slides were clean and dry
they were dip coated in trichloro(octadecyl)silane to silanise the surface and increase its
hydrophobicity. A 2% trichloro(octadecyl)silane solution in toluene (Sigma Aldrich) was
prepared and the cleaned glass slides were soaked in this solution for 60 minutes. They were
then soaked for 2 x 1 minute in toluene with a change of toluene between each minute long
soak. Each slide was then rinsed once again with the high-purity water, blown dry with
nitrogen gas and dried in an oven at 37-45 °C overnight. Slides were then stored in the slide

holder at room temperature.

Silanisation of square bank structures was also necessary on occasion and was carried out in
both the liquid phase and the gas phase. Substrates were cleaned as described above and
then left in a vacuum dessicator with a small vial of the silane solution overnight. Once
removed from the dessicator slides were soaked in IPA for 2 x 1 minute with a change of IPA in
between. Each slide was then rinsed once again with high purity water, blown dry with

nitrogen gas and dried in an oven at 37-45 °C overnight.
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2.4 Characterisation of Materials

Static surface tensions were measured using a tensiometer (First Ten Angstroms, FTA200).
Drop shape analysis was carried out on a pendant drop which had been ejected from a syringe
(Hamilton, 250 pl) to the point just before break off. The shape of the drop was fitted to the
Young-Laplace equation (equation 2.7) to give the equilibrated surface tension of the

solution3%131;

bp=o(=+ =) (2.7)

1 T2

where Ap is the pressure difference across the air/fluid interface. The Young-Laplace equation

assumes the shape of the drop is entirely determined by gravity and surface tension.

Advancing and receding contact angles were also measured on the tensiometer. Fluid was
dispensed from the syringe using a syringe pump driven by a stepper motor. To measure
advancing and receding contact angles a series of images was taken as the fluid was either
dispensed from or drawn into the syringe, respectively. The syringe tip remained in the drop
throughout measurement (figure 2.15). Images were analysed to show how the contact angle
of the fluid changed as the drop was either dispensed or drawn in and the static angle reached
was defined as the advancing/receding contact angle of the fluid. Contact angles were
determined by manually selecting the intersection of the baseline with the drop profile where
the program used tangents to determine the gradients of the slopes. Arctangents of the
slopes were then taken to obtain angles and the difference between the baseline angle (in this

case zero) and the drop profile angle gave the contact angle.

Figure 2.15: Schematic diagrams showing the measurement of advancing (left) and receding (right)
contact angles. The darkest blue shade represents the earliest time in measurement with the lightest
blue representing the latest time in measurement.

Before all surface tension and contact angle measurements the dispensing syringe was cleaned

by placing in an ultrasonic bath in decon solution for 30 minutes and rinsing with high purity
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water 40 times. The tensiometer was calibrated using the known external diameter of the
needle tip and ultra-high purity water was used to ensure calibration was correct and
everything was clean. Static surface tensions were measured for each solution until three
readings within £0.1 mN m™ had been recorded. Generally the three readings within £0.1 mN
m™ were successive; if the measurements were not successive they were only recorded if the
measurement which broke them up was a clear anomaly (> 0.5 mN m™ away from all other
readings). All measurements were carried out in a quartz cuvette (Sigma Aldrich) at saturated

vapour pressure.

Printed deposits of active OLED materials (Livilux TH-123, host material, Merck Chemicals)
were imaged using epifluorescence. Samples were excited using a 355 nm laser (Leica SP5 Il
Laser scanning confocal microscope) and fluorescence or phosphorescence was collected using
a high-gain, red-sensitive, hybrid-detector. An airimmersion objective was used with a

working distance of 1 mm.
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2.5 Image Analysis
Images taken of the particle motion due to internal flows in drying drops were analysed in
MATLAB and particle tracking velocimetry (PTV) was carried out in order to find flow velocities.

132

The particle tracking code was originally taken from Georgetown University'** and was

adapted for use in these systems by Emma Talbot and Lisong Yang (Durham University).

The program began by applying a spatial bandpass filter to the images in order to suppress
pixel noise and long wavelength image variations. The lower limit of the filter was one pixel
and the upper limit 5 pixels. Particles in the images were then located by finding local maxima
in the images to calculate the centroids of the particles; which were then tracked through
frame by frame. Any particles moving fewer than three pixels in the total time tracked were
considered to be stationary by the program. All particles were issued an identification number
to aid with the tracking through frame by frame; particles which disappeared for 4 frames or
more were then issued a new identification number if they reappeared. A threshold was set
for the maximum expected distance a particle would move in a single frame (5 pixels) to
ensure the same particles were being followed throughout. The contact line of the drop was
selected manually for each analysis as the top and bottom walls of the square banks appeared
bright on the images (figure 2.16), complicating automatic detection of the contact line.

Particle tracking was only carried out in the square geometry.

50 pm

—

Figure 2.16: An image showing the square substrates under the particle tracking illumination. The top
and bottom walls are visible in the image whereas the side walls are not. The bright areas of the walls
complicated automatic contact line detection so all contact lines were selected manually for analysis.
Illumination across the bank was not even due to the high angle of the LED.
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When calculating particle velocities, the tracked particles were binned spatially in a grid array
of n x m squares using Cartesian co-ordinates. Temporal binning was by 0.1tq where t4ywas

the total drying time of a drop. Mean particle velocities were then found for each bin.

Interferometry images were also processed in MATLAB to build up a picture of the changing
drop profile during drying. The region of interest (ROI) was selected manually in all geometries
as a square area; in oval and circular geometries, where the selected ROl included areas of
wall, the program then discounted areas which showed no change in fringe intensity from the
analysis. To track fringes, analysis began at the end of drying where there was no fluid in the
wells. It then tracked frames through drying for each pixel from the end to the beginning,
building up a picture of the drying drop. The intensity of each pixel was plotted against the
time in frames (figure 2.17) and the resulting plot was used to determine the height of the
pixel at different points in the drying; peaks in the curve were bright fringes and troughs were
dark fringes. A linear interpolation was then used to determine the film height between
fringes (figure 2.18). An extrapolation for the elements of t/ frame outside the interval
spanned by the height was performed in case the first fringe was not located within the first
frame. To plot the profile of the drying drop at different times during drying a cross section
across the drop was selected to give a plot of the height of the drop across a line of pixels at

different times during drying.
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Figure 2.17: An example plot of pixel intensity against time used to find the position of bright and dark
fringes in the drying drop. The blue line shows the raw data and the red line shows a smoothed curve
employed to ensure any noise is averaged.
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Figure 2.18: An example plot film height against time and the linear interpolation between points used
to determine the film height between fringes. The above plot is not based on real data; it has been
constructed to show how extrapolation was done. Blue points show the drop height based on the fringe
data and the red line shows the linear extrapolation to determine the height between fringes.

Close to the bank walls the fringes were very close together and not distinguishable by the
program. In certain cases therefore the plots had to be extrapolated back to the walls; though
as drops could be seen to be pinning at the wall tops during drying, extrapolation was not
difficult. In certain cases some data correction had to be implemented after image processing;
there were cases where the miscounting of some fringes in a certain region would occur.
Miscounted fringes were corrected by manually altering the data points to bring them in line
with other data points (figure 2.19), the same correction was made for each time profile in a
single drop. Data points were only ever altered by an exact number of fringes to ensure data

was not being manipulated unnecessarily.
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Figure 2.19: Plots showing example data correction (a) shows the uncorrected data with miscounting of
fringes and (b) shows the data after correction. Any points moved were only altered by an exact
number of fringes (a multiple of 0.15 um).

Images of the fluorescent deposits of active materials were also analysed in MATLAB; analysis
identified the intensity of green light emitted across the surface of the deposits, giving a plot of
intensity against pixel distance. Whilst this did not give an absolute measure of the thickness

of a film it gave information on the relative light emission, and so film thickness, across a well.
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3. Internal Flows Inside Drops Evaporating in Banked Structures

3.1 Introduction

In inkjet printed OLED devices it is essential that deposits are of an even thickness across their
entire area to optimise device performance. To predict and control deposit morphology from
printed drops, an understanding of material transport during drying is necessary. Many
studies have looked at particle transport during the drying of drops on flat substrates, both for

18,19,23,9397.133 However there are very few

single component drops and binary solvent mixtures.
reports in the literature of drying mechanisms in banked structures; where drops sit in wells
and are surrounded by walls on all sides. Studies which have looked at drops drying within
banked structures have tended to look at the final deposit morphology or stills from the
drying, rather than imaging particle motion throughout the drying process.17:26:68134135
Looking at deposits alone is not useful in understanding drying as you gain no information on
the mechanisms behind transport or the way in which a deposit is formed. If the transport
mechanisms are not understood it is difficult to develop and implement strategies to control
deposit morphology. For inkjet printing to become a viable method for the production of
OLED devices it is necessary to understand the driving forces behind particle transport and

deposit morphology and so imaging particle transport throughout the drying process is

important.

This chapter focuses on particle tracking velocimetry (PTV) which allows calculation of average
particle velocities in different areas of the wells as well as giving qualitative information on the

1367135 There are limitations on PTV and the systems it can be used to

direction of particle flows.
investigate: the substrate and the solvent must be transparent as particles are viewed through
them (when imaged from below). For very thin droplets (as imaged here) the transparency of
the solvent is not as much of an issue as for thicker droplets. Particles should be spherical in
order to follow the flow streamlines, 3813713 and small enough to have no impact on the
drying process and remain suspended throughout drying. Particles also need to be small in
comparison to the depth of the liquid so that there are not large velocity gradients across
particles, but should be large enough that the intensity of forward scattered light is sufficient
for particles to be seen. Brownian motion cannot dominate convection over internal fluid
flows. 136137139 | picolitre sized drops, internal flows can be very rapid so high frame rates and
shutter speeds are required to track particles accurately. In the systems investigated in this
thesis, once the fluid dries below the level of the wall tops the 500 nm silica particles represent

a significant proportion of the fluid height. As the velocity within the fluid film will be different

at different film heights, once the fluid is below the level of the walls, particles will give at best
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a qualitative measurement of the average velocity across the height of the film (figure 3.1).

Velocity gradients across particles cause them to spin and introduce other forces.

The aromatic organic solvents discussed in this thesis presented some challenges in finding
suitable tracer particles: the solvents dissolved most polymer materials and had a similar
refractive index to most polymers (a difference in refractive index is essential for particles to
be visible through scattered light). The likelihood of Brownian motion being a factor in particle
movement also had to be considered. The diffusion coefficient of a particle (D) is given by the

Stokes-Einstein equation (chapter 1 equation 1.32).

Assuming a particle radius of 500 nm and fluid viscosity of 1 mPas, D =4 x 10® m?s?. The
mean Brownian displacement (xg) for a particle during one time bin 0.1t4 (approximately 2.5

s for methyl benzoate which is the slowest drying solvent) is then given by
Xg = V2Dt = 1.4 um (3.1).

The estimated mean Brownian displacement above is the maximum possible value as it has
been calculated for the slowest drying solvent. The value of 1.4 um is significantly less than
the distance travelled by particles in the radial direction in 0.1t4r for all solvents; so Brownian
motion can be assumed to have a negligible impact on particle transport in the radial direction.
Brownian motion is not negligible over the height of the drop and, for slower drying solvents,
particles will diffuse across the height of the well during drying. The average velocity
represented by a time bin will be an average over different fluid heights, fluid velocities
therefore need to be averaged across many tracks at each radial position. If the particles have
a non-uniform flow profile over the z direction they may diffuse into regions at different
speeds. Experiments have all been carried out under ambient laboratory conditions
(approximately 295 K and 1 atm pressure) and as such evaporation of the drops is assumed to

be diffusion limited.

Figure 3.1: A schematic diagram showing the different velocities experienced across a tracer particle
once the particle becomes a significant size compared to the film thickness. The length of the arrows is
proportional to the velocity of the flows.
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There can be a large difference in the drying behaviour and particle transport mechanisms on

18,19,23,93,97,133 Slngle SOIVentS

flat substrates between pure solvents and binary solvent mixtures.
drying on flat substrates tend to exhibit radial flows towards the contact line, driven by
capillary forces. Capillary flows compensate for evaporation of fluid from a drop with a pinned
contact line to maintain the spherical cap shape of the sessile drop.'®* When a co-solvent is
introduced to form a binary mixture, the mechanisms for particle movement switch to being
surface-tension driven.’” In a drop containing two solvents with differing surface tensions and
volatilities the more volatile solvent is depleted at the contact line (due to enhanced
evaporation there). When the solvents have different surface tensions, a depletion of one of
the solvents at the contact line causes a surface tension gradient across the drop surface and
flows are induced from areas of low to high surface tension. Induced flows then rapidly re-
circulate to maintain the spherical cap shape of the drop. Rapid re-circulation of flows has
been shown to combat ring stains in drying drops.’” In the case of OLED systems, experiments
will determine relative evaporation rates across drops and the effect of Marangoni forces
during drying. Marangoni forces on drops drying within wells have not yet been investigated

in the literature.

In this chapter, internal flows in picolitre sized droplets drying in banked structures are
studied. High-speed imaging of tracer particles in drops of five different solvents (anisole,
methyl anisole, methyl benzoate, mesitylene and o-xylene) has been attempted in order to
determine the driving forces behind particle transport in single solvent systems. Alongside
single solvents, particle flows present in binary solvent mixtures have also been investigated to
determine the effect co-solvents have on drying. The complete drying process was recorded
to give information about the driving mechanisms behind particle transport in banked

substrates, though imaging was not possible for all solvents in the end.
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3.2 Evaporation of Single Solvent Drops

This section reports the internal flows within single solvent, picolitre-sized droplets drying in

square wells. Anisole, methyl anisole, methyl benzoate, mesitylene and o-xylene were

suggested by Merck Chemicals as representative of solvents used to dissolve active OLED

materials in an industrial setting. Drops were printed and imaged as described in chapter 2

section 2.1. The properties of the solvents are shown in table 3.1. Silica particles aggregated

in o-xylene and mesitylene and could not be used to image flows in the pure solvents.

Table 3.1: Properties of solvents at 25 °C.

Solvent Surface Density/ Viscosity/ Vapour Diffusion
Tension/ gcm?3 mPa s Pressure/ | Coefficient of
mN m! kPa vapour in air/
m?stx10°

Anisole 34.967° 0.9907° 1.0017° 0.4777° n/a

Methyl anisole 32.84 0.971 n/a n/a n/a

Methyl 37.27°° 1.0857° 1.9587° 0.0517° n/a

benzoate

Mesitylene 28.057° 0.8617° 0.9167° 0.3277° 6.63140

o-Xylene 29.607° 0.8767° 0.7477° 0.8767° 7.271%0

Particle tracks for the first half of drying for each solvent are shown in figure 3.2; from the

tracks the contact line of the drop appeared to remain pinned throughout the drying process,

though it was not clear where on the bank the drops were pinned. It is likely the drops remain

pinned close to the top of the banks and this will be assumed for the discussion of results in

this chapter. Initial particle flows were radially outwards towards the contact line, similar to

the flows seen in single solvent drops drying on flat substrates. Due to the high density of

silica (2.65 g cm) relative to the solvents (~ 1 g cm?3), a large number of tracer particles

settled out on impact of the drop. With a calculated sedimentation rate of approximately

0.1 um s, sedimentation was not fast enough for particles to settle out during the drying

period. In order for inertial forces to be important Re must be >1. In the general case of

aromatic organic solvents and silica particles, Re = 1 — 5 and as such inertial forces could

drive silica particles to the substrate. Particles appeared to adhere to the substrate and

remain there for the rest of the drying period. The concentration of particles in the drop was

high enough that there was still particle movement until the end of drying in all solvents. The

initial stages of drying in single solvent drops did not show any particle recirculation and flows

were consistent with evaporation-driven convection towards the banks.*®
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Figure 3.2: Particle tracks for the early stages of drying (roughly the first half) in anisole (a), methyl
anisole (b) and methyl benzoate (c). Images were recorded at 1000 fps with a shutter speed of 1 ms for
anisole and methyl anisole and at a frame rate of 125 fps and shutter speed of 1.11 ms for methyl

benzoate. Blue spots represent particles which were stationary throughout the drying process, red
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Figure 3.3: Particle tracks for the late stages of drying (roughly the last third) in anisole (a), methyl
anisole (b) and methyl benzoate (c). Images were recorded at 1000 fps with a shutter speed of 1 ms for
anisole and methyl anisole and a frame rate of 125 fps and shutter speed of 1.11 ms for methyl
benzoate. Blue spots represent particles which were stationary throughout the drying process, red
spots represent the end of particle travel and yellow lines represent the direction of particle travel.

In the last third of drying, particle movement became concentrated towards the corners of the
wells (along the walls) in all three of the solvents (figure 3.3). There was not much particle
movement in the late stages of drying for the methyl benzoate drop as most particles had
stopped moving; methyl benzoate generally took 25—-45 seconds to dry and was the slowest
evaporating solvent. With an approximate sedimentation rate of 0.1 um s the particles
would settle over a distance of approximately 2.5 um in the drying time of a methyl benzoate

drop. With an initial drop height of 2 — 5 um, some sedimentation of particles is possible in the

case of methyl benzoate drops. Videos relating to figures 3.2 and 3.3 are videos 1-3 on the

attached disk.

The velocity profiles for the initial stages of drying (0.3-0.4 tqr) are shown in figure 3.4,

demonstrating radial flow towards the contact line. Faster particle movement at the contact
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line of the drop suggests evaporation was enhanced here. Measured velocities were generally

highest in the corners of the wells; evaporation was enhanced at the corners compared to the

straight edges as there was more free space for vapour to diffuse into. Particle velocities were

slower for the less volatile methyl benzoate drop than for the more volatile anisole and methyl

anisole drops.
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Figure 3.4: Velocity profiles between 0.3 — 0.4 tary in anisole (a), methyl anisole (b) and methyl benzoate

(c). Images were recorded at 1000 fps with a shutter speed of 1 ms for anisole and methyl anisole and

at a frame rate of 125 fps and shutter speed of 1.11 ms for methyl benzoate.
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Figure 3.5: Velocity profiles between 0.7 — 0.8 tary for (b) methyl anisole and between 0.8 — 0.9 tqry for (a)
anisole and (c) methyl benzoate. Images were recorded at 1000 fps with a shutter speed of 1 ms for
anisole and methyl anisole and a frame rate of 125 fps and shutter speed of 1.11 ms for methyl
benzoate.

The velocity profiles for the later stages of droplet drying (0.7-0.8 tqry or 0.8-0.9 tqr,) are shown
in figure 3.5. Particle speeds generally increased as the liquid film thinned and particle
movement was concentrated towards the corners of the wells. Once again, particle velocities
were slower in the methyl benzoate drop than in the anisole or methyl anisole drops. Faster
particle movement towards the end of drying suggested flows were capillary driven as capillary
forces are strengthened in thin films. The strength of capillary forces within a film is
determined by the Laplace pressure; as the film thins the radius of curvature decreases due to
the pinning of the drop at the wall tops (figure 3.6) and the strength of capillary pressure
increases (equation 1.10). If constant mean curvature was maintained across the drop surface
after the drop dried past flat it would soon cut the base of the wells, it is evident from drying

images that this did not happen. Therefore the centre of the fluid must flatten out in the later
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stages of drying before curving up to the bank tops (figure 3.6). As the curvature in the
corners of the wells was greater than that along the straight edges, the increased capillary
pressure towards the corners of the wells that would result also explains the concentrated

movement towards the corners in the later stages of drying.

The particle tracks and velocity profiles showed the same pattern of movement for all three
solvents, the only real difference being the speed of particle movement. The faster drying
solvents gave faster particle movement during the drying. The particle tracks from single
solvents are consistent with enhanced evaporation near a pinned contact line and in the
corners of the drop, compared to the apex. To determine the full mechanisms behind particle

transport however it is necessary to have information on the drop profile during drying.

N

Figure 3.6: A schematic diagram showing the changing radius of curvature as the drying film thins.
Darker blue lines represent later stages in the drying process.
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3.3 Evaporation of Binary Solvent Systems

In this section the internal flows within binary solvent droplets of anisole + methyl benzoate

and anisole + mesitylene drying in square wells are reported and the results are compared to

the single solvent data. The drops were printed and imaged as described in chapter 2 section

2.1. When mixed with anisole the silica particles did not aggregate in the presence of

mesitylene so particle tracking was possible.

Figures 3.7 and 3.8 show the surface tension and density as a function of composition for the

two mixtures. Figure 3.7a does not show a smooth change in surface tension with increasing

proportions of methyl benzoate, indicating non-ideal behaviour. The dip in surface tension

and density at a proportion of 0.6 of methyl benzoate is not physically plausible and as such

cannot be accurate. Repeats of this data set were taken both with the same sample and a

different sample; all showed this dip. It is therefore likely the dip was a result of an error

beyond the readings taken on one particular sample. The data in figure 3.7b show a smooth

change in surface tension with increasing proportions of mesitylene, so not discounting ideal

behaviour of the solution.
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Figure 3.7: The relationship between surface tension and composition for the anisole + methyl benzoate

(a) and anisole + mesitylene (b) mixtures. Proportions are quoted as a volume %. Error bars show the

standard deviation in measurements. If error bars are not visible they are smaller than the size of the

data points.
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Figure 3.8: The relationship between density and composition tor the anisole + methyl benzoate (a) and
anisole + mesitylene (b) mixtures. Proportions are quoted as a volume %. The systematic error
associated with density measurements was + 0.001 g cm™.

The relationship between density and proportion of methyl benzoate in figure 3.8a should be
smooth and as such the dip at 0.6 is unexpected. Density measurements on another anisole +
methyl benzoate sample also showed this dip, though it was less severe. The presence of the
dip is most likely due to errors outside the random errors associated with the measurements.
To determine whether an error in density measurement had caused the dip at 0.6 in figure
3.7a the measured densities were plotted against the measured surface tensions. As density
was used to determine the surface tension of the solutions, errors in density measurement
would give errors in surface tension measurement. If an error in density was the cause of the
dip at 0.6 in figure 3.7a the relationship between density and surface tension would be
smooth. Figure 3.9 shows a linear relationship, though there was some spread in the data.
Therefore the dip in surface tension at 0.6 in figure 3.7a is a consequence of an error in density

measurement for that solution.
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Figure 3.9: Plot showing the measured densities against the measured surface tensions for the anisole +
methyl benzoate mixture. Error bars show the standard deviation in measurements. If error bars are
not visible they are smaller than the size of the data points.
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Figure 3.10: VLE curves'*! for the anisole + methyl benzoate (a) and anisole + mesitylene (b) mixtures.
The apparent steps in the data are the result of numerical limitations in the computations.
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Figure 3.11: Proportion of each solvent in the vapour phase relative to the liquid phase for the anisole +
methyl benzoate (a) and anisole + mesitylene (b) mixtures. The apparent steps and divergence in the
data are a result of numerical limitations in the computations4*.

The vapour-liquid equilibrium (VLE) curves for anisole + methyl benzoate and anisole +
mesitylene mixtures are shown in figure 3.10. These curves are calculated from Hansen
Solubility Parameters (HSPs) and compared with the ideal behaviour. Apparent steps and
divergence in the data are a result of numerical limitations in the computations. The anisole +
methyl benzoate mixture shows deviations from ideal behaviour whereas the anisole +

mesitylene mixture shows ideal behaviour. Figure 3.11 shows the ratio of solvents in the
vapour phase to the liquid phase, Y/X' where Y is the proportion of the solvent in the vapour

phase and X is the proportion of the solvent in the liquid phase for the two mixtures at all
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compositions. Assuming the vapours are ideal, which is reasonable as we are a long way from
the boiling points of the solvents and the vapour density is low, the larger Y/X value tells us
which of the solvents is evaporating more quickly relative to the bulk concentration. In the
case of both anisole + methyl benzoate and anisole + mesitylene, the calculations confirm the
anisole is evaporating more quickly relative to the bulk at all proportions. However, in the case
of anisole + mesitylene, as the vapour pressures of anisole and mesitylene are similar the

difference in evaporation rates is not likely to be large.

The mixtures were chosen to give surface tension gradients, and so Marangoni stresses, in
opposite directions. Anisole is the more volatile component in both mixtures so will be
depleted at the contact line relative to the apex. Anisole has a lower surface tension than
methyl benzoate so the highest surface tension in this mixture should be at the contact line
with a lower surface tension at the apex, giving potential Marangoni recirculations as shown in
figure 3.12a. In the case of anisole + mesitylene, anisole has the higher surface tension, so
giving a higher surface tension at the apex of the drop relative to the contact line. Therefore
anisole + mesitylene mixtures would be expected to give Marangoni recirculations as shown in

figure 3.12b.

(a) (b)

o low o high

Figure 3.12: Schematic diagrams showing the potential direction of Marangoni flows in the anisole and
methyl benzoate (a) and anisole and mesitylene (b) mixtures.

Particle tracking experiments for both solvent mixtures appeared to show the same pattern of
particle movement during drying as the single solvents, there was no evidence of Marangoni
driven flows in either case (figures 3.13 and 3.14). Both the particle tracks and velocity profiles
suggested evaporation rate was enhanced at the contact line (and especially in the corners)
relative to the apex of the drop and radial flow was apparent in the initial stages of drying. The
pattern seen in single solvents of concentrated particle movement along the edges of the wells
towards the corners was apparent in the later stages of drying. Videos relating to figure 3.13

are videos 4 and 5 on the attached disk.
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Figure 3.13: Particle tracks for the early (a) and late (b) stages of drying (early is first half of drying, late is
last third of drying) in the anisole + methyl benzoate mixture (1) and the anisole + mesitylene mixture
(2). Images were recorded at 750 fps with a shutter speed of 1.25 ms for the anisole + methyl benzoate
mixture and at a frame rate of 1000 fps and shutter speed of 1 ms for anisole + mesitylene mixture.

Blue spots represent particles which were stationary throughout the drying process, red spots represent
the end of particle travel and yellow lines represent the direction of particle travel.
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Figure 3.14: Velocity profiles for the anisole + methyl benzoate mixture (1) and the anisole + mesitylene
mixture (2) in the early stages of drying (0.3 — 0.4 tary) (a) and the lates stages of drying (0.5 — 0.6 tary for
anisole + methyl benzoate and 0.8 — 0.9 tary for anisole + mesitylene) (b). Images were recorded at

750 fps with a shutter speed of 1.25 ms for the anisole + methyl benzoate mixture and at a frame rate of
1000 fps and shutter speed of 1 ms for anisole + mesitylene. The central arrow shows the velocity scale
for all four profiles.

The absence of recirculatory flows in drying binary mixtures was not necessarily indicative of
the absence of surface tension gradients (though this is one possibility); a number of factors
could have had an influence on the drying behaviour. It is possible Marangoni flows were not
dominant over capillary flows, even if surface tension gradients were present. We could be

observing Marangoni flows superimposed on larger capillary flows. In the case of methyl

benzoate, Pe <« 1 so diffusion will average out compositional gradients.

One factor which is likely to have had an impact on the formation of recirculatory flows was
the relatively small amount of fluid each well could hold. The banks on the square substrates

were untreated and so, due to the low surface tension of the solvents, did not retain fluid
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within the well. Poor retention of the fluid meant the drop did not extend very high above the

2
bank walls (5 um at most). Viscous drag in a liquid film goes as (Z—Z) , at the low Reynold’s

numbers relevant to the systems imaged here, Marangoni stresses and viscous drag forces are
balanced. So at small film thicknesses (low drop heights) the velocity of Marangoni flows is
also low; however the velocity of capillary flows accelerates as a film thins in the case of a
pinned contact line. Therefore at low drop heights the velocity of capillary flows is likely to be

competitive with the velocity of Marangoni flows and either could dominate particle transport.

One also needs to consider the size of the silica tracer particles relative to the film thickness.
Once the drop reaches the level of the banks (1.5 um) the 500 nm silica particles represent a
significant proportion of the film thickness and they no longer represent the flow profiles
correctly. As the silica particles show an average over different heights within the fluid film

any flows present cause the particles to rotate, giving extra forces.
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3.4 Gold Particles

The 500-nm silica particles used in tracking experiments do not accurately represent flow
profiles once the fluid film dries below the level of the banks, as they become a significant size
compared to the thickness of the film. Silica particles smaller than 500 nm in radius are not
visible with the current illumination source as silica is not very strongly scattering and the
intensity of forward scattered light reaching the camera is insufficient to be seen. To use
smaller silica particles a more intense light source would be necessary. Gold on the other hand
is strongly scattering and easier to view under a microscope due to localised surface plasmon
resonance (LSPR).1#271% Syrface plasmon resonance (SPR) is the coherent oscillation of
electrons within the conduction band of some materials such as gold.'**"14* QOscillations occur
on excitation with electromagnetic radiation (visible light in this case). When the light source
is interacting with particles much smaller than its wavelength (as is the case here) plasmon
oscillations occur locally around the particles in question, known as localised surface plasmon
resonance (LSPR).}271% The presence of LSPR in gold nanoparticles enhances the amount of
light seen as forward scattered light in particle-tracking measurements, and so it is possible to

see gold particles of a smaller radius than particles from most other materials.

In order for particles to accurately follow fluid flows once the drop dries below the bank walls,
they need to be a size of the order of tens of nm. Gold represented the only realistic option
for particles which would still be visible with the current experimental set-up; 50 nm gold
particles were investigated as possible tracer particles, however, as the lowest resolvable
particle size (due to the pixel size on the camera) was of the order of 400 nm the gold particles
would appear to be approximately 400 nm in diameter. The limit on pixel resolution also
meant it was not possible to tell whether one particle was being tracked or whether
aggregates of particles were present within that pixel space. In these experiments, 50-nm gold
particles were dispersed in anisole as described in chapter 2 section 2.2 and particle tracking

was attempted.

Initial experiments used flat substrates (glass cover slips) to determine whether the particles
were visible under the inverted microscope. A Pasteur pipette was used to place a large drop
(the order of millimetres) of anisole containing 50-nm gold nanoparticles on the glass surface.
Cover slips were cleaned before use as described in chapter 2 section 2.3. No particles could
be seen in the bulk of the fluid, however once the plane of focus was altered to the substrate
rather than the drop it became apparent the gold particles were adhering to the glass (figure

3.15). On observing the glass vial the particles were provided in, it was obvious the particles
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had also been sticking to the glass in the vial. Adhesion between the particles and the glass
was occurring and no tracking experiments could take place. However the particles could be
seen which was encouraging. As the banked substrates (square) were coated in an ITO film
over the glass base, some drops were printed onto the square substrates to determine
whether the gold nanoparticles would also adhere to the ITO. On printing the drops it was
apparent all particles were adhering to the ITO base as they had been on the glass cover slips.
The sedimentation rate of the gold particles in the anisole was approximately 25 nm s and as
such it is not likely they were settling out during the drying time. However, D ~1 X 10711 m?
s for the gold nanoparticles and as such they will diffuse ~4 umin 1s. The particles will

therefore diffuse along the depth of a printed drop in ~1 s and adhere to the substrate.

100 pm

Figure 3.15: Image showing the gold nanoparticles adhered to the glass cover slip after a large drop had
been pipetted onto the surface. The fluid was still present when the images were taken but no particles
were suspended in the fluid. The large bright areas were a result of scratches on the glass.

To prevent nanoparticles from adhering to the glass, the cover slips were treated to make
them hydrophobic (as described in chapter 2 section 2.3). Once again large drops were
deposited onto the cover slips using a Pasteur pipette. The treatment of the substrates did
prevent the particles from adhering to the surface and they could be seen moving through the
fluid. However the intensity of forward scattered light was too low to track the particles at
sensible frame rates. Particles could be seen well enough to track at a frame rate of 50 fps
with as long a shutter time as possible (20 ms) but the frame rates necessary for particle
tracking were up to 2000 fps depending on the solvent used. When the frame rate of the
camera was increased past 50 fps and consequently the shutter time was reduced the particles
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were no longer visible in the images. To make particles visible at higher frame rates a more

intense light source is necessary.

Silanisation of the square wells was attempted as described in chapter 2 section 2.3 to prevent
particles from adhering to the ITO. A number of different timescales for treatments were
tested and coating was attempted both in solution and in the gas phase. Unfortunately all of
the methods for silanisation were unsuccessful; in all cases the polymer from the bank walls
appeared to have dissolved and been re-deposited in clumps on the base of the wells (figure
3.16). Therefore we have not been able to treat bank structures sufficiently to make them
hydrophobic and as such the gold nanoparticles continued to adhere to the base of the wells.
Even with a more intense illumination source, particle tracking within the bank structures will

not be possible until the adhesion between the ITO and the particles is prevented.

50 pum

Figure 3.16: Image showing the deposits of bank wall material left on the base of the square substrates
after silanisation of the surface had been attempted.

78



3.5 Summary

Particle tracks for all single solvents within square wells exhibited the same behaviour: initial
radial flow followed by concentrated particle movement towards the corners of the wells in
the later stages of drying. The initial radial flow in all solvents was due to the pinning of the
contact line and akin to the evaporation of drops on flat substrates. The reason for
concentrated particle movement towards the corners of the wells at the end of drying was
likely due to the two dimensional curvature in the corners relative to the one dimensional

curvature along the straight edges.

Particle tracks for two solvent mixtures were investigated: anisole + methyl benzoate and
anisole + mesitylene. Both mixtures showed the same pattern of particle movement during
drying as the single solvents, with initial radial flow followed by concentrated movement
towards the corners of the wells. The ideality of the mixtures was considered: anisole +
methyl benzoate exhibited non-ideal behaviour whereas anisole + mesitylene showed ideal

behaviour.

The use of 50-nm gold particles as tracer particles was considered as silica particles were no
longer following flows once a < h (ie. once the fluid dried below the level of the banks). Gold
particles were visible but not at frame rates high enough to enable particle tracking and
adhered to the bare glass and ITO substrates. Treatment of the substrates was necessary to

prevent adhesion; the banks did not survive the silanisation treatment.

None of the data collected for this chapter was particularly surprising; thus far drops drying in
banked structures appear to behave in a manner similar to those on flat substrates. The
contact line is pinned and flows are mainly radially outwards towards the contact line with

enhanced flow towards the corners of the wells.
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4. Drop Profile Development During Drying

4.1 Introduction

Predicting the final deposit morphology of inkjet printed drops is essential for most
applications. When printing active materials for OLED devices, a knowledge of the
mechanisms behind drying is necessary to produce commercially viable devices. The PTV
carried out in chapter 3 was not very informative about the way drops dry within wells. An
understanding of the drop profile, h(x,y), during drying and where the contact line is pinned (or
not) is helpful in determining the mechanisms behind particle transport and final deposit
morphology. Studies of drops drying on flat substrates have shown the pinning of the drop as
it dries is an important factor in deposit morphology; more specifically the drying mode
determines whether or not a ring stain forms.'®° Therefore it is important to know whether or
not the contact line recedes across the ITO base during drying , which is undesirable in the case
of OLEDs, but also whether the contact line moves up and down the banks during drying

(determines the sign of curvature at the interface).

This chapter reports the use of interferometry to provide real-time information on the
changing drop profile during drying. Interferometry allows the height of the drop to be
mapped across the majority of its surface at all times during the drying, so giving a three-
dimensional picture of the profile.!?® Solvents are compared and differences related to solvent
properties. The LED used for interferometry has a finite coherence length, which limits the
drop height that can be resolved.’?” As the coherence limit of the light source is approached
the miscounting of fringes in the analysis can occur and the data appears to be noisy for early
drop profiles. Measurements taken early on in this investigation used light with a coherence
length of approximately 7 um and consequently early profiles for these measurements appear
quite noisy. Later, a narrow-width bandpass filter was used to double the coherence length to
approximately 15 um and early drop profiles became much smoother. Fringes close to the
walls cannot be resolved late in the drying because they are too closely spaced. However, if
the film height in the centre of the wells is known, extrapolation back to the walls can be
performed by manually counting the fringes outwards in individual frames. Extrapolation back

to the walls has been carried out for selected data throughout this thesis.

In this chapter the drying of six organic solvents in wells is discussed. The complete drying
process was recorded in each case to build up a three-dimensional drop profile with time.
Drying was recorded in all three substrate geometries (square, oval and circular) though the

majority of the measurements were in the square wells.
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4.2 The Effect of Drying Speed on Drop Profile in Square Wells

Drops were printed and imaged as described in Chapter 2 section 2.1 and analysis of the
images was carried out as described in section 2.5. Square substrates were used as described
in section 2.3. The solvents investigated were anisole, methyl anisole, dimethyl anisole,
methyl benzoate, mesitylene and o-xylene. The properties of the solvents are shown in table

4.1.

Table 4.1: Properties of aromatic solvents at 25 °C.

Solvent Surface Density/ g cm™ | Viscosity/ mPas Vapour
Tension/ Pressure/ kPa
mN m™?!

Anisole 34.967° 0.9907° 1.0017° 0.4777°
4-methyl anisole 32.88 +0.05 0.971 n/a n/a
3,4-dimethyl 32.41 +0.05 0.962 n/a n/a
anisole
Methyl benzoate 37.277° 1.0857° 1.9587° 0.0517°
o-xylene 29.607° 0.8767° 0.7477° 0.8767°
Mesitylene 28.057° 0.8617° 0.9167 0.3277°

The drop profile in the early stages of drying was the same for all solvents; the drop sat above
the walls in the shape of a quasi-spherical cap with distortions near the walls to maintain

constant mean curvature (figure 4.1a).

Data for the drying of all solvents is provided in appendix A though only data for the extremes
of behaviour are shown here. The initial quasi-spherical cap shape of the drop, combined with
the apparent pinning of the contact line to give a constant contact area, explains the presence
of the radial flows seen in the particle tracks from the early stages of drying.'®° After the
initial quasi-spherical cap was formed, drops for all solvents then dried down with a pinned
contact line towards the level of the bank tops (figure 4.1b) as the corners of the banks were
lower in height than the straight edges the fluid was never completely flat. For all solvents the
contact line then remained pinned at or near the top of the banks until the final stages of

drying, when the fringes can no longer be resolved.
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50 pm

Figure 4.1: Images showing a dimethyl anisole drop sitting above the walls in the form of a quasi-
spherical cap (a) and the same drop then at the same level as the bank tops (b).

The pinning of the drops at the bank tops makes the later stages of evaporation within wells,
which are many times wider than they are tall, analogous to the drainage of thin liquid foam
films which have planar lamellae between tightly curved Plateau borders. Drainage of the thin
film is driven by the negative capillary pressure in the curved region. In a foam the liquid then

drains, through the network of plateau borders, by gravity. Here it is lost by evaporation.

Many researchers have developed models which describe transport processes within draining
thin films. Reynolds'** developed a solution for Newtonian fluids flowing between two
parallel-plane disks that were being forced towards one another. Reynolds’ theory has been
applied by a number of researchers.*®%7 Experimental observations of draining thin liquid
films have shown they are often of non-uniform thickness, a thick region or “dimple” forms in

the centre separated from the Plateau border by a thinner “barrier ring” . 148-150

In 1962 Frank and Mysels!* presented a hydrodynamic theory for the profile and evolution of
a dimple. They found the rate of thinning in the barrier ring was similar to that predicted by
Reynolds but the rate of thinning in the centre was much slower. The model presented by
Frank and Mysels was in reasonable agreement with the experiments carried out by Platikanov

in 196414

In 1992, Joye et al*>° developed a model to describe the entire process of dimple formation
and drainage which was in agreement with experiments by Scheludko.?®! Joye et al used a
dimensionless parameter, Cg, to represent the ratio of the modulus of the maximum curvature
in the dimple to the modulus of the curvature in the meniscus, analogous to the radius of
curvature of the drop as a whole. As Cg was proportional to the half-thickness in the centre it
did not remain constant during the draining process. The radius of curvature in the dimple
represents the driving force for flows from the centre to the periphery of the drop whereas the
curvature in the meniscus represents the driving force for flows from the periphery to the

meniscus of the film (figure 4.2). If the radius of curvature in the dimple is bigger than the
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curvature in the meniscus, more liquid is pushed out of the periphery into the meniscus than
can be compensated for by the amount drained from the centre due to capillary suction and a
dimple forms. The argument by Joye at al does however suggest a dimple should always form

as if there is no dimple the radius of curvature in the dimple is 0.

N
=)
3
S
)

Meniscus

Figure 4.2: A schematic showing the location of the dimple, periphery and meniscus of the film

according to Joye et al.

Once the drop dried below the level of the wall tops the profile of the film became highly
dependent on the evaporation rate of the fluid. For the slower drying solvents (dimethyl
anisole, methyl benzoate and mesitylene) the drop remained pinned at the wall tops and took
the shape of an inverted quasi-spherical cap. In the last quarter of drying the centre of the
drop then flattened out to give a flat central region which curved steeply upwards at the edges
to the wall tops. This flattening was likely because as the film thins the resistance to flow
increases and a larger Laplace pressure difference is needed to drive capillary flow to the
edges. Consequently the mean curvature in the centre of the well decreases. Images from
drying and the profile of a dimethyl anisole drop at different stages during drying are shown in
figure 4.3; it showed a U-shaped final film profile. The video relating to figure 4.3 is video 6 on
the attached disk. The profile in the later stages of drying provided an explanation for the
particle movement seen in Chapter 3 as at the end of drying there was only fluid left around
the edges of the wells. Concentration of particle movement towards the corners was a result
of curvature in the drying film; the pinning of the drops at the wall tops resulted in a negative
Laplace pressure across the drop surface which caused drainage from the centre of the wells
towards the edges. In the corners the curvature was two-dimensional compared to the one-
dimensional curvature along the straight edges and so movement became concentrated

towards the corners.
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To determine where the drop is pinning on the banks, extrapolation of the data can be
performed. The image at 20 s in figure 4.3a is analogous to the curve at 20 s in figure 4.3b.
The height of the film in the centre of the wells in this image is 0.39 um. If we count the
fringes in the image from the centre to the banks, the height can be extrapolated to the banks.
There are seven bright fringes between the centre and the contact line, which equates to a
change of 1.1 um in height. As the film in the centre of the wells is 0.39 um deep the film
height at the contact line is therefore 1.49 um, which is the height of the banks. Therefore the
drop appears to be pinning at the wall tops. The same extrapolation for the image and plot at
30 s gives a film height at the walls of 1.4 um; suggesting the fluid recedes slightly down the

wall during drying but only in the late stages of drying.
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Figure 4.3: Images showing the progression of a drying dimethyl anisole drop (a) and a plot showing a
cross section of the profile throughout the drying (b). Images were recorded at 50 fps with a shutter
speed of 1 ms. In the image sequence zero time has been defined as when the fluid is on average level
with the banks. Total drying time for the drop was 77 s. Cross sections were taken horizontally across
the centre of the drop.
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Figure 4.4 shows the change in height of the dimethyl anisole drop in the centre (X in figure
4.3a) compared with the top left intermediate region (Y in figure 4.3a). Figure 4.4 shows that
the rates of thinning are almost constant until t ~ 10 s with the rate of thinning being faster in
the centre than at the edge despite faster evaporation near the edge. Therefore there must
be outward capillary flows present in the drying drop. At t = 10 s the thinning in the centre
seems to accelerate before it slows down sharply at t = 15 s and hence the thinning at the

edge accelerates (since the total evaporative flux is approximately constant).

3.5

Height/ um

Time/ s

Figure 4.4: The relationship between drop height and time for the dimethyl anisole drop imaged in
figure 4.3 in the centre (blue, location marked by X in figure 4.3a) and the top left intermediate region of
the drop (red, location marked by Y in figure 4.3a).

The more volatile solvents (anisole, methyl anisole, o-xylene) dried in a different way. The
drop still remained pinned at the wall tops but, as drying progressed, a dimple formed in the
centre of the wells whereby thinning became fastest in the intermediate regions and slower in
the centre (figure 4.5). The dimple often began to form before the drop had dried below the
level of the banks. The plotin figure 4.5b shows the faster drying solvents had the thickest
fluid region in the centre of the well and at the edges with the thinnest fluid region in the
intermediate areas, giving a W-shaped final film profile. The video relating to figure 4.5 is video
7 on the attached disk. Extrapolation of the image and curve at 0.4 s in figure 4.5 gives a film
height at the walls of 1.32 um suggesting the fluid has receded down the banks slightly during
drying though the banks may not all be identical, the 0 s image in figure 4.5a gives a height of

~ 1.4 um which suggests the bank height is slightly lower than the quoted 1.5 pum.
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Figure 4.5: Images showing the progression of a drying anisole drop (a) and a plot showing a cross
section of the profile throughout the drying (b). Images were recorded at 500 fps with a shutter speed
of 1.11 ms. In the image sequence zero time has been defined as when the average height of the drop is
equal to the average height of the bank. Total drying time for the drop was 4 s. Cross sections were
taken horizontally across the centre of the drop.

Evaporation of a drop with a pinned contact line causes a Laplace pressure from the centre
towards the edges to drive a flow of liquid, giving less negative curvature in the centre of the
well than at the edges. This is true of all solvents and seen by the flattening of the centre of
the film in slower drying solvents. The initial non-uniformity then appears to be amplified in
the fast drying solvents as drying progresses to give dimple formation (figure 4.6). Dimple
formation in fast evaporating drops within wells is analogous to the dimple formation reported

by Joye et al**° .
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Figure 4.6: Schematic diagrams of capillary drainage from the centre of the wells (top) and consequent
dimple formation in the faster drying drops (bottom).

Figure 4.7 shows the change in height of the anisole drop in the centre (X in figure 4.5a)
compared with the top left intermediate region (Y in figure 4.5a). It shows that the centre of
the drop is higher than the intermediate regions for the entire drying process, unlike the data
in figure 4.4. The data in figure 4.7 is consistent with the pinning of the drop at the bank tops
and W-shaped profile progression from there. The rate of thinning in the centre was initially
faster than the intermediate regions until t = —0.3 s where the rate of thinning became equal.
At t = 0 s the rate of thinning in the centre became slower than in the intermediate regions for

most of the remainder of drying.
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Figure 4.7: The relationship between drop height and time for the anisole drop imaged in figure 4.5 in
the centre (blue, location marked by X in figure 4.5a) and the top left intermediate region of the drop
(red, location marked by Y in figure 4.5a).

Thus far the solvents investigated have been separated into fast and slow drying solvents but

in reality the distinction between ‘fast’ and ‘slow’ is gradual. The evaporation rate of the
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printed drops was influenced by a number of factors including the ambient temperature and
the distance between the printing nozzle and the drying drop (which affects the solvent vapour
pressure around the drying drop). The most important factor in determining the shape of the
film profile during drying was the speed at which the drop evaporated under experimental
conditions and not the identity of the solvent. To determine the relationship between dimple
formation and evaporation rate, the maximum dimple height (hmax) was measured for each
drop. hmax Was defined as the maximum difference between the highest and lowest points on
the dimple during the drying process (figure 4.8). As there was some uncertainty in the initial
drop volume due to variability in the volume of droplets delivered by the nozzle the mean
evaporation rate was estimated by the difference in time from when the average height of the
fluid was equal to the height of the bank to when the fluid was completely dry, divided by the
wall height (1.5 um in the square substrates). As the well size was constant, if the fluid just
filled the wells the volume was also constant. hme is plotted against evaporation rate in figure

4.9.

Figure 4.8: A schematic diagram showing the definition of hmax for solvents which dry to give a W-shaped

film profile.

88



0.7

([ ]
0.6 A o °
o0 [ J
[ ]
0.5 A
[ ]
E 04 b e [ J
=
=
£ °
< 0.3 A
[ 4
P L]
' X
02 qe® °
L]
o &
o o o
01 ] = o
° “ o
Y
J
o " T T €0 <5 T T T
0 0.5 1 15 2 2.5 3 3.5

Evaporation Rate/ um s!

Figure 4.9: The relationship between hmax and evaporation rate for anisole (blue), methyl anisole (red),
mesitylene (green), o-xylene (black), methyl benzoate (pink) and dimethyl anisole (orange) drying in
square wells. Each point represents a single drop, open symbols showed qualitative differences in the
drop profile during drying.

Figure 4.9 shows that hnmq increases with increasing evaporation rate independent of the
identity of the solvent. Each point on the plot in figure 4.9 represents a measurement on a
single drop; each solvent was imaged over a minimum of 3 different days with 5
measurements per day. Some of the solvents gave both U- and W-shaped final film profiles
depending on the drying speed on the day, suggesting the evaporation rate was the important
factor in profile development and not the identity of the solvent. The open symbols for o-
xylene in figure 4.9 fell outside of the overall trend and showed a qualitative difference in the
drying profile; these drops drained from the centre of the wells to give an M-shaped profile
(figure 4.10). The centre of the drops dipped below the level of the banks before the edges
had reached that level, showing apparent enhanced drainage from the centre of the drop. The
Laplace pressure in the drying drop opposes M-shaped profiles so another mechanism must be
responsible for giving enhanced drainage from the centre of the well. Possible external factors

that could have influenced the drying of o-xylene drops are discussed in section 4.4.
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Figure 4.10: Schematic diagram showing the M-shaped profile progression observed in some of the

drying o-xylene drops.

In summary, single solvents exhibit two drying profiles: U-shaped and W-shaped. The
maximum height of the dimple in the W-profile increases with increasing evaporation rate.
One of the key factors in profile development from drops printed into wells was the rate of
evaporation combined with the pinning of the drop contact line. The behaviour in square
wells contrasts with droplets on flat substrates, where the mode of drying is not controlled by
the evaporation rate under isothermal conditions. The behaviour does however have

analogies in the drainage of soap films.
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4.3 Other Substrate Geometries

The data taken from the square substrates showed that the speed of evaporation determined
whether or not a dimple formed during drying. However the square well geometry is not
industrially relevant nor is it axisymmetric, which would be easier to model analytically or on a
computer. This section describes the drying of single solvent drops within other well
geometries. Drops were printed and imaged as described in Chapter 2 section 2.1 and analysis
of the images was carried out as described in section 2.5. The substrates used were the oval
and circular geometries described in section 2.3. Oval substrates had dimensions of 64 x 212
pum and circular substrates had a diameter of 134 um. The oval shaped wells are industrially
relevant so it is important to know whether the mechanisms behind drying are the same in
oval wells and square wells. The circular wells are an axisymmetric system which provides
data for comparison with axisymmetric models. The same solvents were investigated in all

three geometries (section 4.2).
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Figure 4.11: The relationship between hmax and evaporation rate for anisole (blue), methyl anisole (red),
mesitylene (green), o-xylene (black), methyl benzoate (pink) and dimethyl anisole (orange) drying in oval
wells. Each point represents a single drop, open symbols showed qualitative differences in the drop

profile during drying.

Figure 4.11 shows the relationship between h,,.x and evaporation rate for the oval wells;

overall they show a similar pattern of drying to the square substrates (figure 4.9) whereby slow
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drying drops gave U-shaped deposits and fast drying drops gave W-shaped deposits. The
relationship between hm. and evaporation rate did depend on geometry. In the oval wells
(figure 4.11) faster evaporation rates were necessary to give dimple formation than in the
square wells (1.4 um s as opposed to < 0.5 um s?). Above this evaporation rate, Amax
increased with evaporation rate up to 2.4 um s. For still faster evaporation the mode of
evaporation changed to the M-shaped profile development seen in some o-xylene drops in the
square wells, suggesting another mechanism was dominating profile development. There was
a sharp transition between drying speeds which did not give dimple formation and those
which did. The sudden switch from U-shaped to profile development to W-shaped
development was different to the gradual appearance of W-shaped profile development in
square wells (figure 4.7). Figures 4.12 and 4.13 show two film profiles for oval wells, one of
which shows dimple formation and one which does not. As in the square wells the drops pin
at the edges to give a constant contact area, though in the case of the oval wells the drops
appeared to recede down the walls during drying as the curves do not all extrapolate back to
the same point. Both figures 4.12b and 4.13b show flat topped film profiles for the earliest
curves, in the case of the oval wells curvature was in the short dimension. In the oval wells,
hmax Was much smaller than in square wells (maximum value of 0.18 um as opposed to > 0.6
pum) and the profile progression was different along the long and short dimensions of the pixel
(figure 4.14b). No dimple was seen across the short dimension regardless of evaporation rate,
most likely due to the small distance the fluid had to travel. Drainage due to the curvature in
the film could come from the centre of the well in the short dimension where the distance the
fluid had to travel was relatively short but could not come from the centre in the long
dimension. It is also possible fluid which drained sideways out of the dimple could then drain
along the long edge of the pixel through the meniscus. A second drainage pathway could
provide an explanation as to why hmaxvalues were smaller in oval than square wells as could
the low level of curvature of the fluid in the oval wells compared to the square wells. It is
important to note that the wall height in the oval wells was 2 um as opposed to the 1.5 um in

square wells.
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Figure 4.12: Images (a) and plots of profile progression (b) for dimethyl anisole in oval wells. Cross

sections were taken vertically down the long dimension of the pixel. Total drying time for the drop was

16s.
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Figure 4.13: Images (a) and plots of profile progression (b) for anisole. Cross sections were taken
vertically down the long dimension of the pixel. Total drying time for the drop was 5 s.
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Figure 4.14: (a) An image of an oval pixel showing the long dimension (red arrow) and the short
dimension (yellow arrow) and (b) a plot showing the profile progression along the short dimension of
the anisole drop depicted in figure 4.12.
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Figure 4.15: The relationship between hmax and evaporation rate for anisole (blue), methyl anisole (red),

mesitylene (green), o-xylene (black), methyl benzoate (pink) and dimethyl anisole (orange) drying in

circular wells. Each point represents a single drop, open symbols showed qualitative differences in the

drop profile during drying.

Figure 4.15 shows the relationship between h,q. and evaporation rate for the circular wells:

hmex Showed a gradual increase with evaporation rate rather than a sudden switch in behaviour

from a U-shaped to a W-shaped profile. Examples of U- and W- shaped profiles from circular
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wells are shown in figures 4.16 and 4.17. In circular wells the bank height was approximately
1.3 um though it was not consistent from well to well. It appeared the drops drying in circular
wells remained pinned at the bank tops throughout drying. The behaviour in the circular wells
was more akin to the square wells than the oval wells. The axisymmetric nature of drops
drying in circular wells could be used to confirm theoretical models and to compute behaviour
in oval wells. Once again, qualitative differences were seen in the drying of some o-xylene
drops in both oval and circular wells, highlighted by the open symbols in figures 4.11 and 4.15.
The o-xylene drops highlighted gave M-shaped profile development as in the square wells.
The M-shaped profile progression in all three geometries appeared to be governed by forces
other than the pinning of the drops at the wall tops and the rate of evaporation. The

mechanisms behind anomalous drying of o-xylene drops are explored further in the next
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Figure 4.16: Images (a) and plots of profile progression (b) for methyl anisole in circular wells. Cross
sections were taken horizontally across the centre of the wells. Total drying time for the drop was 2.5 s.
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Figure 4.17: Images (a) and plots of profile progression (b) for anisole. Cross sections were taken
horizontally across the centre of the wells. Total drying time for the drop was 0.6 s.
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4.4 o-Xylene

Some of the o-xylene drops imaged in all of the three well geometries displayed drying
behaviour that was not consistent with the hmax / evaporation rate relationship discussed thus
far. This section investigates possible explanations. Drops were printed into the square wells

and imaged as described in Chapter 2 section 2.1 and analysis of the images was carried out as

described in section 2.5.

Figure 4.18: Images showing the profile progression of an o-xylene drop drying to give dimple formation
(a) and one which dried to give enhanced drainage from the centre of the wells (b). Images were
recorded at 1000 fps and a shutter speed of 1 ms. Total drying time of (a) was 3.7 s and for (b) was 1.2 s.
Figure 4.18 shows images from an o-xylene drop which dried to give a W-shaped profile
alongside one that showed an M-shaped profile. The images in (b) show that the o-xylene
drops were dipping below the level of the walls in the centre of the drop before the edges and
corners of the drop had reached the wall tops; i.e. there is enhanced drainage from the centre
of the drying drop. The video relating to figure 4.18b is video 8 on the attached disk. The
negative curvature at the centre of the drop should result in a Laplace pressure that causes a
flow from the edges of the drop towards the centre. However the images in 4.18b and the
plot in 4.19b show the drop continues to thin faster in the centre than at the edges of the drop

and as such the flow must be in the outward direction. Therefore there must be an additional
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force that overcomes the Laplace pressure. The only plausible explanation is a surface stress
arising from a surface tension gradient. The presence of surface tension driven flows alongside
capillary driven flows from the curvature in the drop surface could overcome the relatively fast
evaporation rate of the drop and prevent dimple formation, giving M-shaped profile
progression. The plots in figure 4.20 show the central region of the fluid flattened out at
thicker film heights than in drops which dried to give U-shaped deposits (figure 4.3). As OLED
devices require flat films at thicknesses of the order of 10s of nm, surface-tension-driven flows

could potentially be utilised to give flat films at the relevant thickness.
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Figure 4.19: The relationship between drop height and time for the o-xylene drop imaged in figure 4.18a
(a) and the o-xylene drop in figure 4.18b (b) in the centre (blue, labelled X in figure 4.18) and the top left
intermediate region of the drop (red, labelled Y in figure 4.18).

Figure 4.19a shows that the centre (X in figure 4.18a) of the o-xylene drop which gave W-

shaped profiles was higher than the intermediate region (Y in figure 4.18a) until the bank

height of 1.5 um where the intermediate region became higher. Thinning in the centre then
99



slowed relative to the intermediate region at t = 0.4 s when a dimple started to form. Att =

0.7 s the central region became higher than the intermediate region, this only happened so

late in the drying process because of the choice of ‘intermediate region’. The early stages of

figure 4.19b are a more extreme version of the early stages of drying in figure 4.19a, (b) shows

faster thinning in the centre of the well for the majority of the drying process and the centre (X

in figure 4.18b) of the drop dipped below the intermediate region (Y in figure 4.18b) at
t = 0.16 s, before the bank height had been reached.
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Figure 4.20: Plots showing the cross sectional profile of the o-xylene drops imaged in figure 4.13
representing dimple formation (a) and enhanced drainage from the centre of the wells (b). Cross
sections were taken diagonally across the centre of the wells.
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The left hand side of the plot in figure 4.20b would be expected to mirror the right hand side;
however de-wetting of the fluid in this region during drying distorted the calculated profiles.
The images in figure 4.18b show the left and right hand sides of the drop mirrored each other
during drying. The left hand side of the plot in figure 4.20b can be reconstructed from the
images in figure 4.18b to give the maximum height of the fluid and the fluid height at the walls.
Reconstruction gives a maximum fluid height of 1.83 um and a contact line height of 1.45 um.
The reconstruction suggests a slight asymmetry in the drying but does show the fluid reached a
maximum in the corners of the wells before dropping down to the wall height at the contact
line, akin to the right hand side of the plot. The code for full profile analysis could be improved
in the future to calculate full profiles automatically, though care would be needed to locate

local maxima and minima.

The far right hand side of the plot in figure 4.20b also shows some miscounting of the fringes,
potentially due to some overlap with the bank in the analysis. The penultimate curve in figure
4.20b appears to show the drop was no longer pinned at the top of the banks, likely due to de-
wetting of the fluid during drying. Whilst the presence of a surface tension gradient in some of
the drying o-xylene drops was assumed, the reason for it was not clear. Not all drying o-xylene
drops exhibited enhanced drainage from the centre of the well; some gave dimple formation
as expected for a fast-drying solvent. It was important to determine which external factors
had an impact on the drying to cause such different profile progression. As o-xylene was the
most volatile of the six solvents investigated it is possible that thermal effects were causing

surface tension gradients. Evaporation of a fluid cools down its surface,”®15?

as drops
evaporate more quickly at the contact line than at the apex evaporative cooling gives a
temperature gradient across the surface of the drop with the warmest fluid at the apex and
the coldest fluid at the contact line.”®*>2 Cooling down a fluid increases its surface tension;
therefore a temperature gradient across the drop surface also induces a surface tension
gradient with the lowest surface tension at the apex and the highest surface tension at the
contact line (figure 4.21).7%%2 |f the rate of heat gain within a drop occurs faster than
evaporation, Marangoni flows due to thermal gradients can be negated; therefore the faster
evaporating a drop is the more likely thermal gradients are to occur across the drop surface.
Thermal gradients were present in all cases but only in o-xylene was the gradient high enough
to give a Marangoni flow that changed the profile of drops during drying. In order to model

other fast drying solvents such as anisole accurately, it is likely thermal effects would have to

be included.
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Figure 4.21: A schematic representation of the thermal and surface tension gradients present in drying
o-xylene drops.

A previous study by Soltman and Subramanian®®® has shown that heating the substrate has a
significant impact on the topology and morphology of inkjet printed drops and lines. Therefore
to investigate the role of thermal gradients in determining whether W- or M-shaped profiles
formed, a temperature-controlled stage was used to image the drying of o- xylene drops at
temperatures between 15 and 34 °C. Other experimental conditions, including the distance
between the nozzle and the substrate were kept constant. The data from the thermal
measurements are shown in figure 4.22, dimple formation was observed for all drops with hmax
independent of substrate temperature, suggesting thermal gradients were not the cause of

the enhanced drainage seen in the drying of some o-xylene drops.
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Figure 4.22: hmax as a function of substrate temperature for drying of o-xylene in square wells.

The evaporation rate increased with temperature (figure 4.23a) so when hmax is plotted against
the evaporation rate (figure 4.23b), there is also no dependence of hnaex ON evaporation rate.
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This result is at first surprising, given the earlier observation (figure 4.9) that hn.xincreased
with increasing evaporation rate. However, figure 4.8 shows that hpmex reaches a plateau at
evaporation rates > 1.3 um s%, and all the o-xylene data in figure 4.20 have evaporation rates
above this threshold. It appears that there is an upper limit to hma., Which may be determined

by the height of the banks (1.5 um) and the geometry of the well.
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Figure 4.23: Dependence of evaporation rate on substrate temperature (a) and hmax On evaporation rate
(b) for o-xylene drying in square wells.

A second factor that could affect the magnitude of surface tension gradients across the drop
surface during drying is the proximity of the nozzle to the drying drop. The nozzle orifice was
50 um in diameter, which was significantly smaller than the width of the drying drop (200 um).
Since the nozzle is placed over the centre of the well evaporation of the fluid in the nozzle
increases the vapour pressure in the centre of the drop compared to the edges of the drop.

Therefore evaporation from the centre of the drop would be reduced relative to the contact
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line; the smaller the distance between the nozzle and the drop, the greater would be its
influence. The effect of the nozzle is to enhance the difference in evaporative cooling between
the contact line and the apex and thus to increase the thermal surface tension gradients across
the drop surface. To determine the impact of the distance between the nozzle and the
substrate on profile development, drying drops were imaged with different nozzle heights at a
constant substrate temperature of 21.0 °C. No transition from dimple formation to enhanced
drainage was seen as the nozzle was moved closer to the substrate (figure 4.24) and it
appeared the distance between the nozzle and the fluid had no impact on drop profile

development during drying.
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Figure 4.24: Relationship between hmax and the height of the nozzle above the substrate for o-xylene.

Other environmental factors in the laboratory were also considered. The RH was kept at 40 £
5 % but should not have an impact on the drying of o-xylene as the humidity is only relevant to
the evaporation rate of water. Important in the evaporation rate of o-xylene is the relative
vapour pressure of o-xylene in the vicinity of the drop and this was shown to have no impact
when investigating the influence of the distance between the nozzle and the substrate.
Convective flow can also enhance evaporation, so the rig was surrounded by walls or curtains
on all sides to eliminate drafts. The extract system was checked every day to ensure it was
pulling evenly across the drop surface, which is evidenced in the symmetrical drying of the
fluids in the wells. No other external factors were identified that could have caused the

differences in drying witnessed.

It is plausible that the enhanced drainage seen from the centre of some o-xylene drops was
caused by solutal Marangoni effects if the sample was contaminated by surface-active
impurities; differential evaporation would lead to gradients in composition, and hence in
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surface tension, across the surface. However as enhanced drainage of o-xylene was observed
randomly in the initial experiments (roughly one third of the time in all three geometries) and
the same solvent bottle and glassware was used for all experiments (with thorough washing in-
between) contamination of the solvent was unlikely. Other factors which could influence
drying include the chemical composition of the banks (which affects droplet pinning) and the
geometry of the substrate (e.g. the height and shape of the banks). The geometry and
chemistry of the substrates were outside of our control, so the impact of these factors could
not be investigated. While it is frustrating that the origin of the enhanced drainage observed
intermittently for o-xylene could not be identified, the subsequent experiments with careful
control over external variables always showed dimple formation. It is therefore reasonable to
conclude that pure o-xylene drying within wells with no external influences gives dimple
formation, with the heights of the dimple that fit into the relationship between hnya and

evaporation rate displayed in figures 4.9, 4.11 and 4.15.
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4.6 Summary

Drops drying within wells of all geometries exhibited a pinned contact line at the wall tops
throughout the drying process, though there was some recession down the banks in certain
cases. The evaporation rate of the drying drop was then the determining factor in the
morphology of the final film. The driving forces behind film progression in wells showed some
similarities to those on flat substrates in that the pinning of the contact line and presence of
enhanced evaporation rates at the contact line were key factors. Pinning of the contact line
caused radial flows to maintain constant mean curvature across the drop surface and
enhanced evaporation at the contact line is important in causing surface tension gradients
across the drop surface. In contrast to flat substrates, the rate of evaporation was also key in
the film profile development even in the absence of thermal effects. Slower evaporation (> 10
s) gave U-shaped final film profiles and faster evaporation (< 10 s) gave W-shaped final film
profiles with the formation of a dimple in the centre of the well. There was a relationship
between the evaporation rate of a drop and the level of dimple formation; square and circular
wells showed a gradual increase in hmax With increasing evaporation rates whereas oval wells

showed a sharp onset of dimple formation.

Some o-xylene drops showed M-shaped profiles rather than the W-shaped profiles expected
from the high evaporation rates. The cause of enhanced drainage from the centre of the wells
was investigated in depth and whilst the flow is assumed to originate from surface tension
gradients across the drop surface, the cause of the gradients was not identified. As M-shaped
development in o-xylene drops could not be reliably reproduced, the differences exhibited

were assumed to be distinct from the evaporation rate/ hmax relationship explored here.

As the mechanisms governing film profile in drops drying within wells have shown some
differences to those governing drops drying on flat substrates, strategies to give even deposits
in wells will need to be different to those used on flat substrates. It is possible surface tension
gradients could be used to counteract capillary drainage and give more even deposits than

either the U- or W-shaped profiles described in this chapter.
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5. The Effect of Temperature on Drop Profile During Drying

5.1 Introduction

Previous studies have shown thermal effects can have an impact on the flows present within
drying drops on flat substrates.1021>415> Thermal gradients across a drop surface induce
surface tension gradients which can cause recirculating flows, mitigating the formation of ring
stains. Whilst studies have been reported for drops drying on flat substrates, thermal effects
during drying have not been reported for drops drying within wells. We have already
determined that the driving forces behind deposit morphology on flat substrates have some
similarities to those within wells, though the presence of the walls increases the importance of
evaporation rate. Ring stains on flat substrates are driven by the pinning of the contact line
during drying and enhanced evaporation at the contact line relative to the apex of the drop; in
wells drop profiles are driven by the pinning of the drop at the bank tops and the subsequent
capillary flow due to negative curvature near the banks, combined with enhanced evaporation
at the contact line. The rate of evaporation was key in determining the shape of the drop
profile during the drying of drops within wells. It is therefore not certain the influence of
thermal effects on drops drying within wells will be the same as on flat substrates. In chapter
4 we studied potential thermal effects in the drying of o-xylene drops within the square wells
and saw no qualitative changes, this chapter will focus on systems where surface tension
gradients are expected to be larger than in o-xylene to determine whether and when thermal

Marangoni flows are important.

The prediction of thermal (and hence surface tension) gradients across the surface of drops

drying within wells is a complicated process comprising four main effects:

The thermal conductivity of the substrate
The thickness and thermal conductivity of the fluid film

The cooling rate of the fluid surface

el A

The presence of the banks

In all cases of drops drying within wells, we are working well within the limit of low contact
angles. With a drop radius of 100 um and average drop height at the beginning of drying of 5
um, the maximum contact angle during drying is ~ 3°. The thermal conductivities of the

relevant materials are shown below in table 5.1.
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Table 5.1: The thermal conductivities of the materials relevant to this chapter at 20 °C. The value
denoted by » was taken at 25 °C and the value denoted by ¥ was taken at 23 °C

Material Thermal Conductivity/ W m K1
o-Xylene 0.142%%¢

Glass 1.051%%7

ITO 11-12158

Typical polymer resist material 0.17-0.19¥*%°

The thermal conductivity of the substrate is key in determining potential thermal gradients
across the drop surface. If the substrate can be considered to be isothermal, the thickness of
the fluid film determines relative thermal gradients across the drop surface. In 2012 Talbot et
al?? determined that evaporation rates on glass were what would be expected for an
isothermal substrate. The substrates examined in this thesis can therefore be assumed to be

isothermal for drops that do not evaporate faster than water.

The thickness of the evaporating film is also important. Since the film is much thinner than it is
wide, the dominant heat transport will be in the vertical direction (except in the immediate
vicinity of the periphery of the drop). Consequently the difference in temperature between
the substrate and the fluid surface is directly proportional to the film thickness. If the
substrate is a good thermal sink (a reasonable assumption as KS/Kl > 1 where k; and k; are
the thermal conductivities of the substrate and liquid respectively), then the temperature
decrease of the drop surface can be treated as being proportional to the thickness of the film,
for a fixed evaporative flux. In such a scenario the centre of the drop would be cooler than the
contact line early in the drying process while the drop is sitting above the walls, while later in

the drying process the centre of the drop would be warmer than the periphery (figure 5.1b).

Diffusion of heat from the substrate into the fluid is working in direct opposition to the cooling
of the surface. Evaporation of a fluid cools down the surface of the drop and divergence of the
evaporative flux at the contact line means the contact line of the drop would always be cooler
than the centre if evaporation alone were considered. However, the same divergence at the
contact line is present for the transfer of heat from the substrate to the drop and, without
experimental evidence, it is uncertain which will control the surface temperature of drops
drying within wells. Once the drop has dried past ‘flat’ the cooling effect and diffusion of heat
through the liquid both lead to the centre being warmer than the periphery and the direction

of the thermal gradient is easier to predict.

One factor which will influence thermal gradients across a drop surface in wells, which is not a

consideration on flat substrates, is the presence of the banks. The thermal conductivity of the
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banks is at least an order of magnitude lower than that of the glass/ITO base (table 5.1). It
could be that the conduction of heat through the banks is limiting, giving finite thermal
conductivity at the contact line of the drop. As the evaporative divergence is still present

cooling may win out, making the contact line colder than the centre of the drop.

In sessile drops on flat substrates, the direction of thermal gradients is not important in
determining deposit morphology as either direction causes re-circulation of fluid within the
drops (figure 5.1a). We have observed that, in the case of drops containing active materials
drying within wells, higher surface tensions at the contact line relative to the apex of a drop
caused the development of M-shaped profiles. Marangoni flows will cause M-shaped profiles
in the case where the contact line is cooler than the apex and are therefore unlikely to be of
use in giving even deposits from drops drying within wells. However it is important to
understand the impact of temperature on the drop profile during drying and the subsequent
deposit morphology, as industrial processes can then be designed to give the appropriate level
of temperature control. If the mechanisms behind drying at different temperatures are
understood the temperature gradients across the drop surface can be controlled to optimise

deposit morphology.

(a) T high (b)
o low
T high
Tlow T low Tlow o low T low
o high o high o high o high
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Figure 5.1: A schematic diagram showing the recirculation of flows caused by thermal gradients on flat
substrates (a) and the expected thermal and surface tension gradients from drops drying within wells

(b).

This chapter explores the effect of temperature on the drop profile during drying. The
evaporation rate of a solvent under experimental conditions largely determines the formation
of thermal gradients across the drop surface. For large drops (> 6 mm in diameter) the
convection of vapour can affect the evaporation rate of the drop® but, in the picolitre sized
drops discussed here, heat transfer due to internal flows is negligible compared to that

through conduction as shown by the Peclet number for heat transfer

Pey =" (5.1)
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where a is the thermal diffusivity of the fluid. For a droplet of o-xylene (& = 8.464 x 108 m? s
1)161 with radius of 100 um and internal velocities of the order of 20 um s* (from the PTV data
in chapter 3), Pe, =0.02 < 1, meaning conduction is dominant. Picolitre drops have Bond

numbers much less than 1 and as such gravitational effects are negligible. In the case of very
low Bond numbers and low contact angles, sessile drops take the form of a spherical cap with

a mass approximated by*6?

_ mpsRE
M = a0 (5.2)

where pris the fluid density and 6 is the apparent three-phase contact angle. In the case of a
sessile drop sitting within a well the mass of fluid within the well must be added to equation
5.2 to give the overall mass of the drop (equation 5.3), once the drop dries below the level of

the walls the mass is given by the volume of the well minus M (equation 5.4)

_ TpRe -14

M=% (6 x 107 x p,) (5.3)
_ ~14 _ mpsRE

M= (6 x 10714 x pf) - (5.4)

where M isin kg and py is in kg m=3. In the systems considered here, evaporation is diffusion
limited and diffusion is assumed to be quasi-steady. The full expressions for the evaporation

rate are given by Popov.8? Since the vertical height of the droplets in the wells is always much

. h N , .
less than the diameter, = = 0, the limiting form of Popov’s expressionsas 8 — 0 can be
(4

used:

J(r) = 2 D (5~ noo) (5.5)

T R%—12
dM

o= —4D(ngs — ne )R, (5.6)

Where J(r) is the mass flux, ng is the saturation vapour density and n, is the ambient vapour

density.

For a droplet in a circular well with banks of height h and initial contact angle 6;, the drying

time is given by

¢ _ npRZ6; np ch
PO T 16 (ng-1w) | 4D (Mg o)

(5.7).

For non-aqueous solvents, n, is equal to zero and ng is determined by the vapour pressure of

the solvent through the ideal gas equation.
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The heat lost from the surface through evaporation of liquid must be equal to the heat gained
by conduction from the substrate. The heat flux due to evaporation, y J(r), where y is the
latent heat of vapourisation is used to calculate the heat lost through evaporation and the
heat flux due to conduction is given by

k, —(TS;T") (5.8)

where k; is the thermal conductivity of the liquid (SI units of W m™ K1), T is the temperature
of the surface and Ty, is the temperature of the substrate surface. The temperature difference

across the fluid film, AT, is then given by

2yh D(ns—neo)

AT = (5.9).

K R2-172
When vapour pressures are used considered in place of the ambient vapour density one
obtains the following expression for AT:

T[RTK,'l Rg _ TZ

where R is the gas constant (8.314 J K* mol?), ps and p,, are the pressures of the solvent by
the drop surface and at infinite distances respectively and pg is equal to the vapour pressure,

Py, of the solvent. In equation 5.10 y has units of J mol™ (rather than J kg™ as in equation 5.9).

Dpyyh

AT therefore depends on the material properties through the combination of constants ”
l

The important factors to consider when comparing the solvents (ie. the material properties

that will change from solvent to solvent) in this chapter are D, p,,, y and l/Kl'

Whilst surface cooling will give rise to thermal gradients across the surface of a drop, the
presence of thermal gradients does not necessarily indicate the formation of surface tension
gradients large enough to give Marangoni flows: the change in surface tension with

d N . . L
temperature (d—;) must also be significant. The in surface tension gradient is balanced by a

viscous stress in the liquid:

do _ _ dur
il (5.11)

where u,. represents the radial velocity of flow within the drop and z is the direction normal to

the surface. Equation 5.11 can be approximated by

A_O-N — u_M
o~ o (512)
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where uy, is the velocity of flows due to Marangoni forces. The Marangoni number, Ma, gives
the ratio of flow velocity due to Marangoni flows to the flow velocity due to convective flow
from the evaporation and can be used to determine which flows are dominant in a drying

drop.

Ma =2 ~ 27" (513

Ucap UcapMRc

If Ma > 1 Marangoni flows are dominant in the drying drop. Combined with the factors
important in establishing thermal gradients across the surface, Z—? is therefore also important

in determining the strength of the driving forces behind Marangoni driven flows in the solvents

discussed in this chapter.

In this chapter the impact of temperature on drop profile development for a number of
solvents drying within square wells has been investigated. From the equations above, the
material properties determining the surface tension gradient can be grouped into a single
thermal constant, Cr, defined by

do
vayE
K]

Cr has Sl units of N2 mol™* and tells us how important Marangoni flows are in determining drop

behaviour.

All of the constants used to calculate Cr are themselves dependent on temperature. However
the exponential dependence of p,, on temperature (as determined by the Clausius-Clapeyron
equation) makes it the most sensitive of the five components to changes in temperature.
Therefore, when changes in temperature are made it is only really the change in vapour

pressure that needs to be considered.
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5.2 The Effect of Temperature on Dimple Formation

In this section, the drying of n-butyl acetate, 1-methoxy 2-propanol, 1-butanol and toluene is
reported and compared with the data from o-xylene presented earlier in chapter 4. Drops
were printed and imaged as described in chapter 2 section 2.1 and analysis of the images was
as described in section 2.5. The substrates used were the square wells described in section
2.3. The temperature of the substrate was controlled between 10 °C and 45 °C by a Peltier

device. The properties of the solvents are shown below in table 5.2.

Table 5.2: Physical properties of selected solvents. Values indicated by * were measured at 20 °C and
those indicated by * were measured at 25 °C. Values in red for Methoxy Propanol have been estimated
from the properties of other solvents and used to calculate Cr as the literature values were not
available. Changes in surface tension with temperature were calculated from figure 5.2.

Solvent p,/kPa | D x 105/ v/ K,/ 2%/ mN mt Crl/
m?s? kJ mol™ W mtK? ar K1 N2 mol™
n-Butyl acetate 1.52A70 0.672/140 43.861163 0.137*164 -0.11077° 0.360
1-Methoxy 2- 1.2%12 0.945n165 42,6020 0.14 -0.12 0.414
propanol
Toluene 3.76A7° 0.8491140 38.14n1166 0.137*167 -0.122A7° 1.08
1-Butanol 0.931170 0.8611140 52.351168 0.149*16° -0.124A7° 0.349
o-Xylene 0.876170 0.727n140 36.241170 0.142*1%6 -0.110A7° 0.179
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Figure 5.2: Change in surface tension with temperature for butyl acetate (green), toluene (red), butanol
(blue) and o-xylene (purple).”® No data are available for methoxy propanol. Polynomials were fitted to
the data and Z—i was calculated from the differential at 298 K. The equations for the curves were as
follows:

toluene: (6/nM m™) = 7E-05(T/K)? - 0.1635(T/K) + 69.862

butyl acetate: (6/ mN m™) = 6E-05(T/K)? - 0.1457(T/K) + 62.466

butanol: (6/ mN m™) = 9E-05(T/K)? - 0.1774(T/K) + 70.586 o-
o-xylene: (6/ mN m') = 6E-05(T/K)? - 0.1457(T/K) + 62.466.
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Table 5.2 shows that the parameter that changes most among the solvents is p,,, so the vapour

pressure has the largest influence on Cr.

In the droplet drying experiments, all four solvents behaved in a similar way to o-xylene
(section 4.4): dimple formation was observed at all temperatures with no switch to enhanced
drainage from the centre of the drops. Any thermal and surface tension gradients were too
weak to alter the pattern of drying of the drops. Figure 5.3 shows the relationship between

hmex and temperature for the four solvents investigated.

On one day only butanol showed M-shaped profile progression at all temperatures between
22 and 35 °C, as had been seen previously for some drying o-xylene drops; the cause is

unknown but is explored further in section 5.3.

Methoxy propanol, toluene and o-xylene all showed no significant change in Amax With
temperature, likely due to the high level of dimple formation present even at low
temperatures. Methoxy propanol and toluene had higher levels of hmax than o-xylene, the
likely reason for this is the larger values of C; for methoxy propanol and toluene than o-
xylene. The data presented in chapter 4 (figure 4.7) suggested there was an upper limit to
hmax regardless of the evaporation rate. All evaporation rates of solvents which showed a
plateau lay within the plateau region of figure 4.7 in chapter 4 at all temperatures. Butanol
was the only solvent whose evaporation rate did not lie within the plateau region and was also
the only solvent which showed a linear increase in hnax with temperature. The values of Cy for
the solvents did not appear to correlate with the behaviour seen in figure 5.3; the lack of
correlation is likely a result of maximum dimple sizes forming at low temperatures for all

solvents except butanol.

Butyl acetate showed two distinct regions: hm stayed fairly constant at ~ 0.3 um between

15 °C and 23 °C before stepping up to 0.7-0.8 um between 24 °C and 34 °C. Excepting the step
up in hmex butyl acetate did not appear to change behaviour much with the changes in
temperature, consistent with its low value of Cr. A step up in hma can only be explained by a
step in one of the constants, the data in table 5.2 and figure 5.2 show no steps, consequently
the sudden step in hmax is unexplained. It is possible the step was the result of a sudden
increase in the evaporation rate due to poor thermal contact between the substrate and the
Peltier element. Figure 5.4 shows the change in evaporation rate with temperature, it shows a
linear increase in evaporation rate with temperature with no steps and as such poor thermal
contact between the substrate and peltier element does not explain the step up in hmex at

24 °C. It would be useful if the butyl acetate data could be repeated at some point in the

future.
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When hmax is plotted against evaporation rate (which is proportional to Dp,,) instead of
temperature (figure 5.5) the butyl acetate data fits the trend of the other solvents well and the
step in hmax is Within the range of the other solvents for the same evaporation rate, though this
still does not explain the step in hma. Butanol shows a steady increase in hma With evaporation
rate as it did with temperature. Methoxy propanol, toluene and o-xylene all show little
dependence of hnma 0N evaporation rate, possibly due to the narrow range of evaporation rates
studied. However, with more than a factor of 2 difference in the evaporation rate, you might
expect some change in hmax. Itis also odd that the o-xylene values are lower than methoxy
propanol values at all evaporation rates. The data in this section need to be repeated to
further clarify what is happening. Independent of solvent type figure 5.5 shows an initial sharp
increase in hmqx as the evaporation rate increases, followed by a small drop and then a plateau.
The small drop in hmax before the plateau could be a function of the spread in the data, a
function of toluene as a solvent or it could be that thermal effects are becoming important and

a reduction in dimple size is becoming apparent as toluene has the highest value of Cr.
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Figure 5.3: Relationship between hmax and temperature for butyl acetate (blue), methoxy propanol (red),
toluene (green), butanol (black) and o-xylene (pink).
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5.3 Thermal Marangoni Effects in Alcohols

In this section the drying of ethanol and IPA in square wells at different temperatures is
discussed. Ethanol and IPA were selected to increase the value of Cr in the hope of seeing a
thermal transition from W- shaped film profiles to thermally driven flows (table 5.3). Once
again, the main influence on Cr was the vapour pressure of the solvent though D was also
approximately twice as big for ethanol as all other solvents, likely due to its small size. Drops
were printed and imaged as described in chapter 2 section 2.1 and analysis was as described in
section 2.5. The temperature of the substrate was controlled using a Peltier device to

between 12 °C and 35 °C.

Table 5.3: Physical properties of select solvents. Values indicated by * were taken at 20 °C and those
indicated by * were taken at 25 °C. Changes in surface tension with temperature were calculated from

figure 5.6.
Solvent P,/ kPa D x 105/ y/ K,/ do, Cr/
21 -1 -1 -1 dT’ 2 -1
m?s kJ mol Wm™ K mN m- K- N? mol
Ethanol 3.12A70 1.81A140 42,32A171 0.179*172 -0.14917° 1.99
IPA 6.0517° 1.01A140 45,39A173 0.135*174 -0.14817° 3.04
30
25 -
E
=2 20 A
€
S~
S Ethanol
g 15 -
o IPA
[
[]
Poly. (Ethanol
é 10 - y. ( )
3 Poly. (IPA)
5 .
0 T T
270 370 470

Temperature/ K

Figure 5.6: Change in surface tension with temperature for ethanol (orange) and IPA (blue).”®
Polynomials were fitted to the data and Z—CTT was calculated from the differential at 298 K. The equations

for the curves were as follows:
ethanol: (6/ mN m™) = 0.0001(T/K)? - 0.2081(T/K) + 74.716
IPA: (o/ mN m™) = 0.0001(T/K)? - 0.2079(T/K) + 73.526
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It was not possible to plot complete drop profiles for ethanol at all temperatures due to de-
wetting of the solvents during drying. It was possible to plot some of the curves however
(figure 5.7b) and the profile could be inferred from images for the other temperatures. The
video relating to figure 5.7 is video 9 on the attached disk. Ethanol showed M-shaped profiles
at all temperatures between 15 and 35 °C (figure 5.7a), consistent with thermal Marangoni
effects. It was possible to analyse the fringes all the way up to the banks in figure 5.7b but this
caused miscounting of fringes at the edges as the fluid overlapped with the banks. IPA was
only investigated at one temperature as it was evaporating too quickly from both the nozzle
and the drop for the well to be filled; it showed an M-shaped profile at 12 °C though de-
wetting of the drop during drying meant a complete drop profile could not be plotted. For
ethanol and IPA C; was an order of magnitude greater than all solvents investigated in section
5.2 with the exception of toluene which had a value of C; approximately half the size of

ethanol and a third the size of IPA .

The M-shaped profiles in the presence of thermal gradients suggest evaporative cooling is
more important than diffusion of heat in determining the direction of thermal gradients
initially. The contact line is therefore cooler than the apex of the drop and the contact line has

a higher surface tension than the apex.

Whilst complete height profiles could not be plotted for the ethanol, counting of the fringes in
the images could be used to determine the maximum difference between the top and bottom
of the “M”, termed dmqx (figure 5.8). dmaxis plotted against temperature in figure 5.9 for
ethanol at temperatures between 24 and 35 °C (below 24 °C the fringes were not clear enough
to determine dnmax for ethanol) and for butanol at temperatures between 10 and 20 °C on the
day it showed M-shaped profiles. dmax could not be determined from the imaged IPA drop as it

did not fill the well completely.
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Figure 5.7: Images (a) and plots of profile progression (b) showing enhanced drainage from the centre of
an ethanol drop at 32 °C. Images were taken at 3000 fps and a shutter speed of 0.33 ms.
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Figure 5.8: Schematic diagram showing the definition of dmax as the maximum difference between the
top and the bottom of the drained region.

0 T T T T
10 15 20 25 30 35

Temperature/ °C

Figure 5.9: Relationship between dmax and temperature for ethanol (red) and butanol (blue) in cases
where M-shaped profiles were seen.

Figure 5.9 shows no significant dependence of dmax on temperature for either ethanol or
butanol, and whilst the spread in the data does increase as the temperature is increased this
could be a function of either the solvent or the quality of the images. The data suggest the
temperature is not overly important in determining the level of enhanced drainage. It was not
possible to plot dmax against evaporation rate for the ethanol and butanol as the extreme M-
shape of the profile made it difficult to determine the drying time precisely, though as the
evaporation rate increased with temperature figure 5.9 suggests the value of dnaxdid not

depend on evaporation rate.
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Table 5.4 summarises the observed behaviour and values of Cr for all of the solvents discussed
in this chapter. Three classes of behaviour were observed: butyl acetate, methoxy propanol
and toluene showed W- shaped profiles at all temperatures studied, ethanol and IPA showed
M- shaped profiles at all temperatures and butanol and o-xylene showed W- shaped profiles at
all temperatures on some days and M-shaped profiles at all temperatures on other days. The
values of Cy for ethanol and IPA were at least one order of magnitude larger than all other
solvents except toluene. The values of Cr for butanol and o-xylene, which showed both
behaviours, are of the same order as those which showed W-shaped profiles at all
temperatures. Repeat measurements for all of the solvents studied should be taken to
confirm behaviour as it is possible all solvents have the capability to show both W- and M-

shaped profiles.

Table 5.4: Summary of behaviour and Cy values for all solvents at 298 K.

Solvent Behaviour Cr/ N2 mol*
n-Butyl Acetate w 0.360
1-Methoxy 2-Propanol w 0.414
Toluene W 1.08
1-Butanol wW/M 0.349
Ethanol u/mMm 1.99
IPA U 3.04
o-Xylene W/M 0.179
T low
(a) . (b)
© high Tlow
T high

Figure 5.10: Schematic diagram showing the exaggeration of thermal gradients in M (a) and W (b)

profiles.

The nature of thermal gradients gives positive feedback to both M-shaped profiles and W-
shaped profiles once there is an initial deviation from a uniform profile. The surface
temperature of a drop varies linearly with the fluid thickness and consequently, if there is a dip
in the fluid, the temperature of the surface increases and the surface tension decreases.
Therefore, in the case of M-shaped profiles, the dip in the middle will cause a Marangoni stress

towards the walls (figure 5.10a) which makes the dip deeper and leads to the centre thinning
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even further. Positive feedback explains why, in the case of M-shaped profiles, the dip grows

even before there is any significant capillary curvature at the walls.

In the case of W-shaped profiles the dip in intermediate regions will cause an increased
temperature and lower surface tension in the intermediate areas with cooler temperatures
and higher surface tensions in the centre and at the contact line (figure 5.10b). Therefore
Marangoni stresses act from the intermediate regions towards the centre and the walls,

exaggerating dimple formation.

If the observed Marangoni effects are dominant the profile progression in drops may therefore
be very sensitive to the initial behaviour, even before the film is flat, as feedback enhances the
initial distortion of the drop surface. Positive feedback could therefore explain why both M-
and W- shaped profiles are seen in the case of butanol and o-xylene. It is possible that butyl
acetate, methoxy propanol and toluene all have the potential to show both W- and M- shaped
profiles depending on the initial behaviour as their values of C; are not very different to those
of butanol and o-xylene. In the case of dominant Marangoni effects these systems are stable,
what is not clear is the level of perturbation required for the effects to become stable. Some
investigation into the level of perturbation required to stabilise Marangoni effects would

therefore be useful.
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5.4 Summary

A constant, Cr, was defined for all solvents and determined by the material properties of the
solvents which were likely to influence thermal and surface tension gradients across the drop
surface. It was found that the biggest influence on Cr for all solvents was the vapour pressure
of the solvent and as such the vapour pressure is likely to be the key factor in determining the

likelihood of thermal Marangoni flows within a drying drop.

The impact of changes in ambient temperature on the profile progression of drops during
drying within wells was investigated and three behaviours were identified. Butyl acetate,
toluene and methoxy propanol showed W-shaped profiles at all temperatures with no
evidence of thermally-driven Marangoni flows. When considered independent of solvent type,
hmaexincreased rapidly with evaporation rate until it reached a plateau. The plateau of Amax
when plotted against evaporation rate showed a slight drop in hmaexWhich could be associated
with thermal effects becoming more important. The relationship between hnq and

temperature was less clear and inconsistencies were present in the case of butyl acetate.

Ethanol and IPA showed M- shaped profiles at all temperatures, suggesting thermal gradients
were important in driving surface tension flows towards the contact line. Ethanol and IPA
have a value of Cr an order of magnitude higher than any of the other solvents with the

exception of toluene.

Butanol and o-xylene showed M-shaped profiles at all temperatures on one day of
measurement but then W-shaped profiles on another day. Cyvalues for butanol and o-xylene
were of the same order as those for butyl acetate and methoxy propanol. The lack of
consistent behaviour in o-xylene and butanol was likely due to the sensitivity of profile
development to the initial behaviour. As such it is likely butyl acetate, toluene and methoxy
propanol have the capability to show M-shaped profiles as well as W-shaped profiles and
repeat measurements on all solvents are necessary. Small differences in printing conditions
such as spilling over into an adjacent well could cause behaviour to switch from W- to M-

shaped profiles.

The M-shaped profile development seen when thermal effects became important during
drying showed evaporative cooling was dominant over diffusion of heat in determining the
direction of thermal gradients. The contact line was apparently cooler than the apex of the
drop and as such the surface tension of the fluid was higher at the contact line than the apex

of the drop (inferred from M-shaped profile development).

123



6. The Effect of Binary Solvent Mixtures on Drop Profile During
Drying.

6.1 Introduction

Previous printing studies on flat substrates have shown ring stains can be mitigated by
introducing co-solvents into ink formulations.®*%” Binary mixtures can cause recirculatory
flows due to Marangoni stresses. If Marangoni forces are dominant over capillary forces and
recirculatory flows dominate the drying process, even deposits can be gained on flat
substrates. As it is important for printed OLED deposits to be flat and even across their entire
area, it is necessary to determine whether binary solvent mixtures can be used to give flat
deposits in wells. There are no studies into binary solvent mixtures drying within wells which

look at the entire drying process in real time.

This chapter focuses on the influence of co-solvents on the profile development of drops
drying within wells. Interferometry is used to determine the profile of the drop during drying.
Flows present within the drops are inferred from the drop profiles. Solvent mixtures which
should give Marangoni stresses in both possible directions are investigated in depth and
compared with drop profiles from single solvents. The limitations associated with the
measurements in this chapter are similar to those associated with the measurement of single
solvents within wells; the coherence length of measurements is either 7 or 15 um, depending
on when the data was taken, and the region close to the banks cannot be analysed by the
program. Extrapolation back to the bank tops has been performed in some key cases by

counting of the fringes.

Three mixtures of industrially relevant solvents: anisole + methyl benzoate, anisole +
mesitylene and anisole + o-xylene were studied and the profile of the drop throughout drying
was determined. Drying was recorded in all three substrate geometries, though the majority
of the investigation was carried out in the square substrates and most of the discussion will
focus on these. The role of Marangoni stresses was inferred from differences in profile
development during drying. As the differences in drying in the industrially relevant mixtures
appeared to be inconsistent, some model solvent mixtures were identified and the drying
imaged to confirm the effect Marangoni stresses had on the profile development of the drops

during drying; all model solvent mixtures were imaged within the square wells alone.
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6.2 Industrially Relevant Solvent Mixtures

Anisole + methyl benzoate, anisole + mesitylene and anisole + o-xylene were printed and
imaged in square wells as described in chapter 2 section 2.1 and analysis of the images was as
described in section 2.5. The properties of the solvents are shown in table 6.1. Anisole +
mesitylene and anisole + o-xylene mixtures were used in 1:4, 2:3, 3:2 and 4:1 ratios and the
anisole + methyl benzoate mixture was used in 1:1 and 3:2 ratios. The anisole + methyl
benzoate data from chapter 3 showed it was a non-ideal mixture, though it also appeared
anisole was evaporating more quickly than methyl benzoate at all compositions. The anisole +
mesitylene data from chapter 3 showed ideal behaviour and anisole was evaporating more
quickly relative to the bulk at all compositions. However the vapour pressures of anisole and
mesitylene are close (table 6.1) so the evaporation rates may not be very different. The
surface tension and density data for the anisole + o-xylene mixture is shown in figure 6.1: the
density decreased smoothly with increasing amounts of o-xylene but the surface tension did

not, suggesting non-ideal behaviour.

In the anisole + o-xylene and anisole + methyl benzoate mixtures, the expected surface tension
gradient was from a high value at the contact line to a low value at the centre enhanced
drainage from the centre of the drop towards the contact line. Anisole + o-xylene was
originally selected to investigate surface tension flows towards the contact line and when no
differences in the drying compared to single solvents were observed, anisole + methyl
benzoate was selected to exaggerate the difference in volatility between the two solvents.

The anisole + mesitylene mixture was selected to investigate the effect of surface tension
gradients from a high value at the centre to a low value at the contact line; expected flows in
this case would be from the contact line towards the centre. As it is likely the drop will remain
pinned around the wall tops such flows may present as enhanced drainage from the corners of

the wells towards the centre.

Table 6.1: Properties of solvents at 25 °C.

Solvent Surface Density/ g cm3 | Viscosity/ mPas Vapour
Tension/ Pressure/ kPa
mN m™?!
Anisole 34.967° 0.9907° 1.0017° 0.4777°
Methyl benzoate 37.277° 1.0857° 1.9587° 0.0517°
o-Xylene 29.607° 0.8767° 0.7477° 0.8767°
Mesitylene 28.057° 0.8617° 0.9167° 0.3277°
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Figure 6.1: Surface tension (a) and density (b) values at changing compositions of the anisole + o-xylene
mixture. Error bars show the standard deviation in surface tension measurements; if error bars are not
visible they are smaller than the points. Systematic error associated with the density measurements was
+0.001 g cm™.

(@ ']
>
£ 0.8
o
&
> 0.6 1 « anisole
°
S 0.4 » o-xylene
g0
s = anisole ideal
o 0.2 4
a o-xylene ideal
0 - T T T T
0 0.2 0.4 0.6 0.8 1
Proportion of Liquid Anisole, X,
2.5
(b)
2 T [
1.5 4 o e®e0® ......o.c.c o
x 000000 o oee ®e
~
> 1 4o * anisole
. 040,00%00% » o-xylene
0.5 Hee R X it
0 T T T T
0 0.2 0.4 0.6 0.8 1

Proportion of Liquid Anisole, X,

Figure 6.2: VLE curves for the anisole + o-xylene mixture (a) and the Y/X curve for the two solvents (b).
VLE curves represent the mixtures at 25 °C.**! Steps and divergence in the data are a result of numerical
limitations in the computations.
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VLE curves for the anisole + o-xylene mixture are shown in figure 6.2a. The mixture shows
some deviation from ideal behaviour, though the deviations are not large. The Y/X data for
the mixture (figure 6.2b) shows o-xylene is always evaporating more quickly relative to what is
in the bulk. Asin chapter 3 there are steps and divergences in the VLE curves which are a

result of numerical limitations in the computations, the creator of the software has been made

aware of these issues.

In most cases the solvent mixture data appeared much like the single solvent data, slower
drying drops gave U-shaped film profiles and faster drying drops gave W-shaped film profiles.
Figure 6.3 shows example profile developments for all three solvent mixtures; the anisole +
methyl benzoate mixture dried to give U-shaped film profiles while the anisole + mesitylene
and anisole + o-xylene mixtures dried to give W-shaped film profiles. In figure 6.3a it was
possible to analyse the profile right up to the banks as in the images the fringes on the banks
were not clear and so did not interfere with the fluid fringes. The apparent noise on the right
hand side of figure 6.3a was the result of the fluid overlapping with the banks. The step in
figure 6.3c was due to an error in the analysis program. It was initially present in all of the
time curves but was corrected in the earlier curves by an exact number of fringes. In the curve
at 0.8 s the miscounting was not an exact number of fringes and as such could not be
corrected. Figure 6.3c also appeared to de-pin from the walls during drying. Images

corresponding to the curves in figure 6.3 are shown in appendix B.
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Figure 6.3: Examples of the profile progression in each of the three mixtures investigated; anisole +
methyl benzoate in a 1:1 ratio (a), anisole + mesitylene in a 3:2 ratio (b) and anisole + o-xylene in a 2:3
ratio (c). Cross sections were taken horizontally across the centre of the wells.
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To determine whether the presence of co-solvents had any impact on the level of dimple
formation in drying drops the hma and evaporation rate data for solvent mixture drops was

plotted alongside the data for single solvents. Figure 6.4 shows that, for the most part, the

solvent mixture data followed the same trend as the single solvent data, whereby hpqx

increased along with the evaporation rate. However, as with the single solvents, there were

some drops (all for anisole + mesitylene) which did not give W-shaped profiles. Figure 6.5

shows images from the drying process and the corresponding plots of profile progression for

one of the drops of anisole + mesitylene which did not give W-shaped profiles.
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Figure 6.4: Relationship between hmax and evaporation rate for drops of single solvents (blue), anisole +

mesitylene (red), anisole + methyl benzoate (green) and anisole + o-xylene (black) within the square
wells. Open symbols represent drops which showed qualitative differences in the drying.
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Figure 6.5: Images from drying (a) and the resulting plot of profile progression (b) for an anisole +
mesitylene drop in a 3:2 ratio which showed differences in the drying. Images were recorded at 1000
fps and a shutter speed of 1ms. The cross section was taken horizontally across the centre of the well.

From the images and plot in figure 6.5 it was not entirely clear what had caused the
differences in drying in some anisole + mesitylene drops. Anisole was more volatile than
mesitylene and had a higher surface tension (table 6.1) so the expected surface tension
gradients in this mixture would be a low surface tension at the contact line and a high surface
tension at the centre of the drop, giving flows from the contact line towards the apex. The
plot and images in figure 6.5 showed a largely U-shaped film profiles despite the relatively high
drying speed, the drop was evaporating much faster than the anisole + mesitylene drop in
figure 6.3b but did not give a dimple as expected. At the very end of drying there was a small

build-up of fluid in the very centre of the well not seen in single solvents. The small raised
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region in the centre of the well towards the end of drying was only a single fringe high. There
were however some differences during the drying which separated the profile development
from that of a standard U-shaped profile progression; the fluid flattened out earlier in the
drying than with standard U-shaped progressions (figure 6.3a) so giving flatter films at thicker
film heights, and the gradient of the fluid up to the wall tops was shallower. It is possible there
was some form of Marangoni driven surface tension gradient acting towards the centre of the
drop which counteracted capillary drainage from the centre of the drop and prevented dimple

formation.

As the differences in drying for some anisole + mesitylene drops were not consistent, it would
not be prudent to assign surface tension gradients as the cause of the imaged differences from
these measurements alone. If surface tension gradients were the cause of the identified
differences in drying you would expect the same pattern of drying in every drop, which was
not the case. However the vapour pressures of anisole and mesitylene were similar (table 6.1)
and it is possible the similarity of the vapour pressures meant the evaporation rates of the two
solvents were not different enough to give surface tension driven flows that were dominant

over capillary flows in all drops.

The anisole + methyl benzoate mixtures exhibited U-shaped profile progression consistently
throughout drying (figure 6.3a) and the anisole and o-xylene mixture gave W-shaped profile
progression in all cases (figure 6.3c), as would be expected from single solvents based on the
evaporation rates. In both anisole + methyl benzoate and anisole + o-xylene mixtures, the
higher volatility solvent had the lower surface tension, so expected flows were from the apex
of the drop towards the contact line and you would expect to see M-shaped profiles. The
relative vapour pressures of anisole and o-xylene were similar (table 6.1) and as such
evaporation rates may not have been different enough to give surface tension driven flows
that were dominant over capillary flows. In the case of anisole + methyl benzoate it is possible
the large difference in vapour pressure meant anisole was evaporating much more quickly
than methyl benzoate to leave essentially pure methyl benzoate for most of the drying and no

surface tension driven flows.

In order for any firm conclusions on the impact of solutal surface tension gradients on drop
profile progression during drying to be made, it was necessary to investigate some model
solvent mixture systems. Model systems which exaggerate the differences in surface tension
and volatility are necessary to determine the impact of solvent driven Marangoni stresses on
the profile of drying drops in wells and thus to determine whether binary solvent mixtures

could be useful in engineering flat deposits from drops printed into wells.
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6.3 Other Substrate Geometries

The drying of solvent mixtures imaged within square wells showed some differences in profile
development during drying for the anisole + mesitylene mixture, though not for the anisole +
methyl benzoate or the anisole + o-xylene mixtures. Both anisole + methyl benzoate and
anisole + o-xylene acted as would be expected of single solvents. In this section the drying of
anisole + mesitylene and anisole + o-xylene mixtures in the oval and circular wells is discussed
to determine how mixtures dried within more industrially relevant and axisymmetric systems.
Drops were printed and imaged as described in chapter 2 section 2.1 and analysis of images
was carried out as described in section 2.3. Solvent mixtures were made up in 1:4, 2:3, 3:2 and

4:1 ratios for each mixture.

The hmax and evaporation rate data for all solvent mixtures is plotted alongside the single
solvent data for the oval wells in figure 6.6. As with the square wells, the majority of the
solvent mixture measurements fitted within the general trend of the single solvent data.
There were some data points which showed qualitative differences in drying behaviour, shown
by the open symbols in figure 6.6. Drops which showed a difference in drying did not always
sit outside the overall trend (figure 6.6); this was mostly due to de-wetting of the drop during

drying giving a falsely high level of dimple formation.
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Figure 6.6: Relationship between hmax and evaporation rate for drops of single solvents (blue), anisole +
mesitylene (red) and anisole + o-xylene (green) within the oval wells. Open symbols represent drops
which showed qualitative differences in drying.

Some drops which showed qualitative differences in drying in the oval wells were for anisole +
o-xylene drops. Images and plots of profile progression for the two behaviours of anisole + o-
xylene are shown in figures 6.7 and 6.8. Some drops showed W-shaped profiles and others

showed M-shaped profiles. The expected surface tension gradients in anisole + o-xylene
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mixtures were high at the contact line and low at the apex, consistent with the M-shaped
profiles seen in some cases. The similar vapour pressures of anisole + o-xylene could explain
why enhanced drainage from the centre of the drop was not seen in each case (table 6.1). In
the oval wells there is also another drainage pathway from the straight edges up to the curved
ends, as seen by the lower values of hnain chapter 4. The extra drainage pathway could
reduce surface tension gradients and Marangoni stresses, so M-shaped profiles do not form in

every case.

Some differences were also seen for the anisole + mesitylene mixture in the oval wells, similar
to the differences seen in the square wells. Images and plots for the two behaviours are
shown in figures 6.9 and 6.10. The profiles which showed qualitative differences displayed a
slight build-up of fluid towards the centre of the wells at the end of drying. As previously
discussed, expected surface tension gradients in the case of anisole and mesitylene were
towards the centre of the drops, providing an explanation for the slight build-up of fluid

towards the centre of the wells in the later stages of drying.
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Figure 6.7: Images from the drying of anisole + o-xylene drops in a 2:3 ratio which dried to give W-
shaped (a) and M- shaped (b) profiles in the oval wells. Images were recorded at 2000 fps and a shutter
speed of 0.5 ms.
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Figure 6.8: Plots of profile progression corresponding to the images in figure 6.7 for anisole and o-xylene
drops in a 2:3 ratio which dried to give W- shaped (a) and M-shaped (b) profiles in the oval wells. Cross

sections were taken along the long axis of the well.
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Figure 6.9: Images from the drying of anisole + mesitylene in a 3:2 ratio which dried to give U-shaped

profiles (a) and a build-up of fluid towards the centre of the wells (b) in the oval wells. Images were
recorded at 2000 fps and a shutter speed of 0.5 ms.
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Figure 6.10: Plots of profile progression corresponding to the images in figure 6.9 for anisole and
mesitylene in a 3:2 ratio which dried to give U- shaped profiles (a) and a build-up of fluid towards the
centre of the wells (b) in the oval wells. Cross sections were taken along the short axis.
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Figure 6.11: Relationship between hmax and evaporation rate for drops of single solvents (blue), anisole +
mesitylene (red) and anisole + o-xylene (green) within the circular wells. Open symbols represent drops
which showed qualitative differences during drying.

Figure 6.11 shows the hnmqy / evaporation rate data for the circular wells. As with the square
wells most points fit within the single solvent data. Most anisole + o-xylene drops, shown by
open symbols on the above plot, showed M-shaped profiles rather than W-shaped as would be
expected from the evaporation rates. Images and plots from the two behaviours are shown in
figures 6.12 and 6.13. The M-shaped profiles observed in most cases were consistent with the
expected surface tension gradients. In the few anisole + o-xylene drops which did not show M-
shaped profiles there was de-pinning of the drop down the walls during drying and W-shaped
profiles formed. Figure 6.13a shows de-wetting of the fluid towards the end of drying to

increase hmayx, as well as de-pinning down the banks.

The absence of any solutal flows for the anisole + o-xylene mixture in the square wells (when
they were present in both the oval and circular wells) could be explained by their relatively
large size; if the surface tension gradients across the surface were weak, as indicated by
enhanced drainage not being present in every case in oval and circular wells, then the larger

surface area of the square wells could have prevented enhanced drainage from occurring.

In order to be certain what effect solvent mixtures had on the drying of drops within wells,
more consistent data needed to be collected. The use of model solvent mixtures designed to
exaggerate surface tension and volatility differences was necessary to gain more consistency

from the data.
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Figure 6.12: Images from the drying of anisole + o-xylene in a 2:3 ratio showing W-shaped (a) and W-
shaped (b) profiles in the circular wells. Images were recorded at 2000 fps and a shutter speed of 0.5ms.

139



(a) 2
1.5 4 —-0.2's
— -0.1s
€
i- — S
b 1 _
_'En — 0.1s
()]
T
/—\ — 0.2s
0.5 - — 03s
— 0.4s
0 + T
0 50 100
x/ um
3.5
(b)
3 .
——0s
2.5 - — 01 s
— 0.2
€ 2 )
- — 03s
=
20
2 1.5 A —— 04s
—— 05s
1 _
— 0.65s
0.5 -
0 .
0 50 100
x/ um

Figure 6.13: Plots of profile progression corresponding to the images in figure 6.12 for anisole + o-xylene
in a 2:3 ratio drying to give W-shaped (a) and M-shaped (b) profiles in the circular wells. Cross sections
were taken horizontally across the centre of the wells.
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6.4 Model Solvent Mixtures

Images from the drying of industrially relevant mixtures in wells of all geometries showed the
possible presence of solutal Marangoni gradients during drying, but without any consistency.
Differences in drying and suspected Marangoni flows were not present in every case, most
likely due to the similar volatilities of the solvents. To confirm the effect solutal Marangoni
flows had on drop profiles during drying it was necessary to image the drying of model solvent
mixtures designed to exaggerate differences in surface tension and volatility between the two
solvents. Drying of three model mixtures has been imaged in the square wells and a picture of
the changing drop profile during drying was built up. Drops were printed and imaged as
described in chapter 2 section 2.1 and analysis of the images was as described in section 2.5.
The solvent mixtures investigated were butyl acetate + ethanol, butyl acetate + methoxy
propanol and butanol + toluene. The properties of the solvents are shown in table 6.2. All
mixtures were imaged in a 1:1 ratio and butanol + toluene was also imaged in a 7:3 and 3:7
ratio. The surface tension and density data for all three mixtures are shown in figures 6.14 and
6.15. Each mixture was imaged on a minimum of three different days with a minimum of five

drops of each mixture recorded on each day.

Table 6.2: Properties of all solvents, all values are quoted at 25 °C.

Solvent Surface Density/ g cm™ | Viscosity/ mPas Vapour
Tension/ Pressure/ kPa
mN m

Ethanol 23.397° 0.7877° 1.0577° 7.837°
Butyl acetate 24.787° 0.8767° 0.6777° 1.527°
Butanol 25.677° 0.8067° 2.5997° 0.9317°
Toluene 27.937° 0.8657° 0.5487° 3.76"°
Methoxy 27.74%8 0.916%8 1.7128 1.212°
propanol
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Figure 6.14: Surface tension data for mixtures of butyl acetate + ethanol (a), butyl acetate + methoxy

propanol (b) and butanol + toluene (c) at differing compositions. Error bars show the standard deviation

in the measurements; if error bars are not visible they are smaller than the points.
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Figure 6.15: Density data for mixtures of butyl acetate + ethanol (a), butyl acetate + methoxy propanol
(b) and butanol + toluene (c) at differing compositions. Systematic error associated with the density
measurements was + 0.001 g cm™3.

The butyl acetate + ethanol mixture showed a steady decrease in surface tension and density
with increasing proportions of ethanol. In the case of the butyl acetate + methoxy propanol
mixture there appeared to be some non-ideal mixing as the surface tensions and densities of
solutions did not increase smoothly with increasing proportions of methoxy propanol (figures
6.14b and 6.15b). The butanol + toluene data showed a linear increase in surface tension with

increasing proportions of toluene.

VLE curves for the three mixtures are shown in figure 6.16, all three showed large deviations
from ideal behaviour. The Y/X data for the mixtures is shown in figure 6.17. For all five

solvents D was similar so the vapour pressures are the most important factor in determining
which solvent evaporates fastest. For the butyl acetate + ethanol mixture, ethanol
evaporation is enhanced relative to the bulk in all cases. As the vapour pressure of ethanol is

higher than that of butyl acetate, the ethanol will evaporate more quickly at all compositions.
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For the butyl acetate + methoxy propanol data (figure 6.17b) the evaporation of butyl acetate

is enhanced relative to the bulk at all compositions, as such the butyl acetate should be

evaporating more quickly throughout drying. The butanol + toluene data (figure 6.17c) shows

an azeotrope at a butanol proportion of 0.07. However the lowest proportion of butanol

investigated is 0.3 and as the toluene is evaporating more quickly relative to the bulk than

butanol at this proportion, the mixture will never reach the azeotrope. Therefore toluene

should be evaporating more quickly at all compositions.
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Figure 6.16: VLE curves for the butyl acetate + ethanol (a), butyl acetate + methoxy propanol (b) and

butanol + toluene mixtures. VLE data was taken for all mixtures at 25 °C.}*! Apparent steps in the
curves are the result of numerical limitations in the computations.
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methoxy propanol (b) and butanol + toluene mixtures. Apparent steps and divergence in the curves are
the result of numerical limitations in the computations.
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The images and plots of profile progression from the drying of one of the butyl acetate +
ethanol drops are shown in figure 6.18. The video relating to figure 6.18 is video 10 on the
attached disk. It showed M-shaped profile development in the early stages of drying before it
switched back to give dimple formation. Ethanol has a lower surface tension than butyl
acetate. Asthe more volatile solvent, ethanol was depleted at the contact line relative to the
centre of the drying drops and there was a higher surface tension at the contact line of the
drying drops than the centre. Expected solutal Marangoni flows were therefore from the apex
towards the contact line, the M-shaped profiles seen in the early stages of drying were
consistent with this. The switch to dimple formation in the later stages of drying confirmed
the flows were solutal in nature as, once the ethanol had evaporated off, drying reverted to

what would be expected from single drops evaporating at such rates.

Figure 6.19 shows the change in fluid height with time for the butyl acetate + ethanol drop
shown in figure 6.18. The centre of the fluid (X in figure 6.18a) begins above the intermediate
regions (Y in figure 6.18a) but quickly dips below the level of the fluid in the intermediate
region (att = 0.02 s) as the M-shaped profile forms. Once the M-shape has formed both
regions then thin together from at t =~ 0.2 s until dimple formation occurs (att = 0.4sin
figure 6.19 due to the chosen location of the intermediate region) and the intermediate region
begins to thin more quickly than the centre. The data in figure 6.19 is consistent with the

images and plots of profile progression in figure 6.18.

It was possible the enhanced drainage from the centre of the wells identified early on in the
drying for butyl acetate + ethanol mixture was due to thermal effects from the rapid
evaporation of ethanol, as ethanol has shown thermally driven surface tension gradients as a
pure solvent. However images from the drying of the two drops appeared to suggest more
pronounced enhanced drainage from the centre of the wells in the butyl acetate and ethanol
mixture than in the pure ethanol (figure 6.18 compared to figure 6.20); indicating surface
tension driven flows in figure 6.18 came from forces other than thermal gradients. Analysis of
the images in figure 6.20 was not possible due to the de-wetting of the film during drying;
evident from the pools of solvent left at 0.28 s. However qualitatively there appears to be a
larger level of enhanced drainage in the images from the butyl acetate and ethanol mixture

than the pure ethanol at 21 °C.
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Figure 6.18: Images from the drying (a) and a plot of profile progression (b) for a drop of butyl acetate +
ethanol in a 1:1 ratio drying within the square wells. Images were recorded at 2000 fps and a shutter
speed of 0.5 ms Cross section was taken diagonally across the centre of the wells. In this case t =0 has

been defined as the time at which the drop finished spreading.
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Figure 6.19: The relationship between fluid height and time in the centre of the well (blue, labelled X in
figure 6.18a) and the intermediate region of the well (red, labelled Y in figure 6.18a) for the butyl
acetate + ethanol drop shown in figure 6.18.
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Figure 6.20: Images from the drying of pure ethanol at 21 °C in the square wells. Images were taken at
3000 fps and a shutter speed of 0.33 ms. Analysis of the images was not possible due to de-wetting of
the film during drying (evident from the image at 0.28 s). There was also some dust present in the
drying images (0.12 s onwards) though it did not impact on the film profile during drying.

In the case of the butyl acetate + methoxy propanol mixture, butyl acetate has a lower surface
tension than methoxy propanol and was more volatile; giving the same direction for the
surface tension gradients as in butyl acetate + ethanol. Images from the drying and plots of
the drop profile are shown in figure 6.21: they show M-shaped profile progression. The video
relating to figure 6.21 is video 11 on the attached disk. Profiles in the case of butyl acetate +
methoxy propanol are consistent with the expected surface tension gradients. As neither butyl
acetate nor methoxy propanol showed thermal effects in chapter 5, the Marangoni stresses

are a result of compositional gradients.
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Figure 6.21: Images from the drying (a) and a plot of profile progression (b) for a drop of butyl acetate
and methoxy propanol drying within the square wells. Images were recorded at 2000 fps and a shutter
speed of 0.5 ms. The cross section was taken diagonally across the centre of the well.

The vapour pressure data in figure 6.17 show that toluene is more volatile than butanol at the
ratios investigated, and as such the surface tension is expected to be lower at the contact line
and higher in the centre. Images from the drying and plots of profile progression for the drying
of a 1:1 drop of butanol + toluene are shown in figure 6.22. At first sight, the images do not
appear to show any difference in drying from single solvents with dimple formation as drying
progressed. However when the profile was taken diagonally across the wells (figure 6.22)
there appeared to be a slight dipping of the fluid in the corners of the drops before they
curved up towards the drop apex. The dipping of fluid in the corners of the wells and deviation
from the constant mean curvature seen in single solvents (chapter 4) suggested possible

solutal flows from the contact line towards the apex of the drop. The regions at both 0 and
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300 um in figure 6.22b which show apparent sharp drops in fluid height are the region of fluid

on top of the slope of the banks.

To confirm the presence of solutal Marangoni flows from the contact line towards the apex of
the drop, solutions at a ratio of 7:3 and 3:7 of butanol:toluene were made up and the drying
was imaged. The 7:3 ratio showed deviations from constant mean curvature early in the
drying (t = -0.2—-0sin figure 6.23) but did not show enhanced drainage from the corners of
the wells and gave dimple formation as expected from the evaporation rate, most likely due to
the small proportion of toluene and its high vapour pressure relative to butanol. When the
plot in figure 6.23b is compared to figure 4.19a (chapter 4, showing the diagonal profile of an
o-xylene drop) the differences between the two become apparent. Figure 4.19a shows
constant mean curvature across the drop in the early stages of drying whereas figure 6.23b

does not.

Images from the drying and plots of the profile progression for the 3:7 mixture are shown in
figure 6.24; there was now clear enhanced drainage from the corners of the well towards the
apex of the drop. Dipping of the fluid in the corners of the wells and deviation from constant
mean curvature early on in the drying appeared to confirm the presence of solutal Marangoni
flows in the butanol + toluene mixture. Enhanced drainage from the corners of the wells was
apparent in every case of printed butanol + toluene drops in a 3:7 ratio and was consistent
with the expected solutal flows. The apparent noise early on in the profiles in figures 6.22 and
6.24 was due to the miscounting of fringes as the drop height approached the coherence limit
of the light source. As the drop dipped in the corners very early on in the drying before
reverting to give dimple formation, it was necessary to show these profiles but the apex of the
drops at the relevant points in the drying was too high to show any clear interference fringes in
the images. The regions close to 0 and 300 um in figure 6.24b where there is a sudden drop in

film height is where the fluid overlapped the slope of the banks.

150



(a)

50 um
7 —
(b) 6.5 -
6
5.5 —— 0.6s
> — 0.8
g 45 €S
3 4 — 1.0s
S~
£35 12
-a 3
Tos —14s
2 — 16s
1.5
1 — 1.85s
0.5
0 T T T
0 50 100 150 200 250 300
x/ um

Figure 6.22: Images from the drying (a) and a plot of profile progression (b) for butanol + toluene ina 1:1
ratio. Images were recorded at 2000 fps and a shutter speed of 0.5 ms. The cross section was taken
diagonally across the centre of the well.
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Figure 6.23: Images from the drying (a) and plots of profile progression (b) for butanol + toluene in a 7:3
ratio. Images were recorded at 2000 fps and a shutter speed of 0.5 ms. The cross section was taken
diagonally across the centre of the well.
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Figure 6.24: Images from the drying (a) and a plot of profile progression (b) for butanol + toluene in a 3:7
ratio Images were recorded at 2000 fps and a shutter speed of 0.5 ms. The cross section was taken
diagonally across the centre of the well.
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Figure 6.25: The relationship between fluid height and time in the centre of the well (blue, lableed X in
figure 6.24a) and the intermediate region of the well (red, labelled Y in figure 6.24a) for the butanol +
toluene drop shown in figure 6.24.

Figure 6.25 shows the change in fluid height with time for the butanol + toluene drop shown in
figure 6.24. The centre of the fluid (X in figure 6.24a) remains higher than the intermediate
regions (Y in figure 6.24a) for the entire drying process. Initially the intermediate and central
regions thinned at roughly the same rate before the rate of thinning in the central region
increased and became faster than the intermediate region. The increased rate of thinning in
the centre after approximately 0.6 s is consistent with drainage from the corners to the centre
stopping and evaporation progressing as a single solvent would. The data in figure 6.25 is
consistent with the images seen in figure 6.24. The video relating to figure 6.24 is video 12 on

the attached disk.

The imaging of model solvent mixtures has shown the influence of solutal Marangoni flows on
drop profile progression during drying. It cannot be said for certain from these measurements
that surface tension gradients were the cause of differences in drying for the anisole + o-
xylene and anisole + mesitylene mixtures imaged in sections 6.2 and 6.3, though in the case of
anisole + o-xylene profile development was as would be expected from solutal gradients. The
differences seen in anisole + mesitylene mixtures looked different to the flows from surface
tension gradients towards the apex of the drop and as such it is still unclear what caused those
differences. Whilst the M-shaped profile development in the butyl acetate + ethanol mixture
may not be useful in giving flat deposits of active materials from drops printed into wells, the

enhanced drainage from the corners of the wells in the butanol + toluene mixture could.
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6.5 Summary

Drops of industrially relevant solvent mixtures of anisole + methyl benzoate, anisole +
mesitylene and anisole + o-xylene showed some differences in drying from the expected hmax/
evaporation rate relationship displayed by single solvents, though not consistently. The
observed differences in drying were consistent with what would be expected from solutal
surface tension gradients in each case. The likely reason for the inconsistency in
measurements was the similar vapour pressures of the solvents involved. As the observed
differences were not consistent it was not possible to assign them as solutal Marangoni
effects, though the observed differences were consistent with the expected surface tension

gradients in the case of each mixture.

To confirm the influence of solutal Marangoni flows on drops drying within wells, a number of
model solvent mixtures were identified and the drying was imaged. Butyl acetate + ethanol
and butyl acetate + methoxy propanol mixtures showed M-shaped profiles due to solutal
Marangoni gradients in all cases. Butyl acetate + ethanol then reverted to give the expected
dimple formation from fast drying drops once all of the ethanol had evaporated. The
measurements of butyl acetate + ethanol and butyl acetate + methoxy propanol confirmed
solutal Marangoni flows towards the contact line give M-shaped profiles. Enhanced drainage
from the centre of the drop is not likely to be useful in gaining flat deposits from OLED drops

printed into wells.

Butanol + toluene mixtures showed enhanced drainage from the contact line towards the apex
of the drop due to solutal Marangoni gradients before reverting to the expected dimple
formation once all of the toluene had evaporated. The measurements of butanol and toluene
mixtures confirmed the impact solutal Marangoni flows towards the apex of the drop have on
profile progression during drying. Enhanced drainage from the contact line of the drops is
potentially useful in counteracting the enhanced drainage from the centre of the drop caused

by the presence of active materials.
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7. The Impact of Active Materials

7.1 Introduction
Thus far only pure solvent systems have been considered, in the absence of active OLED

materials. It cannot be assumed the drying profiles will be the same in the presence of active
materials as they are in pure solvents as the surface tension of the solution will depend on
composition, even for non-surface active materials, and changing compositions may affect
evaporation rates. Precipitation of solids from the solution may also change the bulk or
interfacial rheology of the fluid. To understand the mechanisms behind active material
transport and deposit morphology in drops containing active materials (necessary for industry
to understand what they are printing) imaging of drying drops containing such materials is

necessary.

Typical active material concentrations printed industrially are 12 — 40 mg cm™ and the
solubility limit of active materials is generally 60 — 80 mg cm™. The solubility limit of active
materials suggests the material will not precipitate out of solution until at least halfway

through the drying process, with it more likely to occur in the last quarter of drying.

In this chapter the drying of drops containing active material at a concentration of 5 mg cm3 is
discussed, this concentration is lower than those used industrially due to low availability of the
material. At a concentration of 5 mg cm3, precipitation of the active material will not happen
until the very end of the drying process. Solutions of Livilux TH-123 in anisole, methyl anisole,
dimethyl anisole, methyl benzoate, mesitylene and o-xylene were imaged after they were
identified as industrially relevant solvents. The presence of active materials meant it was not
possible to use the same interferometry method to determine height profiles quantitatively as
material present at the end of drying prevented the determination of the zero of height. The
precipitation of active materials also caused scattering of the illumination light which
destroyed the presence of fringes before the drop was fully evaporated. However the profile

development during drying could be inferred from the images.

Alongside the imaging of Livilux TH-123 in single solvents, the drying of butanol + toluene
drops in a 3:7 ratio containing Livilux TH-123 at a concentration of 5 mg cm? is considered. In
chapter 6, butanol + toluene was identified as a potentially useful mixture in giving even
deposits from drops printed into wells. The Livilux TH-123 is a host material used in active
OLED films though the exact compound was unknown to us. As the compound was unknown
to us it was unclear what impact it would have on the surface tension of the solvents, this had

to be determined from measurements on the solutions.
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7.2 Single Solvents

In this section the drying of single solvent drops containing active materials is considered.
Solutions of 5 % by weight Livilux TH-123 in anisole, methyl anisole, dimethyl anisole, methyl
benzoate and mesitylene were prepared and printed into square wells as described in chapter

2 section 2.2.

Images of drying anisole and dimethyl anisole drops are shown in figure 7.1. The anisole drop
in figure 7.1a shows pronounced M-shaped profile progression during drying whereas the
dimethyl anisole drop (figure 7.1b) shows mainly U- shaped profiles. There is a slight dip in the
centre of the wells before the corners have reached that level in figure 7.1b, suggesting there
may have been some very muted enhanced drainage from the centre of the dimethyl anisole
drop. Images from the drying of all other solvents in the presence of active materials are
shown in appendix C. The videos relating to figure 7.1 are videos 13 and 14 on the attached
disk. In all cases the presence of active materials caused some form of M-shaped profile
progression akin to the flows seen in drops with surface tension gradients which are high at
the contact line and low at the apex. It was likely the surface tension gradient was a function
of a compositional gradient in the drying drops. The slower evaporating solvents such as
methyl benzoate and dimethyl anisole showed muted enhanced drainage whereas the faster
evaporating solvents such as anisole, methyl anisole and mesitylene showed pronounced M-

shaped profiles.

To determine the effect active materials had on surface tension, solutions of Livilux TH-123
were made up at concentrations between 2 and 8 % by weight of active and the surface
tensions of all solutions were measured and compared to the pure solvents. Surface tension
values were measured for each sample until all three consecutive measurements within

0.1 mM m™ of one another were obtained. All solvents showed a general increase in surface
tension with increasing concentration of active material (figure 7.2) though the increase was
not smooth. All changes in surface tension were larger than the standard deviations
associated with the measurements (shown as error bars on the plots in figure 7.2). The quoted
errors arise only from the fitting errors of the pendant drop profiles: the same density is used
for all measurements on the same sample. Errors in the density measurement lead to
variability between the surface tensions measured on different samples. The precision in the
density measurement is 0.1 %, leading to an error of 0.15 % in the surface tension

(approximately 0.05 mN m™). This error does not account for the variation in figure 7.2.

If errors in density measurements outside the systematic errors accounted for were the reason

for the inconsistencies in surface tension values, a plot of measured density against the
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measured surface tension should give a straight line. A plot of surface tension against density
for methyl benzoate is shown in figure 7.3 and does not show a straight line. The
inconsistency in surface tension was therefore not solely due to an error in density
measurement though, as a linear increase in density with concentration is expected for dilute
solutions, an error in density measurement was clearly a factor. Inconsistencies in the surface
tension measurement could also have been made worse by errors in the measurement of

surface tension itself. Due to the limited availability of active materials it was not possible to

repeat these measurements.

(b)

Figure 7.1: Images showing profile progression in an anisole drop which showed pronounced enhanced
drainage from the centre of the wells (a) and from a dimethyl anisole drop which showed muted
drainage from the centre of the wells (b). In the case of anisole images were recorded at 1000 fps and 1
ms exposure whereas in dimethyl anisole images were recorded at 50 fps and 1 ms exposure.
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Figure 7.2: Variation in surface tension with concentration of Livilux TH-123 in anisole (a), methyl anisole

(b), dimethyl anisole (c), methyl benzoate (d), mesitylene (e) and o-xylene (f). Points are the mean of

three measurements and error bars show the standard deviation in the measurements.
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Figure 7.3: Correlation of surface tension and density for the methyl benzoate measurements in figure
4.19d.

The surface tension of all solutions increased with increasing concentration of active material.
In an evaporating drop enhanced evaporation at the contact line gives a higher concentration
of active material at the contact line than at the apex of the drop. The higher concentration of
active leads to a higher surface tension at the contact line than at the apex, consistent with the
observed M-shaped profiles. The disparity between slower and faster evaporating drops in
terms of level of enhanced drainage could be explained by the amount of time the active
material has to diffuse through the drop during the drying process. The Peclet number in the
vertical direction (Pe = 0.08, tg;rr = 1073 s) is small so diffusion averages concentration
vertically. In the horizontal direction the Peclet number is larger than in the vertical direction
(Pe =5, tgirr = 25 s) and as such concentration in the horizontal direction will not always be

averaged by diffusion.

For faster drying solvents such as anisole, methyl anisole and mesitylene where tqr,<< 25 s the
concentration does not average horizontally in the drying time and there is a higher
concentration of active material at the contact line than at the apex; giving Marangoni driven
flows. For slower drying solvents such as dimethyl anisole and methyl benzoate where tgy>>
25 s diffusion averages the concentration horizontally in the drying time and there are no

concentration gradients to drive Marangoni flow.

The morphology of some printed deposits was measured by epifluorescence microscopy (now
including o-xylene). The images in figure 7.4 and plots in figures 7.5 and 7.6 showed that, in
most cases, luminescence intensity was enhanced at the contact line relative to the centre of
the deposit and in the corners relative to the straight edges. The exception was o-xylene
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which appeared to have non-uniform deposition of material along the edges of the drops. In
o-xylene the material had been deposited on the banks rather than in the wells most likely due
to the material overflowing the wells in the printing process. Non-uniformity of the deposit
from o-xylene most likely arose from de-wetting of the fluid during drying; so giving a wavy
intensity profile along the straight edges of the wells. In general the deposit profiles were
similar to a coffee ring, though the driving mechanisms behind particle transport were
different as has already been described. The data presented in this section suggests that the
driving force behind deposit morphology in the presence of active materials was surface
tension gradients due to compositional gradients in the fast drying solvents. Capillary flow into
the meniscus was probably more important than Marangoni effects in slow drying solvents
such as dimethyl anisole. Both Marangoni effects and capillary flow to the contact line would

give a build-up of deposit around the contact line.

(a) (b) (c)

50 um

Figure 7.4: Epifluorescence images of active material deposits printed from anisole (a), dimethyl anisole
(b) and o-xylene (c). The dotted lines show the cross sections taken for the plots of luminescence
intensity in figures 7.5 (yellow) and 7.6 (white). The cross sections were taken in the same positions for
each of the three deposits.
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Figure 7.5: Luminescence intensity from the images in figure 7.4 across the centre of the wells. The

drops were printed from anisole (a), dimethyl anisole (b) and o-xylene (c).
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Figure 7.6: Luminescence intensity from the images in figure 7.4 along the edges of the wells. The drops
were printed from anisole (a), dimethyl anisole (b) and o-xylene (c).

All experiments in this thesis were conducted under ambient conditions in the lab whereas in
industrial printing of OLED devices drying is usually done in a vacuum. In a vacuum chamber,
drying switches from diffusion control to ballistic control*’>17® as the pressure drops. Once the
mean free path exceeds the length scale of the drop, any vapour immediately moves away
from the drop surface and evaporation is no longer enhanced at the contact line.
Compositional gradients are reduced compared to the case where enhanced evaporation is
present. Smaller compositional gradients reduce the strength of Marangoni surface stresses
so enhanced drainage from the centre of the drop is less likely to occur and the processes
controlling deposit morphology revert to the pinning of the drop at the wall tops and the

speed of evaporation.
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The images shown in figure 7.7 were taken from deposits dried in a vacuum chamber at Merck
Chemicals Ltd. at different speeds where the speed of drying was controlled by the pressure in
the vacuum chamber. They appear to show that in a vacuum, the speed of drying once again
determined deposit morphology with slow drying drops giving U-shaped deposits and fast
drying drops giving W-shaped deposits. Therefore in a vacuum the pinning of drops at the wall
tops and speed of drying of the solvent were the key factors in determining the final deposit
morphology (as in the case of single solvents drying in the absence of any active materials). It
is possible the apparent U-shaped deposit in figures 7.6a and 7.7a was a result of M-shaped
profile development as the build-up of fluid around the contact line could be a result of either
U- shaped or M-shaped profile development. The W-shaped deposit however could not be a

result of M-shaped profile development.

50 um

Figure 7.7: Epifluorescence images of active material deposits in oval wells which had been dried in a
vacuum at different speeds; the slow drying gave a U-shaped deposit (a) and the fast drying gave a W-
shaped deposit (b). The images were provided by Merck Chemical Ltd.

164



200 T

T
(a)
I8 I
LY
ae g N A
@ | Y i \
= A / |
@ 100 |- k" =
g e
= N
50 - o o 4 -
Mo, o
| = i e T |
1] 500 1000 1500
Distance along profile/ pixel
120 T T
(b)
£ 100 - J
{1]
Sy
=
% 80 | .
S
60 1
1 1
0 500 1000 1500

Distance along profile/ pixel

Figure 7.8: Plots showing luminescence intensity from the images in figure 4.24 down the centre of the
long dimension of the pixels; the slow drying gave a U-shaped deposit (a) and the fast drying gave a W-

shaped deposit (b).

In summary, the surface active properties of Livilux TH-123 cause M-shaped profiles under
ambient conditions due to compositional surface tension gradients. When printed drops are
dried within a vacuum chamber they are no longer drying within the diffusive regime and as
the pressure drops drying becomes ballistic. Once drying is ballistic, compositional surface
tension gradients due to Livilux TH-123 are no longer large enough to give M-shaped profiles

and U- or W-shaped profiles form depending on evaporation rate.
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7.3 Binary Solvent Mixtures
The model solvent mixtures imaged in section 6.4 showed the impact solutal Marangoni flows

had on the drop profile during drying. Single solvent drops containing active materials showed
M-shaped profile progression. It is possible solutal Marangoni flows from the contact line
towards the centre of the drop could be used to mitigate the enhanced drainage from the
centre of the drop caused by the presence of active materials. In this section the drying of
drops of butanol + toluene in a 3:7 ratio containing Livilux TH-123 at a concentration of

5 mg cm3 in square wells is reported. Solutions were made up and printed as described in

chapter 2 sections 2.1 and 2.2.

The drying of single solvent drops containing active materials showed M- shaped profiles as
the presence of active materials increased the surface tension of the solvents. Images of
profile progression during drying of a butanol + toluene drop containing Livilux TH-123 are
shown in figure 7.9. From the images it is clear the fluid in the corners of the wells is dipping
below the level of the banks before the centre of the drop reached that level, as was the case
in this mixture when no active material was present. The data suggest solvent driven surface

tension gradients were dominant over the impact of active materials during drying.
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50 pm

Figure 7.9: Images from the drying of a drop containing butanol and toluene in a 3:7 ratio in the
presence of active materials. Images were recorded at 2000 fps and a shutter speed of 0.5 ms.

The disruption to the regular interference fringes in figure 7.9 is indicative of active material
crystallising out of solution very early on in the drying process, first seen by the dark specks
appearing in the corners of the wells (figure 7.11a). The active material is soluble toluene but
not in butanol. As the toluene evaporates, the mixture becomes richer in butanol and the
active ingredient reaches its solubility limit. Crystallisation began in the corners of the wells
where evaporation is fastest. In pure solvents, active materials did not crystallise but gave
amorphous films. The crystallisation of active materials during drying is not desirable when
printing OLED films; the presence of crystals did however have some unexpected benefits in
terms of understanding the mechanisms behind drying in the butanol and toluene mixture.

The video relating to figure 7.9 is video 15 on the attached disk.
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As drying progressed the crystals of active material began to follow the flows within the drying
drops, acting as tracer particles. It was not possible to analyse particle tracks from the drying
but from the videos it was clear there were recirculating flows within the drying drop,
confirming the presence of solutal Marangoni flows. As the drying film was thin relative to the
depth of focus of the objective, the entire depth of the drop was in focus throughout drying
and it was not possible to determine the z position of the moving crystals. Itis likely the
crystals were moving into the centre of the drop along the liquid-air interface, as this was the
direction of the solutal surface tension gradients, then moving out towards the contact line

along the base of the wells (figure 7.10).
o high

o low o low

Figure 7.10: A schematic showing the likely direction of travel of the active material crystals.

Just after crystals began to appear in the corners, a circular region formed in the very centre of
the butanol + toluene drop which did not appear to contain any crystals (figure 7.11b). As
drying progressed active material crystals appeared in the central circular region (figure 7.11c),
suggesting the active material had been present throughout drying but was still in solution and
not visible in the images. The active material crystals may have remained in solution for longer
at the apex of the drop as it was enriched in toluene relative to the contact line and as such it
took longer for the solubility limit to be reached. Whilst butanol and toluene are fully miscible,
it is possible that a toluene + active ingredient-rich phase could separate from a butanol-rich
phase. Just before the drops were completely dry, the images appeared to show 3 different
regions of crystals in a circle in the centre of the well (figure 7.11d). The central region
contained a dark grey outer ring of large crystals, a light grey ring of apparently smaller crystals
and a central circular region apparently devoid of any crystals. However, as can be seen from
figure 7.12 the final images from drying showed the region that appeared to be devoid of
active material in figure 7.11d did contain active material after all, perhaps due to a crystal size
too small to be seen or an amorphous film region. The different crystal sizes seen in figure

7.11d were likely due to the length of time they had been in solution; those which crystallised
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out later in the drying had less time to grow and so were smaller than those which precipitated

out early on in the drying.

(a) 25um

() 25um (d 25um

Figure 7.11: Stills from the drying of the drop of butanol and toluene in a 3:7 ratio containing active
material. Images show the initial formation of crystals in the corners of the wells (a) the formation of a
circular region in the centre of the drop which appeared to be devoid of any crystals (b), crystals
appearing within that central region (c) and rings of different sized crystals (d).

169



25 pm

Figure 7.12: An epifluorescence image of a deposit of active material printed from butanol and toluene
in a 3:7 ratio.
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Figure 7.13: A plot of luminescence intensity across the pixel for the deposit imaged in figure 7.12.

Epifluorescence images and the resulting luminescence profiles of active material deposits
(figures 7.12 and 7.13) printed from the 3:7 butanol + toluene mixture confirmed the presence
of active material in the apparently devoid central region in figure 7.11d. Images showed a
bright circular region of deposit in the centre of the wells with a pinprick sized hole in the very
centre. The size of the hole in the epifluorescence images was much smaller than the region
apparently devoid of particles in the centre of figure 7.11d (approximately 15 um as opposed
to approximately 50 um); suggesting the apparently devoid region did contain active material
that could not be seen in the drying images as discussed above. However the image in figure
7.12 was not from the same deposit as in figure 7.11, it is likely the size of the hole varies from
sample to sample. The pinprick sized hole in the centre of deposits has been reported for
systems which show recirculatory flows with migrations across streamlines towards the centre
of drops;** it is possible migration across streamlines was occurring in these systems though

more experiments need to be carried out to confirm this.
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The imaging of drops containing a mixture of butanol + toluene along with active materials has
created a lot of interesting questions. In terms of printing deposits of active materials for use
in OLED systems, for the system investigated we have shown solvent driven Marangoni flows
were dominant over surface tension flows from the presence of active materials. The use of
solvent driven Marangoni gradients to counteract active material driven drainage from the
centre of the drop could potentially be useful in the printing of OLED materials. Crystallisation
of the active material during drying meant the butanol and toluene mixture imaged here
would not be useful for printing OLED materials where amorphous films are desirable. The
area of the printed deposit was much smaller than the area of the original drop (approximately
one third the well size) again not desirable in the printing of OLED deposits; but the small
circular deposit could be useful in some applications where small deposits are wanted from
large drops. In the printing of OLED materials the deposit needs to be level across the entire

area of the pixel so printing small dots as imaged here would not be useful.

Aside from the printing of OLED materials, the images from drying in the butanol and toluene
mixture have created a number of questions about the presence of recirculatory flows and

driving mechanisms behind the deposits imaged here. More investigations need to be carried
out before any firm conclusions can be drawn. The experiments reported in this section show

it should be possible to carry out PTV successfully within banked structures.
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7.4 Summary

The impact of active materials on drying mechanisms was considered to relate the drying
behaviour of pure solvents to more industrially relevant systems. Active materials increased
the surface tension of the solvents. Enhanced evaporation at the edges of the wells caused
gradients in composition and hence in surface tension, leading to a flow from the centre of the
drop towards the contact line. Under ambient conditions, surface tension gradients in the

presence of active materials became the main driving force behind final deposit morphology.

In industry, inkjet-printed OLED devices are dried within a vacuum chamber; and as such
drying switches from diffusion control to ballistic control. Images of final deposits from drops
dried within a vacuum showed U-shaped and W-shaped deposit morphologies, suggesting
ballistic drying may have prevented surface tension driven flows due to active materials.
Drying under ballistic conditions would cause the evaporation rate of the solvent to determine

whether U-or W- shaped profiles form as with single solvents.

Data from drops containing a mixture of butanol + toluene in the presence of active materials
showed surface tension gradients caused by solutal gradients were dominant over surface
tension gradients caused by the presence of active materials. Deposits consisted of small,
circular deposits in the centre of the wells; smaller than the total well size. Deposits were
crystalline in nature due to the low solubility of the active material in the mixture. Crystalline
deposits which are smaller than the well size are not useful in the printing of OLED materials
where flat, amorphous deposits across the entire well are desired. However the deposits
imaged in section 7.3 could be useful in other applications. More investigation into the impact
of active materials on the drying of solvent mixtures is necessary before any firm conclusions
can be made, though the dominance of solvent over active material driven flows could be

useful in gaining flat deposits.
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8. Conclusions and Future Work

The major contribution of this thesis has been the determination of the key factors behind the
profile development of drops drying within wells. The mechanisms behind the drying of drops
within wells show some similarities to those on flat substrates, though there are some
differences. Now the mechanisms behind the drying of drops within wells have been largely
identified it should be possible to begin to formulate strategies to give even deposits from

printed drops.

This chapter discusses the main findings of this thesis and proposes a method for obtaining
even deposits from drops drying within wells, along with a few preliminary results towards

that goal. Some suggestions are given for future work.

8.1 Key Factors Determining Drop Profiles During Drying

The results in chapter 4 on single solvents drying within wells suggest that the key factors in
determining final film morphology under ambient conditions are the pinning of drops at the
bank tops, enhanced evaporation at the contact line and the evaporation rate of the solvent.
Single solvents dried to give either U- or W- shaped profiles depending on the evaporation rate
of the solvent in all three well geometries, though the exact relationship between evaporation
rate and level of dimple formation differed between geometries. Square and circular wells
showed a steady increase in hmax With increasing evaporation rates whereas in the oval wells
there was a definitive switch between evaporation rates which gave U-shaped profiles and

those which gave W-shaped profiles.

Some o-xylene drops in all geometries showed qualitative differences in drying, where they
dried to give M-shaped profiles. Causes of the differences were investigated, though M-
shaped profiles could not be consistently replicated. A probable cause of the M-shaped
profiles in some o-xylene drops was a surface tension gradient across the drop as a result of
thermal gradients. A number of solvents chosen to exaggerate thermal gradients were
investigated and three main behaviours were identified. Butyl acetate, methoxy propanol and
toluene showed W-shaped profiles at all temperatures, as would be expected from their
evaporation rates. Ethanol and IPA showed M-shaped profiles at all temperatures due to
thermal surface tension gradients across the drop. Butanol, like o-xylene, showed W-shaped
profiles on one day of measurement and M-shaped profiles on another. Inconsistencies in
profile development from day to day may be due to the sensitivity of the drop profile to its

initial behaviour, since positive feedback enhances both M- and W-shaped profiles.
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Drop profiles of binary solvent mixtures were imaged in the square wells to identify the impact
of co-solvents on drying. Industrially relevant mixtures showed inconsistent behaviour due to
differences in volatility that were either too small or too large to give surface tension driven
flows. Model mixtures chosen to exaggerate differences in surface tension and volatility were
identified and the drying imaged. Butyl acetate + ethanol drops and butyl acetate + methoxy
propanol drops showed M-shaped profiles in all cases, consistent with expected surface
tension gradients. Butanol + toluene in a 1:1 and 3:7 ratio showed enhanced drainage from
the corners towards the centre of the wells in all cases, once again consistent with expected
surface tension gradients. Butanol + toluene in a 7:3 ratio showed W-shaped profiles in all

cases as the toluene evaporated too early on in the drying to give surface tension driven flows.

Once the key factors driving profile development during the drying of single and mixed solvent
drops within wells had been identified, active materials were introduced to the formulation.
Livilux TH-123 is an OLED host material and was used to determine the influence of active
OLED materials on drop profile during drying and subsequent deposit morphology. In the case
of single solvents Livilux caused M-shaped profiles in every case, though to differing levels in
different solvents. M-shaped profiles were a result of compositional surface tension gradients
across the drop and the level of enhanced drainage from the centre of the drop was a function
of the drying time of the solvent. In slower drying solvents, diffusion in the lateral direction
reduced compositional gradients and the resulting surface tension driven flows. In fast drying
drops there was no time for diffusion to even out compositional gradients in the lateral
direction and pronounced M-shaped profiles formed. Epifluorescence images of Livilux
deposits showed ring stains in all cases, which is likely to be a result of M-shaped profiles

during drying.

Drops of butanol + toluene in a 3:7 ratio containing active materials showed circular deposits
in the centre of the wells, which were smaller than the well diameter. Small deposits in the
centre of the wells would not be of any use in the printing of OLED displays but may potentially
be useful in other applications. Overall it did not appear that solvent mixtures were beneficial
in giving flat deposits from drops drying within wells. Crystallisation of the active material
during drying showed re-circulating flows in the drying drop. Many of the mechanisms behind

the drying of butanol + toluene drops containing active material remain unclear.

When OLEDs are manufactured industrially drying is done in a vacuum and evaporation
switches from diffusion control to ballistic control as the pressure drops. Images of drops

dried within a vacuum showed U- and W-shaped deposits dependent on evaporation rates.
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The removal of enhanced evaporation at the contact line reduces compositional surface

tension gradients in the drying drops.

Allin all, the data presented in this thesis has identified the key factors driving drop profiles
and deposit morphology of drops drying within wells. The understanding of which factors are
important in controlling drop morphology can now be used to determine how the drying can

be controlled in order to give even deposits from drops printed into wells.
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8.2 Proposal for Obtaining Even Deposits in Wells
This section proposes a method for obtaining flat deposits from drops drying within wells along

with some preliminary experiments.
The proposed method is as follows:

1) Select a solvent pair of similar, low volatility that provides optimum solubility of the
active material.

2) Dissolve the active material to a concentration such that when the fluid just fills the
wells it dries to give a final deposit of the required thickness.

3) Dilute the optimised solution with a third, volatile solvent.

4) Design banks such that the receding contact angle of the low volatility solvent pair is
equal to the bank angle.

5) Print the solution into the banks such that once the volatile solvent has evaporated
entirely it leaves the less volatile solvent mixture behind so it just fills the wells and is
flat and level with the tops of the banks.

6) Transfer to a vacuum drier and allow the fluid to dry down so it remains flat and level.

If the above steps could be achieved no curvature would be introduced into the drying film and
there would be no capillary drainage from the centre of the drops to give U- or W-shaped
deposits. If devices were dried in a vacuum under ballistic control, there would not be the
problem of capillary flows due to enhanced evaporation at the contact line, mitigating any ring

stains and giving flat deposits.

Steps 1 and 2 in the above proposal would be fairly simple to achieve; the identity of the
solvents is not overly important and they can be chosen to optimise the formulation in terms
of solubility and printing properties. The third and fifth steps are necessary as the fluid must
be flat and level with the wall tops before it is transferred to the vacuum chamber for drying.
If only enough fluid was used to just fill the wells, a spherical cap would form in the base of the
wells due to the surface tension of the solvents, shown in figure 8.1a. Instead the wells need
to be overfilled to ensure that the base and walls are fully wetted. The volatile solvent allows
time before transfer to a vacuum chamber for any compositional gradients to even out by
diffusion (figure 8.1b). Under ballistic conditions drops should then dry down maintaining a
flat surface if the fourth step is carried out; if active material is dispersed evenly throughout

the drop that should then give a flat deposit which fills the entire area of the wells.
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(b)

Figure 8.1: Schematic diagrams showing the spherical cap that would form if only enough fluid to fill it
was printed into a well (a) and the process by which overfilled wells dry down to give fluid flat and level
with the wall tops (b).

Matching the receding contact angle of the fluid to the angle of the bank walls requires
treatment of the substrates in order to maximise contact angles. Aromatic solvents such as
those used in the printing of OLEDs industrially often give very low (<10°) contact angles on
the polymer surfaces used to fabricate the banks. Angles less than approximately 40° are not
feasible for bank walls as too much of the device area would become dominated by wall
material (this value was suggested by Merck Chemicals Ltd.). The receding contact angles of
organic solvents on the polymer walls need to be increased until it reaches a feasible wall

angle.

Figure 8.2: A schematic diagram showing the matching of the receding contact angle of the fluid (a?) to
the angle of the bank wall (a?).

To identify the maximum receding contact angle that could be achieved on the banks, flat
substrates of treated bank material were provided by Merck and advancing and receding
contact angles were measured. Measurements of butyl benzoate on three treated substrates
were taken as described in chapter 2 section 2.4.The substrates were referred to as D139_1,
D139_2 and D139_3; all were prepared and treated in the same way. Five drops were
measured on each substrate, table 8.1 summarises the advancing contact angle data and

177



figure 8.3 shows the plots for D139_3 used to determine the angles in table 8.1. The average
advancing contact angle over the three substrates was 72° with the range of measurements
covering 66—74°. Variations between measurements were assumed to be due to slight
variations in treatment across the substrate surfaces. The advancing contact angles should be
larger than the respective receding contact angles on all surfaces so the data in table 8.1 can

be used to verify the receding contact angle measurements.

Table 8.1: Showing a summary of the advancing contact angle data from measurements across the three
substrates. Measurements were all taken at 21 °C and 40 % humidity.

Substrate Advancing Contact Angle/ ° Average
1 2 3 4 5 Angle/ °
D139 1 70 71 73 72 73 71.8
D139 2 73 72 71 66 70 70.4
D139 3 74 74 74 74 74 74
80
3
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Figure 8.3: A Plot showing the advancing contact angle measurement data taken from the D139_3
substrate; each of the five drops measured showed an increasing angle initially before it settled out at
an equilibrium angle. The equilibrium angle was taken to be the advancing contact angle of the fluid.

Data from receding contact angle measurements are shown in table 8.2 with example
measurements from D139_3 shown in figure 8.4. The average receding contact angle across
the three substrates was approximately 68° with a range of angles between 65 and 71°.
Average advancing contact angles on each substrate were larger than their respective average

receding contact angles as expected.
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Table 8.2: Showing a summary of the receding contact angle data from measurements across the three
substrates. Measurements were all taken at 21 °C and 40 % humidity.

Substrate Receding Contact Angle/ ° Average
1 2 3 4 5 Angle/ °
D139 1 71 71 71 70 70 70.6
D139 2 66 66 65 65 65 65.4
D139 _3 67 68 68 67 67 67.4
75
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Figure 8.4: A Plot showing the receding contact angle measurement data taken from the D139_3
substrate; each of the five drops measured showed a decreasing angle initially before it settled out at an
equilibrium angle. The equilibrium angle was taken to be the receding contact angle of the fluid.

When using the substrates investigated here as the bank wall material, angles somewhere
between 65 and 70° should be used to allow films to dry down and remain flat. More
experiments into the tolerance of the receding contact angle would need to be carried out to
determine whether the angles would have to match exactly or whether there would be some
leeway. The data here is encouraging as it suggests receding contact angles of organic solvents
on the bank wall material can be increased far beyond the required minimum of 40°
(suggested by Merck) and as such can be increased to levels required to match commercially

viable bank wall angles.
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Figure 8.5: Images showing the varying bank wall angles of substrates containing wells. Angles are as
follows (a) is 72° along the entire length, (b) is 70° along most of the length but reduces to 60° near to
its base, (c) is approximately 40° along the entire length and (d) is approximately 65° along the entire
length. The images were provided by Merck Chemicals and were of substrates they had used in house.
Some substrates were provided by Merck Chemicals which had varying bank angles (figure 8.5)
but they were not treated and as such the receding contact angles were too low to measure
accurately; they were also too low to match to any of the bank wall angles, the lowest of which
was 40°. If the walls imaged in figure 8.5 could be treated in a way such that the receding
contact angle of the fluid on the walls was increased to the values measured in the treated

substrates (table 8.2) they would be ideal to determine whether the proposed method for flat

deposits from drops printed into wells is feasible.
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8.3 Next Steps for This Project

To investigate further the proposed method for obtaining flat deposits from drops printed into
wells, it is necessary to have complete control over the substrates and the well geometry. The
angle and height of the banks needs to be controlled in order for them to be matched to the
receding contact angle of the fluid. For complete control of bank geometry and properties
they need to be manufactured and treated in house or to strict specifications. Substrates
could be manufactured in house using photolithography and fluorinated using plasma

treatment.

All of the measurements reported in this thesis were performed under ambient conditions in
the laboratory. In an industrial setting, however, OLEDs are printed under ambient conditions
before being dried in a vacuum chamber at reduced pressures, which qualitatively changes the
drying. Depending on the pressures being used to dry printed drops, they could be drying in
either the diffusive (as under ambient conditions) or the ballistic regime. In order to relate the
findings of this thesis more closely to industrially relevant OLED systems, the drying of drops
within a vacuum chamber at varying pressures needs to be imaged. If data on profile
progression of drops drying within wells at different pressures can be obtained, comparisons
can be made with the data presented here. Measurements within a vacuum should be taken
for single solvents and binary solvent mixtures, both in the presence and absence of active
materials, at a range of temperatures. The entire drying process should be recorded, as has

been done for the measurements discussed in this thesis.

Another consideration that will become important when printing OLED devices industrially is
that more than one pixel will be drying at any one time, rather than isolated pixels as explored
in this thesis. In the diffusive regime, the presence of liquid in one pixel affects the drying of
neighbouring pixels as the diffusion fields of the pixels overlap. In the ballistic regime
neighbouring pixels may dry independently. To determine the impact of filling neighbouring
pixels on the drying, experiments in both ambient conditions and under vacuum will need to
be performed for single solvents and binary solvent mixtures at all temperatures in the

presence and absence of active materials.

Much experimental data has been discussed in this thesis and whilst some comparisons to
reported models has been done, a model designed to work specifically for the relevant
systems does not exist and any comparisons include assumptions which may not be sound.
The presence of banks introduces many complexities into the drying process, all of which must
be carefully considered. A model developed specifically for systems relevant to this thesis

would be very useful in determining the most important factors in profile development and
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provide further information for the theoretical and physical basis for the observed results. The
development of quantitative convection-diffusion models for circular wells would also be

useful.

In summary, this thesis considers a highly interesting area of research which could be of
benefit to a number of fields alongside the inkjet printing of OLED films. Any application which
requires patterned products and printed drops could benefit from this research. This thesis
demonstrates the importance of understanding what drives drop profiles and deposit
morphology from drops printed into wells. This understanding allows us to devise strategies
for giving even deposit morphologies and suggests ways in which the research can be

expanded to benefit the area.
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Appendix A: Images and Curves of Profile Progression for All
Single Solvents
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Figure Al: Plots (a) and images (b) from the drying of a methyl anisole drop in the square wells. Images
were recorded at 125 fps and a shutter speed of 1.1 ms. The plot cross section was taken horizontally
across the centre of the well. Zero time is defined at the time at which the average height of the fluid is

equal to the average height of the banks.
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Figure A2: Plots (a) and images (b) from the drying of a mesitylene drop in the square wells. Images
were recorded at 125 fps and a shutter speed of 1.1 ms. The plot cross section was taken horizontally
across the centre of the well. Zero time is defined at the time at which the average height of the fluid is
equal to the average height of the banks.
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Figure A3: Plots (a) and images (b) from the drying of a methyl benzoate drop in the square wells.
Images were recorded at 50 fps and a shutter speed of 1.1 ms. The plot cross section was taken

horizontally across the centre of the well. Zero time is defined at the time at which the average height
of the fluid is equal to the average height of the banks.
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Appendix B: Images Corresponding to Figure 6.3

Figure B1: Images from the drying of the anisole + methyl benzoate plot from figure 6.3a. Images were
recorded at 125 fps and a shutter speed of 1.1 ms. The plot cross section was taken horizontally across
the centre of the well. Zero time is defined at the time at which the average height of the fluid is equal

to the average height of the banks.

Ol

Figure B2: Images from the drying of the anisole + mesitylene plot from figure 6.3b. Images were
recorded at 1000 fps and a shutter speed of 1 ms. The plot cross section was taken horizontally across
the centre of the well. Zero time is defined at the time at which the average height of the fluid is equal

to the average height of the banks.
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Figure B3: Images from the drying of the anisole + o-xylene plot from figure 6.3c. Images were recorded
at 2000 fps and a shutter speed of 0.5 ms. The plot cross section was taken horizontally across the
centre of the well. Zero time is defined at the time at which the average height of the fluid is equal to
the average height of the banks.
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Appendix C: Images of Profile Progression of All Single Solvents in
the Presence of Active Materials

Figure C1: Images from the drying of methyl anisole in the presence of active material. Images were
recorded at 500 fps and a shutter speed of 1 ms. The drop shows M-shaped profile progression. Zero
time is defined as the time at which the drop stopped spreading.

Figure C2: Images from the drying of mesitylene in the presence of active material. Images were
recorded at 500 fps and a shutter speed of 1 ms. The drop shows M-shaped profile progression. Zero
time is defined as the time at which the drop stopped spreading.
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Figure C2: Images from the drying of methyl benzoate in the presence of active material. Images were
recorded at 125 fps and a shutter speed of 1.1 ms. The drop shows some muted enhanced drainage
from the centre of the well but a less prominent M-shaped profile than anisole, methyl anisole or
mesitylene. Zero time is defined as the time at which the drop stopped spreading.
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Appendix D: Matlab Code Used for Particle Tracking Velocimetry

D.1 Save Contact Centre and Radius
$% PART ONE

% initiating parameters and variables
clear all;

PTV 2D file % load file information

% intensity and particle movement threshold

intensity threshold particle=5;% for particle identification
intensity threshold contact=60; % for contact line

particle enhance=2; % background smooth. case 0: no, case 1l:; case 2:
particle move threshold=3; Spixel, above which movement particle
counts

$%5%%%%%5%%%%5%%%%%%%%%%% Variable initiation
$%%%%%%%%%%%%%%%%% locate contact line

filename =
[filetitle, num2str (background file),'.',6 fileformat];
background = imread(filename) ;

if contact line fixed
frame start contact=deposit file;
frame end contact=deposit file;
else
frame start contact=frame start;
frame end contact=frame end;
end

for i=frame start contact:skip frames+l:frame end contact
if 1 > 999
filename = [filetitle2,num2str(i),'."',fileformat];
elseif i>99
filename =
filetitle2,'0', num2str(i),"'."',fileformat];
elseif i>9
filename =
filetitle2,'00', num2str(i),"'."',fileformat];
else

oe o\

00 — o

00 — o

filename =
filetitle2, '000', num2str (i), '."',fileformat];
end

o — oo

o\°

filename = [filetitle,num2str(i),'."',fileformat];
b = imread(filename) ;

I=double (background-b) +double (b-background) ;

I=I(:,:,1);
I = imrotate (I, rotation_angle, 'crop');
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cla;

figure(1l);

imagesc (I);

size I=size(I);

colormap gray;

axis equal;

axis ([0 size I(2) 0 size I(1)1);
xlabel ('x /pixel');

ylabel ('y /pixel');

hold on;

[n m]=find(I>intensity threshold contact); % in matrix
row 'n' is coordinates' y and column 'm' is x
plot(m,n, 'yo', '"Markersize',?2)

$5%%%%5%%%%%5%%5%5%5%5%%%5%%%5%5%%%%%%%% Automatic determine the
contact line

pklist=[m n];

indCL=convhull (pklist(:,1),pklist(:,2));

CL=pklist (indCL, :);

%$%Plot the convex hull of each frame
plot(CL(:,1),CL(:,2), " 'go-"', 'Markersize',2, 'Linewidth',1);

if contact circle
if contact line auto
text (1,20, "Contact line
auto', 'color', 'yellow', 'Fontsize',10);
else
text (1,20, 'Evenly select 6 points near
contact', 'color','yellow', 'Fontsize',10);
CL=ginput (6) ;
end
$%%%Circular fitting (comment if you want ellipsoidal
fit)
%Fit a circle and extract the centre
circ_fit=[CL ones(length(CL),1)]\[-
(CL(:,1).724CL(:,2).72)];

xc ¢ = —-.5*circ fit(1l);
yc ¢ = -.5*circ fit(2);
Rc = sqrt((circ_fit(l)A2+circ_fit(2)A2)/4—

circ fit(3));
th=0:0.01:2*pi; %%%%Angle
xy c=[xc _c+R c*cos(th) ; yc c+R c*sin(th)]"';
plot(xy c(:,1),xy c(:,2),"'-g', 'LineWidth', 2)
plot(xc _c,yc ¢, 'xg', 'Markersize',10, 'Linewidth',2)

contact=[xc_c yc ¢ R c];

$%%%%%%%%%%%% Define region of interest for cropping
$5%%%%%%%%%%% square if needed

o
o

leftx min=floor (min(min(xy c(:,1)),min(CL(:,1))));

o
°

lefty min=floor (min(min(xy c(:,2)),min(CL(:,2))));

o

°

rightx max=floor (max (max(xy c(:,1)),max(CL(:,1))));

o
o

righty max=floor (max (max(xy c(:,2)),max(CL(:,2))));

o
o
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else
if contact line auto
text (1,20, "Contact line
auto', 'color', 'yellow', 'Fontsize',10);
leftx min—floor(min(CL( ;1))
lefty min=floor (min(CL(:,2))
rightx max= floor(max(CL( , 1)
righty max=floor (max (CL(:,2)
else
text (1,20, 'Contact line manual: top-left and
bottom-right', 'color', 'yellow', 'Fontsize',10);
selection=ginput (2) ;
leftx min=floor (selection(l,1)
lefty min= floor(selectlon(l 2)
rightx max=floor (selection(2,1
righty max=floor (selection(2,2
end
corner=[leftx min lefty min; rightx max lefty min;
rightx max righty max;...
leftx min righty max; leftx min lefty min];
line (corner(:,1),corner(:,2), 'Color',"'v');

)7
)
)) i
)) i

’

)i
)
)) i
)):

’

end
% disp(['processing frame....',num2str(i)]);
% pause;
6 end
cd
$%%%%%% identification of particles for each frame

particles=[];

for drop frame=frame start:skip frames+l:frame end;

cd(folder)
filename = [filetitle,num2str(drop frame),'.',6 fileformat];
% if drop frame > 999
% filename =
[filetitle2, num2str (drop frame),'.',6 fileformat];
% elseif drop frame>99
% filename =
[filetitle2, '0',num2str (drop frame),'.',6 fileformat];
% elseif drop frame>9
% filename =
[filetitle2, '00', num2str (drop frame),'.',6 fileformat];
% else
% filename =
[filetitle2, '000',num2str (drop frame),'.',fileformat];
% end
b = imread(filename) ;
I=double (b) ;
I=I(:,:,1);
size I=size(I);
% figure (2)
% cla
% imagesc (I);
% colormap gray;
% axis equal;
% axis ([0 size I(2) 0 size I(1)]);
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o\°

line(corner(:,1),corner(:,2),'Color','y");
text (10,20, 'Orginal image', 'color', 'yellow');

o

o

switch particle enhance

case 0,
background=0;
case 1,
background = imopen(I,strel('disk',4));%%%%%%%%%%%%5%5%%%%%
Background smooth
case 2,
backApprox = blkproc (I, [15 15], 'min(x(:))");
background = imresize (backApprox, size I,
'bilinear');%%%%%%%%%%%%%%%%%% Background smooth
end
I = I - background; $%%%%%%%%%%%%%%%%% Background subtract

if contact circle~=1
I = imrotate(I,rotation angle, 'crop'); %%% rotation
I=I(lefty min:righty max,leftx min:rightx max); %%% cropping
end

size I=size(I);

oe

figure (3)

cla

imagesc (I);

colormap gray;

axis equal;

axis ([0 size I(2) 0 size I(1)]);

text (10,20, '"Particles intensity enhanced', 'color','yellow');

o o o o o°

oe

oe

cd

cd PTVtracking prog\

I = bpass(I,1,5); % filter

pk=pkfnd (I, intensity threshold particle,7); % second argument:
intensity level-threshold, the third: the size of average blobs

if isempty (pk)
particles=particles;
else
cnt=cntrd(I,pk,7); %%%%Find peaks with sub-pixel accuracy
RECCOMMENDED size is the long lengthscale used in bpass plus 2.
particles=[particles; cnt(:,1:2)
ones (length(cnt(:,1)),1).*drop frame]; %%%%store peaks in a matrix
suitable for the following
end
cd

$%%Plot results
figure (4)
cla
imagesc(I);
colormap gray;
axis equal;
axis ([0 size I(2) 0 size I(1)]);
hold on;
message=sprintf ('Particle identified in
frames:%4.0f"',drop_ frame);
text (10,20, message, 'color', 'yellow') ;
plot(cnt(:,1),cnt(:,2), 'rx"', 'Markersize', 4, 'Linewidth',1)
xlabel ('x /pixel');
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ylabel ('y /pixel');

o

5 M(drop_ frame-frame start+l)=getframe;

%pause (1) ;
end
% movieZavi (M, '"test.avi', 'FPS',5);

$%%%%%tracking and seperating non-moving and moving particles
traj 0=[];

traj v=[1;
cd PTVtracking prog\

param.mem=4; % How long a particle can disappear
param.good=3; $The minimum number of hits in a track
param.dim=2;% The dimensions of the answer

o

param.quiet=1;% Useful text on or off

$%%%Compute trajectories
traj=tracking(particles, 5,param); %%%%%%%traj= [x y t id]
% second parameter an estimate of the
maximum
%distance that a particle would move in

a single time interval. (see Restrictions)

cd

5
tQ
o
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o
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5
o
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o
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e
o
3
0
<
o
ot
oy
5
o
0
=
o
st
0.
o)
e
b
o
=

o

for i part=l:max(traj(:,4)) %%%loop on particles for all frames
ind=find(traj(:,4)==1 part); %%%indices of the 1 part particle
if
(sum(sqgrt (diff (traj(ind, 1)) .”2+diff (traj (ind,2)) ."2))<particle move th
reshold) |...

(sgrt((traj(ind(end), 1) -
traj(ind(1l),1)) "2+ (traj (ind(end),2) -
traj(ind(1l),2))"2)<particle move threshold)

count O=count 0+1;
for j=l:size(ind)

traj O=vertcat(traj 0, [traj(ind(j),1) traj(ind(Jj),2)
traj (ind(j),3) count 0]);

end
else
count v=count v+1;
for j=l:size(ind)

traj v=vertcat(traj v, [traj(ind(j),1) traj(ind(j),2)
traj (ind(j),3) count v]);

end
end



end

track frame start=min(traj v(:,3));
track frame end=max(traj v(:,3));

figure (5)

cla

imagesc(I);

colormap (gray) ;

axis equal;

hold on;

axis normal; box on;

set (gca, 'YDir', 'reverse');

if contact circle
plot(xy c(:,1),xy c(:,2),'-g', 'LineWidth', 2)
plot(xc c,yc ¢, 'xg', 'Markersize',10, 'Linewidth"', 2)
end

plot(traj O0(:,1),traj 0(:,2), 'bo', 'Markersize',2)

message=sprintf ('Tracked: %$4.2f - $4.2f
t {f}',track frame start/drying end frame,track frame end/drying end f
rame) ;

text (1,20,message, 'color','yv");

for id = l:max(traj v(:,4))

ontrack = traj v(:,4) == id;
st = find(ontrack,1,'first');
en = find(ontrack,1, 'last');

plot(traj v(ontrack,1l),traj v(ontrack,2),'-y', 'markersize',4)
% plot(traj(st,1l),traj(st,2),'.g', 'markersize',2)
plot(traj v(en,1),traj v(en,2), '>r', 'markersize',4)

end
xlabel ('x /pixel');
ylabel('y /pixel');
axis ([0 size I(2) O size I(1)1);
$%$%%% Compute velocities v=[x y t id vx vy] unit: pixel, frame, m/s

%$%%%% Save files

o

velocity is at t(l) is given by x(2)-x(1)/t(2)-t (1)

for i part=l:max(traj v(:,4)) $%%1loop on particles
ind=find(traj v(:,4)==1 part); %%% indices of the i part
particle

v_x=diff (traj v(ind, 1)) *resolution./(diff (traj v(ind,3))*frame dt);
$%%x component of velocity

~y=diff (traj v(ind,2))*resolution./ (diff (traj v(ind,3))*frame dt);
%%y component of velocity

oo <

v=vertcat (v, [traj v(ind(l:end-1),1:2) traj v(ind(l:end-1),3)
traj v(ind(l:end-1),4) v_x v_yl);
end
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%%%%% Convert to polar coordinate for circular deposit (consider

%$%%%% contact line in circular deposit)
if contact circle
v=[v(:,1:6) zeros(length(v(:,1)),4)]; %%%initialize
velocity matrix
for frame part=min(v(:,3)):skip frames+l:max(v(:,3))

000

ind=find(v(:,3)==frame part); %%% indices of each frame
$%%%Convert particle position in polar coordinates
for j=1l:length(ind)
$%%%convert position into polar cordinates
xr=sqrt ((v(ind(j),1)-xc_c)”*2 + (v(ind(J),2)-
yc_c)”"2 ); S%compute radius
xth=atan2 ((v(ind(j),2)-yc_c), (v(ind(j),1)-xc_c));
$%compute angle

$%%%Convert velocities into polar coordinates
vrth=[cos (xth), -sin(xth) ; sin(xth),
cos (xth) ]\ [v(ind(]),5); v(ind(]),6)1;
v(ind(j),7:10)=[xr xth vrth'];
end
end

end

oe

% save contact centre and radius
save non-moving particles
save moving particles
if contact circle
contact=[xc_c yc ¢ R c];
save contact.mat contact
end
save traj O.mat traj O
save v.mat v

o

oe
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D.2 Particle Tracking

%% PART TWO
clear all;

PTV 2D file %

oe

traj 0 = [x y t id]
v=[x y t id vx vyl

o\°

load file information

particle that doesn't move
and in case of circular deposit v=[x y t id vx vy
m/s

r theta vr vtheta] moving partiles, units: pixel, frame,
if contact circle

load p-testb v.mat

load p-test5 traj O.mat

load p-test5 contact.mat

xc_c=contact (1);

yCc_c=contact (2);

R _c=contact (3);

$5%%%%%%%%%%%%%%% Bin space window (divisions)

window div=10; % for radial binning

RO=max(v(:,7)); % 1

dr=R0O/window div; S%pixels for
else

load v.mat

load traj 0O.mat

window divm=8; % x-division
window _divn=8; % y-division

dx=max (v (:,1))/window_divm;
dy=max (v (:,2))/window_divn;

% velocity scale
scale factor=0.5;
scale velocity=1; S%micron/s

spatial-binned, polar coordinator

(divisions)

dt=drying end frame/t div; %frames for temporal-binned

$%%% Plot general traj over the tracked particles
.1

)

track frame start=min(v(:,3));
track frame end=max(v(:,3));

figure (1)

cla

axis equal;

hold on;

box on;

set (gca, 'YDir', 'reverse');

(results

plot(traj 0(:,1),traj 0(:,2), 'ro', '"Markersize',2)

from
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message=sprintf ('Tracked: $4.1f - $4.1f

t {f}',track frame start/drying end frame,track frame end/drying end f

rame) ;
text (5,20, message, 'color', 'b', 'FontSize',8);

for id = l:max(v(:,4))

ontrack = v(:,4) == id;
st = find(ontrack,1,'first');
en = find(ontrack,1, 'last');

plot (v(ontrack,l),v(ontrack,2), '-b', 'markersize', 4)

% plot(v(st,1l),v(st,2),'.g', 'markersize',?2)
plot(v(en,1l),v(en,2),'>b', 'markersize', 4)
end

if contact circle
for rings=1l:window div
th=0:0.01:2*pi; %%%%Angle
r=rings*dr;
xy c=[xc_ct+r*cos(th) ; yc c+r*sin(th)]"';
plot(xy c(:,1),xy c(:,2),"'-.y",'LinewWidth"', 2)
end
th=0:0.01:2*pi; %%%%Angle
xy c=[xc _c+R c*cos(th) ; yc c+R c*sin(th)]';
plot(xy c(:,1),xy c(:,2),"'-.g', 'Linewidth"', 1)

plot (xc _c¢c,yc_c, 'xg', '"Markersize',10, 'Linewidth', 2)

else
%$%% plot y-binning lines
for i=l:window_divn-1
lines y=I[0 dy*i; max(v(:,1)) dy*il;

line(lines_y(:,1),lines y(:,2), 'color','y", 'linestyle’

', "linewidth',2);
end

$%% plot x-binning lines
for i=l:window divm-1
lines x=[dx*i 0; dx*i max(v(:

2))1:

~

r
line(lines x(:,1),lines x(:,2), 'color','y', 'linestyle', -

', "linewidth',2);
end
end
xlabel ('x /pixel');
ylabel ('y /pixel');
axis tight;

o\°
o

% Locate the particles in the bin

% Bin in dr and dt
if contact circle

vrt m=[];

vtht m=[];

for count t=1:t div
t=count_ t*dt;

id t=find(v(:,3)>=t-dt & v (:,3)<t) ; %%find particles

within the time bin
xrt=v(id t,7);
xtht=v (id t,8);
vrt=v(id t,9);
vtht=v(id t,10);
for count r=l:window div
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r=count r*dr;

vrt m(count_ t,count r)=mean(vrt(find(xrt >=r-dr &
xrt <= r)));%%find particles within the space bin

vtht m(count t,count r)=mean (vtht (find(xrt >=r-dr
& xXrt <= r)));

end
end

o)

% from now on, unit in plot: micron and seconds

r=((l:window div) *dr-dr/2) *resolution;
t=((1:t div)*dt-dt/2)*frame dt;

figure (2)
axis equal;
hold on;
box on;
set (gca, 'YDir', 'reverse');

xlabel ('x /\mum') ;
ylabel ('y /\mum') ;

for count t=1:t div
cla;
for rings=1l:window div
th=0:0.01:2*pi; %$%%%Angle
r ring=rings*dr;
xy c=[xc _c+r ring*cos(th) ;
yc_c+r ring*sin(th)]'*resolution;
plot(xy c(:,1),xy c(:,2),"'-.y', 'LineWidth"', 2)
axis tight;
end
for th=0:0.3:2*pi
x=r*cos (th)+xc_c*resolution;
y=r*sin(th)+yc c*resolution;
$%%%Convert velocities into cardesian coordinate
vxyt m=[cos(th), -sin(th) ; sin(th),
cos (th)]*[vrt m(count t,l:window div); vtht m(count t,l:window div)];

o

quiver (x,y,vxyt m(l, :)*scale factor,vxyt m(2,:)*scale factor,0,'b"); %
auto-scale off
end
message=sprintf ('$3.2f - $3.2f t {f}', (count t-
1) *dt/drying end frame,count t*dt/drying end frame);
text (0,10, message, 'color', 'b");

%%% plot scale

quiver (10,20, scale velocity*scale factor,0,0, 'b', '"MaxHeadSize',0.9)
message=sprintf ('%3.0f',scale velocity);
text (0,25, [message '\mum s*{-1}'],'coloxr','b");

pause (1) ;
end
% Normalisation and plot
r=r/max (r);
t=t/max (t) ;

figure (3)
hold on
colormark=["'b';'r';'g';'k'";'m"'";'c'];
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message=[];

lines _t=5; % how many lines in r-vr plot
lines r=5; % how many lines in t-vr plot
line dr=floor (window div/lines r);

line dt=floor(t _div/lines t);

for i=l:1lines t
line=i*line dt;

plot (r,vrt m(line,:), ['o--' colormark (mod (i-
1,length(colormark))+1)], 'Markersize',2, 'Linewidth', 1)
message=[message; sprintf('$3.2f - %3.2f
t {f}', (line-1) *dt/drying end frame,line*dt/drying end frame)];

end
legend (message)
set (gca, 'Fontsize', 8)
legend ('boxoff")
xlabel ('r/R {0}', 'Fontsize',12)
ylabel('v_{r} /\mum.s”{-1}', 'Fontsize',12)
axis ([0 1 0 401);
box on

% check v th component
for izl:lznesit
line=i*line dt;
plot (r,vtht m(line,:), ['+:' colormark (mod (i-
colormark))+1)], '"Markersize',2, 'Linewidth', 1)
end

o\°

oe

1, length

o0 —~ o°

figure (4);
hold on;
message=[];

for i=l:1lines t
line=i*line dr;
plot(t,vrt m(:,line), ['o--"'
colormark (mod(i-1, length(colormark))+1)], '"Markersize',2, 'Linewidth', 1)
message=[message; sprintf ('$3.2f - %3.2f
R {0}', (line-1) *dr/R0O, line*dr/RO)];
end

legend (message, 'Location', "NorthWest")

set (gca, 'Fontsize', 8)

legend ('boxoff")

xlabel ('t/t {f}','Fontsize',12)
ylabel('v_{r} /\mum.s"{-1}', 'Fontsize',12)
axis ([0 1 0 401);

box onj;

else

n rectangurally
l:window_divm) *dx-dx/2) ;
l:window_divn) *dy-dy/2);
l:t div)*dt-dt/2) *frame dt;

Bi
x= ( (
y=((
t=((
xbins=unique (0:window_divm-1);
ybins=unique (0:window_divn-1);

grid id = bsxfun(@plus, xbins, (max(xbins)+1) *ybins."'); %
And this is a list of
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o\°

possible unique identifiers.

oe

very useful function to

% generate

special matrix
for count t=1:t div
figure (2)
cla
hold on;
%%% plot x-binning lines
for i=l:window divm-1

all of the

bsxfun is

lines x=[dx*i 0; dx*i max(v(:,2))]*resolution;

line(lines x(:,1),lines x(:,2),'color','y', "linestyle', '-
', '"linewidth', 2);

end

for i=l:window_divn-1

lines y=[0 dy*i; max(v(:,1)) dy*i]*resolution;

line(lines y(:,1),1lines y(:,2), 'color','y', "linestyle’', '~
', '"linewidth', 2);
end
axis equal;
xlabel ('x /\mum') ;
ylabel ('y /\mum'");
set (gca, 'YDir', 'reverse');
axis tight;
box on;

t=count_ t*dt;

id t=find(v(:,3)>=t-dt & v (:,3)<t) ; %%find particles
within the time bin

new v=v(id t,:);

pops = zeros(size(grid id)); % Blank array to store

the populations

vx_m=zeros (size(grid id)); S%blank array to store the

averaged velocity within bin
vy m=zeros (size(grid id));

inxbin = floor(new v(:,1)/dx); % Bin the particle
coordinates appropraitely in x and y

inybin = floor(new v (:,2)/dy);

combined = inxbin+ (max(xbins)+1)*inybin; % Locate

particle in the bin of a unique number

message=sprintf ('$3.2f - $3.2f t {f}', (count t-
1) *dt/drying end frame,count t*dt/drying end frame);
text (0,5, message, 'color', 'b'");
% Loop through all the unique identifiers
for j = l:numel (grid id)
pops (J) = sum(combined==grid id(Jj));
valid = find(combined == grid id(j)):;
vx m(j)=mean(new v (valid,5));
vy m(Jj)=mean (new v(valid, 6));
end
vt m(:,:,count t)=vx m; %
vyt m(:,:,count t)=vy m;
vxyt m(:,:,count t)=sqgrt(vx m."2+vy m."2);
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%quiver(new v(:,1),new v (:,2),new v(:,5),new v(:,6));
for i=1l:window_divn
yp (1l:window divm)=y (1)

quiver (x(:)*resolution,yp(:)*resolution,vxt m(i,:,count t)'*scale fact
or,vyt m(i,:,count t)'*scale factor,0,'b");
end

$%% plot scale

quiver (10,20, scale velocity*scale factor,0,0, 'b', '"MaxHeadSize',0.9)
message=sprintf ('$3.0f',scale velocity);

text (0,25, [message '\mum s*{-1}'],'coloxr','b");
pause;

end
end
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Appendix E: Matlab Code Used for Interferometry Measurements

E.1 Fringe Analysis Square Wells

%% PART ONE
% initiating parameters and variables

clear all;
drop_fringes file % load file information

% intensity threshold

background sub=1;

fringe enhance=0; % background smooth. case 0: no, case 1l:; case 2:
intensity threshold contact=34; % for contact line

bright ring threshold=1;% identifying bright rings
dark ring threshold=1l; % identifying dark rings

% region of interest

ROI auto=0;

contact fixed=1;

$%%%%%%%%%%%%%%%%%%%%% Variable initiation

$%%%%%% identification of ROI manually or automatically
switch background sub

case 0,
background=0;
case 1,
filename =
[filetitle, num2str (background file),'.',fileformat];
background = imread (filename);

end
filename = [filetitle,num2str(deposit file),'.', fileformat];
deposit = imread(filename) ;

o)

% I=double (background-deposit)+double (deposit-—
background) ; $%%%%%%%%%%%%%%%%% Background subtract

I=abs (double (background-deposit));$%%%%%%%%%%%%%%%%% Background
subtract

I=I(:,:,1);
background=background(:, :,1);
I = imrotate(I,rotation_angle, 'crop');

cla;

figure(l);

imagesc(I);

size I=size(I);

colormap gray;

axis equal;

axis ([0 size I(2) 0 size I(1)]);
xlabel ('x /pixel');

ylabel ('y /pixel');
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hold on;

if ROI auto
if contact fixed
leftx min=68;
lefty min=58;
rightx max=498;
righty max=496;
else
[n m]=find(I>intensity threshold contact); % in matrix
row 'n' is coordinates' y and column 'm' is x
plot(m,n, 'yo', '"Markersize',?2)

55%%%%%%%%%%%5%%%%%%%%%5%%%%%%%%% Automatic determine the
contact line

pklist=[m n];

indCL=convhull (pklist(:,1),pklist(:,2));

CL=pklist (indCL, :);

$%$Plot the convex hull of each frame
plot(CL(:,1),CL(:,2), 'go-', 'Markersize',2, 'Linewidth',1);
text (1,20, "Contact line
auto', 'color', 'yellow', 'Fontsize',10);
leftx min=floor (min(CL(:,1)
lefty min=floor (min(CL(:,2)
rightx max=floor (max (CL(:,1
righty_max=floor(max(CL(:,2
end
else
text (1,20, 'Contact line manual: top-left and
bottom-right', 'color', 'yellow', 'Fontsize',10);
selection=ginput (2)
leftx min=floor (selection(l,1));
lefty min= floor(selectlon(l 2));
rightx max=floor (selection(2,1));
righty max=floor (selection(2,2));
end
corner=[leftx min lefty min; rightx max lefty min;
rightx max righty max;...
leftx min righty max; leftx min lefty min];
line (corner(:,1),corner(:,2), 'Color',"'yv');

I=I(lefty min:righty max,leftx min:rightx max); %%%
cropping
size I=size(I);

%% cross section frames pixel by pixel
frame i=0;

frames=floor ((frame start-frame end)/(skip frames+1l))+1;
I 3D=zeros(size I(l),size I(2),frames);

for drop frame=frame start:-(skip frames+l):frame end

filename = [filetitle,num2str (drop frame),'.',6 fileformat];

frame i=frame i+1;

I = imread(filename) ;

I=I(:,:,1);

% I=double (background-I)+double (I-background) ;%%$%%%%%%%%%%%%%%%%

Background subtract

I=abs (double (background-I));%%%%%%%%%%%%%5555s Background subtract
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% rotation and crop

I = imrotate (I, rotation _angle, 'crop'); %%% rotation
I=I(lefty min:righty max,leftx min:rightx max); %%% cropping
size I=size(I);

I 3D(:,:,frame i)=I;

figure (2)
cla
imagesc(I_3D(:,:,frame 1i));
colormap gray;
axis equal;
axis ([0 size I(2) 0 size I(1)]);

message=sprintf ('Frames:%4.0f; Frame after
skip:%4.0f"',drop frame, frame i);
text (10,20, message, 'color', '"blue');

if background sub

text (10,40, 'Orginal image background off', 'color', 'blue');
else

text (10,40, 'Orginal image', 'color','blue');
end

end

o

% test codes for intensity variation

oe

oe

button=1;

oe

oe

while button==
[1;
figure (2)
[px,py,button]=ginput (1)
for k=1l:frames
L=[L;I 3D(round(py),round(px),k)];

o° o d° o o°
[l
Il

oe

end

figure (3)

cla;

hold on
message=sprintf ('x=%4.0f; y=%4.0f',px,py);
text (10,220, message, 'color', 'blue');

o 00 o° P o o°

oe

% for fringe changing rate varies

oe
oe

=

l=[smooth (L (1:390),30, "lowess"') ;smooth (L (391:frames), 1, 'lowess"')];

oe

oe

Ll=smooth (L, 8, 'lowess"');

oe

oe

plot (L, 'b');
plot (L1, 'r');
xlabel ('t /Frame');
ylabel ('y /Intensity');
axis tight;

o° o o° o° oo

oe

end

oo oo

oe
oe

%% % slice plot
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% [x vy z]=meshgrid(l:size I(2),1l:size I(1l),l:frames);

% figure (3)

% slice(x,y,z,I 3D,Inf,Inf, [plotframes])
3 colormap gray

3 shading interp

% xlabel ('x /Pixel');

% ylabel ('y /Pixel');

% zlabel ('t /Frame');

% axis tight

% plotframes = zeros(4,1);

% plotstep = floor(size(I_3D,3) / 5);
% plotframes(4) = size(I 3D,3);

% plotframes(l) = plotstep;

% for i=2:3

% plotframes (i) = plotframes(i-1) + plotstep;
% end

%% covert fringes' number to height
$%5%%%%%5%%%%5%%%%%%%%%%% Variable initiation

cd ..

centre fixed=0;
cross_section fixed=0;
peak width=15;

lambda=0.455; %um
n_index=1.516; % Anisole

size I=size(I 3D);
frames=size I(3);

H 3D=zeros (size I(1l),size I(2),frames);

t=1:frames;
centre=round([size I(2)/2 size I(1)/2]1);
mask half width=100; % inside the mask the fringes evolve faster

for i=l:size I(1l) % row, y
for j=l:size I(2) % column, x
L=[1;
bright p=0;
dark p=0;

oe

oe

for k=1:frames
L=[L;I_3D(i,3,k)1;
end

% for \IOP data
if (i>centre(2)-mask half width) &
i<centre(2)+mask half width) & (j>centre(l)-mask half width) &
j<centre (1) +mask half width)

o0~ —~ o°

=

l=[smooth (L (1:500),30, "lowess"') ;smooth (L (501:frames), 1, 'lowess"')];
[maxtab, mintab] = peakdet (L1, 4, t);

oe

oe

else

oe

=

l=[smooth (L (1:540),30, "lowess"') ;smooth (L (541:frames),1l, 'lowess"')];
[maxtab, mintab] = peakdet (L1, 12, t);

oe

oe

end

216



Ll=smooth (L, 8, 'lowess"');

if max (L1)<10

[maxtab, mintab] = peakdet (L1, 1, t);
else

[maxtab, mintab] = peakdet(Ll, 6, t);
end

oe

figure (4);

cla;

hold on
plot(t,L,'b");
plot(t,L1l,'r");

0% o° o° o° o° o° o° o

o\

xlabel ('x /Frame');

o\

o\°

axis tight;

o\°

if ~isempty(mintab)
bright p=maxtab(:,1);
% plot (mintab(:,1),

dark p=mintab(:,1);
plot (maxtab(:,1),
end

oe

o\

legend('raw data',
0', 'Location', 'SouthWest") ;
legend boxoff;

o° oo W

oe

pause (0.01) ;

oe

oe

figure (5)
cla;
hold on

oe

o\

message=sprintf ('x=%4.0f;
text (10,180, message, '"color', 'blue');

mintab(:,2),

maxtab(:,2),

y=%4.0f"',3,1);

ylabel ('y /Intensity');

& ~isempty (maxtab)

lg*l);

Xt ;

'lowess fit-

height bright=zeros (length (bright p),2);

for m=1:length(bright p)

height bright (m, :)=[maxtab (m, 1)

1) *lambda/2/n_index];
end

(m—

height dark=zeros (length(dark p),2);

for m=1:length(dark p)

height dark(m, :)=[mintab (m,1); ((m-

1) *lambda+lambda/2) /2/n_index];
end

height=[height bright; height dark];

height=sort (height) ;

o)

% interpolate linearly,
'extrap'

height p=interpl (height(:,1),height(:
height p(find(height p<0))

o\°

o

axis tight

% save to H 3D
H 3D(i,3j,:)=height p;
%pause;

outside height (:1)

I4

region use

2),t,"linear', 'extrap');
0;

plot (height (:,1) ,height(:,2), 'or',t,height p, 'b");
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end

message=sprintf ('processing =%5.3f',100*1/size I(1));
disp (message) ;

end

% %% slice plot

% [x y z]=meshgrid(l:size I(2),1l:size I(1),1l:round(frames/2));
% figure (3)

% start frame=10;

% step=round (frames/6) ;

slice(x,y,z,I _3D,Inf,Inf, [start frame,start framet+step,start frame+ste
p*21)

% slice(x,y,z,I _3D,Inf,Inf, [10,50,90])

% colormap gray

% shading interp

% xlabel ('x /Pixel');

% ylabel ('y /Pixel');

% zlabel ('t /Frame');

% axis tight

%% save file
cd(folder)

save I 3D.mat I 3D
save H 3D.mat H 3D
cd

Get improfiles along radial lines (Methodl: using improfile)
N line=4; % the number to divide the circle

theta =(0:2*pi/N line: (N line-1)*2*pi/N line)';

rho = R basin*ones (N _line,1);

r=(0:R basin)'.*resolution;
Endpoint x=Centroid X+rho.*cos (theta);
Endpoint y=Centroid Y+rho.*sin(theta);
hlinel=zeros (R basin+l,N line);
hline ave=zeros (R basin+l, frames);

fn=10;
for f=frames:-1:1

for p=1:N_line

[cx, cy,
hline]=improfile(H 3D(:,:,f), [Centroid X;Endpoint x(p)], [Centroid Y;En
dpoint y(p)],R basin+l);
hlinel(:,p)=hline;
legendInfo{p} = ['\theta = ', num2str((p-1)*2/N line),"' \pi'];

hold on

end

hline ave(:, (frames-f+1))=mean (hlinel, 2);

$%%* Plot the height profiles along lines for cetain time steps
* comment this to save time

oe

if mod(f,400)==
oldFolder=cd(folder) ;
legendInfo=legendInfo’;
figure (fn)
clear title
plot (r,hlinel,'-0o")
legend(legendInfo)
legend('Location', "best")
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title(strcat ('Frame No. ',num2str(frame IndexInverse(f)),',',' t
= '",num2str (timeInverse(f)),"' s'));

hold on

plot(r,hline ave (:, (frames-£f+1)), '-
o', 'DisplayName', 'Averaged', 'color', [0 O 0], 'LineWidth',1)%* the
legend for the mean cannot be shown,??

legend show

axis ([0 R basin real 0 61])

xlabel ('r, \mum')

ylabel ('h, \mum')

o)

% save the figure

FigureName=strcat ('Film height profile along radial lines at',' t
', num2str (timeInverse(f)), ' s.png');
print (gcf,FigureName, '-dpng') ;% gcf, returns the current figure
handle
fn=fn+1;
cd(oldFolder) ;
end
close all;
$%%%* comment above to save time
end

o

o
e

oe

Get improfiles along radial lines (Method2: using pinned radius)
%%convert position into polar cordinates
row Y,col X] = find(I) ; % indexes of I

PixelNum = numel (row_Y);

xr=zeros (PixelNum, 1) ;

xth=zeros (PixelNum, 1) ;

for j=1:PixelNum % columns, x %* this saves time comparing looping
through row frist

xr (j)=sgrt((col X(j)-Centroid X)"2 + (row Y (j)-Centroid Y)"2 );
$%scompute radius

xth(j)=atan2 ((row_Y (j)-Centroid Y), (col X(j)-Centroid X)); S%%compute
angle

end

[xr, Index]=sort (Xr) ;

R section=16; % the sections to devide the radius
R delta=R basin/R_section; % the delta in pixels

radialDelta=R delta*resolution;%the delta in um
xr2=(0:R _delta:R basin)';

r2=xr2*resolution;
H xr2=zeros (R_section+l, frames);

fn=20;

figure (fn)

legend text=[];

for f=frames:-1:1
H xr=H 3D(:,:,f);
H xr=H xr(:);
H xr=H xr(Index);% the height profile corresponding to xr

— oo
o° %

for rn=1:R section+l

ind= find(xr<=(xr2(rn)+2) & xr>=(xr2(rn)-2));
H xr2(rn, (frames-f+1))=mean (H xr (ind));

end

%%%* Plot the height profiles r-h
* comment this to save time

o

if mod(f, 400)==
clear title
axis ([0 R basin real 0 6])
xlabel ('r, \mum')
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ylabel ('h, \mum')

title=strcat ('Frame No. ',num2str(frame IndexInverse(f)),',',' t

',num2str (timeInverse(f)), ' s');
legend text=strvcat (legend text,title);
legend('Location', "best'")
plot (r2,H xr2(:,frames-f+1),'-o")
hold on
end
end
legend(legend text, 'Location', 'best');
% save the figure
oldFolder=cd(folder) ;
FigureName=strcat ('Film height profile along radial

lines polar','.png');
print (gcf,FigureName, '-dpng') ;% gcf, returns the current figure
handle

cd(oldFolder) ;
close all;
% Profiles of height with time at paticular points
cd (folder)
figure (1)
imagesc(I_3D(:,:,end));
axis equal
axis tight

o\°

o\°

colormap gray;

text (1,20, 'Select five points:', 'color','yellow', 'Fontsize',10);
hold on

Points=ginput (5) ;

close all;

figure (1)
imagesc(I_3D(:,:,end));
axis equal

axis tight

colormap gray;
hold on
for k = 1:5

plot (round(Points (k, 1)), round(Points(k,2)), 'black+'); % plot
centroids

text (round (Points (k, 1) +4) ,round(Points (k,2)),sprintf('sd’',
k), 'Color', 'black') ;% text

end

fig = gcf;

fig.Color = 'white'; % set the background figure color
fig.InvertHardcopy = 'off';

iptsetpref ('ImshowBorder', 'tight'); % Figures without any borders
print (fig, 'Points Selection','-dtiff','-r100',"'-x0' );

close all;

H points=zeros (frames,5);

for j=1:5

for i=frames:-1:1

H points (frames-

i+1,J)=H 3D(round(Points(j, 1)), round(Points(j,2)),1);
end

end

figure (2)
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legend text=[];
axis tight;
for k=1:5

plot(time real(:),H points(:,k));
xlabel ('Time,s")

ylabel ('Height, \mum')

title=strcat ('Point ',num2str(k));
legend text=strvcat (legend text,title);
legend ('Location', 'best"')

hold on;
end
legend(legend text, 'Location', 'best');
fig = gcf;
fig.Color = 'white'; % set the background figure color
fig.InvertHardcopy = 'off';
iptsetpref ('ImshowBorder', 'tight'); % Figures without any borders
print (fig, 'Height time','-dtiff','-r100','-x0' );% gcf, returns the

current figure handle, change the resolution if needed...
cd
%% save file
cd(folder)

% save hline ave.mat hline ave %* the height profile along radical
line for different frames (frame index from low to high/time
increases)
% save r.mat r

save frame reallndex.mat frame reallIndex $* the exact frame index
corresponding hline ave

save time real.mat time real %* the time information corresponding
hline ave

save H points.mat H points;

o)

save xr2.mat xr2 % the radial distance in pixel

o)

save r2.mat r2 % the radial distance in um

save H xr2.mat H xr2 $ the height corresponding xr2
save radialDelta.mat radialDelta % the radial discretized cell

% save I 3D.mat I 3D

3 save H 3D.mat H 3D % the 3 d height profile for different frames
(real frame index from high to low/inverse direction of the droplet
drying )
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E.2 Plot Profile Dynamics Square Wells

%% PART Two Ploting profile dynamics

o

3 initiating parameters and variables

o

% Clear all and load file info only needed when not running Dyn2
immediately after Dynl

o\°

clear all;
drop fringes file % load file information

o° oo

o\°

cd(folder)
load I 3D.mat
load H 3D.mat
cd

oo oo

o\

size I=size(I 3D);
frames=size I(3);

o\
oe

o\
o° o\

oe

[x y z]=meshgrid(l:size I(2),1l:size I(1l),1l:frames);

oe

o\°

figure (3)

slice(x,y,z,H 3D,Inf,Inf, [62])
colormap gray

shading interp
xlabel ('x /Pixel');

ylabel ('y /Pixel');

zlabel ('Height /microns');

axis tight

o o d° d° o o°

o\°

o\

figure (3)

slice(x,y,z,H 3D,Inf,Inf, [frames2])
colormap gray

shading interp
xlabel ('x /Pixel');

ylabel ('y /Pixel');

zlabel ('Height /microns');
axis tight%

o° o d° P oo o°

o\

% frames2 = zeros(7,1);
% plotstep = floor(size(I 3D,3) / 8);
% plotframes(7) = size(I 3D,3);
% plotframes(l) = plotstep;
% for 1=2:6
% plotframes (i) = plotframes(i-1) + plotstep;
% end
figure (4)

imagesc (I _3D(:,:,frames));
colormap gray;

axis equal tight

leg=1[];

plotframes = zeros(7,1);
plotstep = floor(size(I_3D,3) / 8);
plotframes(7) = size(I_3D,3);
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plotframes(l) = plotstep;

for i=2:6
plotframes (i) = plotframes(i-1l) + plotstep;
end

[x y]=ginput (2)
x=[0;4537;
y=[230;230];
colormark=["b';'r';'g';'k'";'m"';'c'];
figure (5)
hold on
for i=1:7
[cx cy I]=improfile(H 3D(:,:,520-(i-1)*75),x,y);
d=((cx-x(2))."2+(cy-y(2))."2) .~ (1/2);
%I=smooth (I,50, "lowess"');

o

o\°

o° oo o©

oe

% plot(d, I,['.-' colormark(mod(i-1,length(colormark))+1)])
% leg= strvcat (leg,num2str (520-(1i-1)*75));
% end

for i=1:7

[cx cy I]=improfile(H 3D(:,:,plotframes(i)),x,y);
d=((cx-x(2)) .2+ (cy-y(2)) ."2) .~ (1/2);
%I=smooth (I, 50, "lowess"');

plot(d, I,['.-' colormark(mod(i-1,length(colormark))+1)1])

leg= strvcat (leg,num2str (plotframes(i)));

filename = ['plot-',num2str(i),'.txt'];
fp=fopen(filename, 'w');
profile=[d I]"';

fprintf (fp, '$12.8f $12.8f\n',profile); % save file

fclose (fp);
end

xlabel ('x /Pixel'");

ylabel ('"Height /micron');
legend([leg], 'Location', '"NorthEastOutside') ;
legend boxoff

axis tight
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E.3 Fringe Analysis Circular Wells

%% PART ONE
% initiating parameters and variables

clear all;
drop fringes file % load file information

o

% intensity threshold

background sub=0;

fringe enhance=0; % background smooth. case 0: no, case 1l:; case 2:
intensity threshold contact=34; % for contact line

bright ring threshold=1;% identifying bright rings
dark ring threshold=1l; % identifying dark rings

% region of interest
ROI auto=0;

contact fixed=1;

$%%%%%%%%%%%5%%%%%%%%%% Variable initiation

0000000

$%%%%%% identification of ROI manually or automatically
switch background sub
case 0,
background=0;
case 1,
filename =
[filetitle,num2str (background file),'.',fileformat];
background = imread (filename) ;

end
filename = [filetitle,num2str(deposit file),'.',6 fileformat];
deposit = imread(filename) ;

% I=double (ba
background) ; $%$%%%%%%%%%%%%%%%% Background subtract

I=abs (double (deposit-background));$%%%%%%%%%%%%%%%%% Background
subtract

I=I(:,:,1);
background=background(:, :,1);
I = imrotate(I,rotation_angle, 'crop');

cla;

figure(1l);

imagesc (I);

size I=size(I);

colormap gray;

axis equal;

axis ([0 size I(2) 0 size I(1)1);
xlabel ('x /pixel');

ylabel('y /pixel');

hold on;
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if ROI auto
if contact fixed
leftx min=68;
lefty min=58;
rightx max=498;
righty max=496;
else
[n m]=find(I>intensity threshold contact); % in matrix
row 'n' is coordinates' y and column 'm' is x
plot(m,n, 'yo', 'Markersize',2)

5%%%5%%%5%%%%%%%%%%%%%%%%%%%%%%% Automatic determine the
contact line

pklist=[m n];

indCL=convhull (pklist(:,1),pklist(:,2));

CL=pklist (indCL, :);

$%$Plot the convex hull of each frame
plot(CL(:,1),CL(:,2), " 'go-', 'Markersize',2, 'Linewidth',1);
text (1,20, "Contact line
auto', 'color', 'yellow', 'Fontsize',10);
leftx min=floor (min(CL(:,1))
lefty min=floor (min(CL(:,2))
rightx max=floor (max (CL(:,1)
righty max=floor (max (CL(:,2)

)I
)I
))
));
end
else
text (1,20, 'Contact line manual: top-left and
bottom-right', 'color', 'yellow', 'Fontsize',10);
selection=ginput (2)
leftx min=floor (selection(1l,1)
lefty min= floor(selectlon(l 2)
rightx max=floor (selection(2,1
righty max=floor (selection(2,2

) i
) i
)) i
))
end

corner=[leftx min lefty min; rightx max lefty min;
rightx max righty max;...

leftx min righty max; leftx min lefty min];

line(corner(:,1),corner(:,2), 'Color',"'v');

oe

=I(lefty min:righty max,leftx min:rightx max); %%
cropping
size I=size(I);

%% cross section frames pixel by pixel
frame i=0;

frames=floor ((frame start-frame end)/(skip frames+1l))+1;
I 3D=zeros(size I(1l),size I(2),frames);

for drop frame=frame start:-(skip frames+l) :frame end
filename = [filetitle,num2str(drop frame),'.',6 fileformat];
frame i=frame i+1;

I = imread(filename) ;

I=I(:,:,1);

% I=double (background-I)+double (I-background);%$%%%%%%%%%%%%%%%%%
Background subtract

I=abs (double (I-background));$%%%%%%%5%5%%%%%%5%5%% Background subtract

% rotation and crop

225



= imrotate (I, rotation_angle, 'crop'); %%% rotation
=I(lefty min:righty max,leftx min:rightx max); %%% cropping
size I=size(I);

I 3D(:,:,frame 1i)=I;

figure (2)
cla
imagesc(I_3D(:,:,frame 1i));
colormap gray;
axis equal;
axis ([0 size I(2) O size I(1)]);

message=sprintf ('Frames:%4.0f; Frame after
skip:%4.0f"',drop_ frame, frame 1i);
text (10,20, message, 'color', '"blue');

if background sub

text (10,40, 'Orginal image background off', 'color', 'blue');
else

text (10,40, 'Orginal image', 'color','blue');
end

end

%% test codes for intensity variation
button=1;

while button==
L=[1;
figure (2)
[px,py,button]=ginput (1) ;
for k=1l:frames
L=[L;I 3D(round(py),round(px),k)];
end
figure (3)
cla;
hold on
message=sprintf ('x=%4.0f; y=%4.0f',px,py)’
text (10,220, message, 'color', 'blue');

o

for fringe changing rate varies

o

Ll=[smooth (L (1:390),30, "lowess"') ;smooth(L(391:frames), 1, 'lowess"')];
Ll=smooth (L, 8, "lowess"');

plot (L, 'b");
plot (L1, 'r");
xlabel ('t /Frame');
ylabel ('y /Intensity');
axis tight;

oe
oe

o Q
[oN

% covert fringes' number to height
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$%5%%%%%5%%%%5%%%%%%%%%%% Variable initiation

centre fixed=0;
cross_section fixed=0;
peak width=15;

lambda=0.455; %um
n_index=1.516; % Anisole

size I=size(I_3D);
frames=size I(3);

H 3D=zeros (size I(1l),size I(2),frames);

t=1:frames;
centre=round([size I(2)/2 size I(1)/2]1);
mask half width=100; % inside the mask the fringes evolve faster

for i=l:size I(1l) % row, y
for j=l:size I(2) % column, x
L=[1;

for k=1l:frames
L=[L;I_3D(i,3,k)1;

end

% for \IOP data

% if (i>centre(2)-mask half width) &

(i<centre (2)+mask half width) & (j>centre(l)-mask half width) &
(J<centre (1) +mask half width)

Ll=[smooth (L (1:500),30, "lowess"');smooth(L(501:frames), 1, 'lowess"')];
% [maxtab, mintab] = peakdet (L1, 4, t);

oe

else

oe

=

l=[smooth (L (1:540),30, "lowess"') ;smooth (L (541:frames), 1, 'lowess"')];
[maxtab, mintab] = peakdet (L1, 12, t);

oe

o\°

end

Ll=smooth (L, 8, 'lowess"');
if max (L1)<10

[maxtab, mintab] = peakdet (L1, 20, t);
else

[maxtab, mintab] = peakdet (L1, 40, t);
end

o\

figure (4);

cla;

hold on
plot(t,L, 'b");
plot (t,L1l,'r");

o o° o o° o°

o\°

message=sprintf ('x=%4.0f; y=%4.0f',3,1);
text (10,180, message, 'color', 'blue');

o° oo

oe

xlabel ('x /Frame');
ylabel ('y /Intensity"');
axis tight;

o° oo

o

if ~isempty(mintab) & ~isempty (maxtab)
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bright p=maxtab(:,1);
plot (mintab(:,1), mintab(:,2), 'g*');

oe

dark p=mintab(:,1);
plot (maxtab(:,1), maxtab(:,2), 'r*');
end
legend('raw data', 'lowess fit-
'Location', 'SouthWest') ;
legend boxoff;

oe

o\°

o0 W
(@]
~

o\°

oe

pause;

o\°

figure (5)
cla;
hold on

o° oo

o\°

if ~isempty(mintab) & ~isempty (maxtab)
height bright=zeros (length (bright p),2);
height dark=zeros (length(dark p),2);

for m=1:length(bright p)
height bright (m,:)=[maxtab(m,1) (m-
1) *lambda/2/n_index];
end

for m=1:1length(dark p)
height dark(m, :)=[mintab (m,1); ( (m-
1) *lambda+lambda/2) /2/n_index];
end

height=[height bright; height dark];

height=sort (height) ;

% interpolate linearly, outside height(:1) region use
'extrap'

height p=interpl (height(:,1),height(:,2),t, "linear', 'extrap');
% height p(find(height p<0))=0;

oe

plot (height (:,1),height(:,2),'or',t,height p, '*b");
axis tight

o oo

o\

pause;

% save to H 3D
H 3D(i,J, :)=height p;

end

message=sprintf ('processing =%5.3f',100*1i/size I(1));
disp (message) ;
end
%% slice plot
[x y z]=meshgrid(l:size I(2),1l:size I(1l),1l:frames);
figure (3)
start frame=50;
step=round (frames/3) ;

o° o o

oe
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oe

slice(x,y,z,I 3D,Inf,Inf, [start frame,start frame+step,start frame+ste
p*21)

oe

colormap gray

shading interp

xlabel ('x /Pixel');

ylabel ('y /Pixel');
zlabel ('t /Frame');

axis tight

o° o o o°

oe

o

% save file
cd(folder)

save I 3D.mat I 3D
save H 3D.mat H 3D
cd
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E.4 Plotting Profile Dynamics Circular Wells
%% PART Two Ploting profile dynamics

o

3 initiating parameters and variables

o

% Clear all and load file info only needed when not running Dyn2
immediately after Dynl

o\°

clear all;
drop fringes file % load file information

o° oo

o\°

cd(folder)
load I 3D.mat
load H 3D.mat
cd

oo oo

o\

size I=size(I 3D);
frames=size I(3);

o\
oe

o\
o° o\

oe

[x y z]=meshgrid(l:size I(2),1l:size I(1l),1l:frames);

oe

o\°

figure (3)

slice(x,y,z,H 3D,Inf,Inf, [62])
colormap gray

shading interp
xlabel ('x /Pixel');

ylabel ('y /Pixel');

zlabel ('Height /microns');

axis tight

o o d° d° o o°

o\°

o\

figure (3)

slice(x,y,z,H 3D,Inf,Inf, [frames2])
colormap gray

shading interp
xlabel ('x /Pixel');

ylabel ('y /Pixel');

zlabel ('Height /microns');
axis tight%

o° o d° P oo o°

o\

% frames2 = zeros(7,1);
% plotstep = floor(size(I 3D,3) / 8);
% plotframes(7) = size(I 3D,3);
% plotframes(l) = plotstep;
% for 1=2:6
% plotframes (i) = plotframes(i-1) + plotstep;
% end
figure (4)

imagesc (I _3D(:,:,frames));
colormap gray;

axis equal tight

leg=1[];

plotframes = zeros(7,1);
plotstep = floor(size(I_3D,3) / 8);
plotframes(7) = size(I_3D,3);
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plotframes(l) = plotstep;

for i=2:6
plotframes (i) = plotframes(i-1l) + plotstep;
end

[x y]=ginput (2)
x=[0;4537;
y=[230;230];
colormark=["b';'r';'g';'k'";'m"';'c'];
figure (5)
hold on
for i=1:7
[cx cy I]=improfile(H 3D(:,:,520-(i-1)*75),x,y);
d=((cx-x(2))."2+(cy-y(2))."2) .~ (1/2);
%I=smooth (I,50, "lowess"');

o

o\°

o° oo o©

oe

% plot(d, I,['.-' colormark(mod(i-1,length(colormark))+1)])
% leg= strvcat (leg,num2str (520-(1i-1)*75));
% end

for i=1:7

[cx cy I]=improfile(H 3D(:,:,plotframes(i)),x,y);
d=((cx-x(2)) .2+ (cy-y(2)) ."2) .~ (1/2);
%I=smooth (I, 50, "lowess"');

plot(d, I,['.-' colormark(mod(i-1,length(colormark))+1)1])

leg= strvcat (leg,num2str (plotframes(i)));

filename = ['plot-',num2str(i),'.txt'];
fp=fopen(filename, 'w');
profile=[d I]"';

fprintf (fp, '$12.8f $12.8f\n',profile); % save file

fclose (fp);
end

xlabel ('x /Pixel'");

ylabel ('"Height /micron');
legend([leg], 'Location', '"NorthEastOutside') ;
legend boxoff
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