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Abstract

Polymer dispersed liquid crystals have shown potential as the basis for a new display
screen technology which can be used to produce flexible displays. The work presented
here investigates the properties during the synthesis process of PDLCs, which affect the
electro-optical properties of the films produced. An investigation is performed through
the use of small angle light scattering, and small angle neutron scattering, into the
thermodynamic phase properties of the initial liquid crystal monomer solution from
which the PDLCs are formed. Through the use of small angle light scattering and ESEM
the phase separation mechanism is determined and the morphological properties of films
formed under different thermodynamic conditions are investigated and linked to the
electro-optical properties of test films.

It is shown that due to the rod like nature of liquid crystal molecules that the
monomer/liquid crystal phase properties cannot be explained by classic polymer solution
thermodynamics. Phase separation is shown to occur by one of two mechanisms
depending upon whether or not a crosslinking monomer species is present, either a gel
phase separation mechanism or a viscoelastic mechanism. Depending upon the initial
thermodynamic properties of the system the formation of a polymer network can either
act to promote (resulting in a large droplet morphology size) or suppress (resulting in
small impure liquid crystal droplets) phase separation. This in turn is linked to the

effectiveness of films formed under given conditions as potential display devices.
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Introduction
1 Polymer Dispersed Liquid Crystals

Polymer dispersed liquid crystals (PDLCs) are films which consist of liquid crystal
droplets encapsulated in a matrix of polymeric species. They are the basis for a new
type of display screen technology'®, and in particular the basis for flexible displays
and electronic books. As such a significant body of work has been performed into
understanding the factors which affect their properties as display screens® > &, the
methods of formulating the PDLC films*™* 7 and the properties which effect the
mechanisms of formulation and film morphologies formed®'>. It is the aim of the
work presented in this report to investigate the mechanism by which the films are
formed when a polymerization induced phase separation formulation method is
utilised; the effect the involvement of a liquid crystalline species has upon this
process; the type of morphologies formed and the effect these have upon the electro-

optical properties of the films.

2 PDLCs as Displays

Polymer dispersed liquid crystal film based displays work by a concept known as
refractive index matching. The idea was first put forward in the work of Beni and
Hackwood'® and first applied to liquid crystals by Craighead et al."’. In their paper
Beni and Hackwood proposed a display consisting of an array of two components,
one which is fixed and has a constant refractive index and a second which has the
ability to change its refractive index. Their idea was that if the refractive index of the
second species could be controlled, it should be possible to obtain two states; one
where the refractive index of the second component matched that of the first and one
in which the refractive index differed. In the former case the refractive index
matching means that incident light passing through the display would be able to pass
across the boundary between the two components without any change to its speed or
direction, as such light is not scattered at the interface. In the second case the
difference in refractive index between the two components means that incident light
does change speed and direction at the interface. If the sizes of the two components

of the array are correct (with the width of sections of the array in the range 1-10 um )

then incident light will experience enough interfaces upon hitting the film that the
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light will be scattered in all directions. The result of this is that, as long as the
matching refractive index is appropriate, in the former state no scattering takes place
and the film appears transparent and colourless, and in the latter state the film will
appear white due to all the scattering. If then the component which is capable of
taking on two different refractive indices can be controlled (refractive index changed
upon demand) it should be possible to switch between a scattering (white) and non-
scattering (transparent) state. In their original paper, Beni and Hackwood suggested
constructing this type of display from a solid matrix, with the second component
composed of a liquid with a vapour phase. The liquid is chosen to match the
refractive index of the solid, while the vapour differs from it, by the application of
electrocapillarity or electro-wetting the liquid can be moved in and out of the solid

matrix and therefore the two states can be switched between.
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Figure 1 Schematic diagram of Beni and Hackwood's refractive index matching display,
diagram taken from'®

Thermotropic liquid crystal provide the perfect species for use in such displays
because, as discussed below, they demonstrate the highly desirable property of
possessing two refractive indices and can be switched between them by the
application of an electric field. The idea of manufacturing a refractive index
matching display from a liquid crystal species encapsulated within a polymeric
species one was first proposed by Fergason in his 1984 patent’ and 1985 paper”.
Polymers provide the perfect pairing species for liquid crystals in refractive index
matching displays for three reasons; firstly many polymers have refractive indices in
the required range, both in terms of appearing transparent and in matching that of the
liquid crystalline species. Secondly polymers are, when above their glass transition
temperature, highly flexible, this makes them perfect for use in flexible displays, and

thirdly polymers are very cheap and can be easily manufactured on a large scale.
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Figure 2 Schematic diagram of how a PDLC refractive index matching screen works, diagram
from ref’

Figure 2 shows schematically how a PDLC film refractive index matching screen
works; while no field is applied to the film, liquid crystal molecules randomly align
and the refractive indices of the liquid crystal droplets and the polymer matrix are
different, leading to scattering of light and the film appears white (off-state). When
an electric field is placed across the film the liquid crystal molecules align and
display the same refractive index to incident light as the polymer, so there is no

longer scattering and the film appears colourless (the on-state).

3 Liquid Crystals

As the name would suggest liquid crystals are species which demonstrate properties
which are a combination of liquid and crystalline phases. There are 2 number of
types of liquid crystal, such as thermotropic, cholesteric, and columnar; the work
presented here is only interested in the application of thermotropic liquid crystals, so

an explanation of their properties is provided in terms of this type of liquid crystal.

Figure 3 Structural formula ef 5 cyano-biphenyl
The distinctive properties of thermotropic liquid crystals result from their molecular
structure and electronic properties. Thermotropic liquid crystals are generally of a
structure which can be described as rod like, with one axis significantly longer than
the other. For example 5-cyano biphenyl (Figure 3), has a backbone consisting of
two phenyl groups which are inflexible and as such is much longer than it is wide.
This structural asymmetry means that thermotropic liquid crystals demonstrate a
phenomenon known as birefringence, whereby, for a single molecule of the liquid
crystal, a photon of light hitting it from one structural axis experiences a markedly
-3



different refractive index to a photon of light hitting the other structural axis (Figure
4).

Refractive Refractive
index 1 index 2

2 ¥
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Figure 4 Schematic diagram of how the rod like nature of liquid crystals resalts in birefringence
This alone is not significant as in a liquid the molecules will be randomly aligned and

the effect will be lost as an averaged out refractive index is observed. The second
significant property of thermotropic liquid crystals, which again result from their rod
like structure, is that in between their isotropic liquid and crystalline solid phases
they demonstrate liquid crystalline phases. In these liquid crystalline phases the
molecules demonstrate the free diffusion of a liquid, whilst also demonstrating

localised ordering more characteristic of a solid.
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Figure 5 Schematic representation of nematic and smectic phases

There are two main liquid crystalline phases, nematic and smectic; in the nematic
phase the molecules demonstrate orientational ordering, but not positional ordering.
In a localised area all the liquid crystal molecules will be facing in approximately the
same orientation, this orientation being defined by a director, which can either be an
external force, such as the application of an electric field, or as the result of dipole
interactions between individual molecules. In the latter case the orientation is defined
by thermodynamics'® . In the smectic phase the molecules not only show
orientational order but also positional order with molecules arranging themselves

into layers. Figure 5 shows schematically the ordering in the nematic and smectic
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phases. Most work performed on PDLCs and other liguid crystal based displays, and
all the work presented in this report, is performed using liquid crystals which have
only a nematic phase, so further consideration of the smectic phase is not presented

here.

it is this ordering which allows the effect of the refractive index asymmetry of
individual liquid crystal molecules to be used for display purposes; an area (domain)
where the molecules are orientated in the same direction will exhibit the same
refractive index properties as an individual molecule orientated in that way. So a
light photon incident from a given angie will experience the same refractive index

regardless of where is enters the liquid crystal.

No Electric Electric
Field Field

Figure 6 Schemitic diagram of the domain ordering of liquid crystals in the nematic phase and
the effect of applying an electric field across a nematic liguid crystal.

As previously stated, the orientation of the director is dependent upon
thermodynamics, unless an external force is applied, as such it is possible for
different regions of a sample of thermotropic liquid crystal to exhibit different
directors (Figure 6). Different refractive indices will therefore be presented to light
incident from the same angle depending upon which domain it hits; interfaces
between the different domains with different refractive indices are formed, at which
light will be scattered. It is for this reason that liquid crystals when in their nematic
phase have the appearance of a milky white liquid. The application of an electric
field changes this as it causes the liquid crystal molecules to orientate in one single
direction for the entire sample. The interfaces between domains of different
refractive index are lost, light is no longer scattered and the liquid crystal has the

appearance of a colourless liquid.



Electric fields can cause the alignment of liquid crystal molecules for one of two
reasons, depending upon the electronic properties of the molecules. If the molecule
has no dipole moment (the charge across the molecule is balanced), the application
of an electric field results in the creation of a temporary dipole within the molecule,
which, due to its structural asymmetry, means the molecules all align to gain the
most energetically favourable orientation for the newly induced dipole moment.
Most liquid crystals which are used for display screen purposes have a permanent
dipole moment resulting from their chemistry. In the case of the bi- and ter-phenyl
groups which make up the backbones of most display screen liquid crystals such as 5
cyano-biphenyl (Figure 3) and 4-Chloro-2’,2>"-difluoro-4"’-pentyl-[1,17:4°,17’-
terphenyl] (Figure 7) the dipole moment is created by attaching groups on either end
of the molecules which have different electronegativities, in the case of the former a
nitrile group and a hydrocarbon group and the latter a halogenated species and a
hydrocarbon. These species will therefore align in an electric field so that the &+ve
end will align towards the negative side of the applied field and 8-ve end towards the
positive side of the field.

e e
F F

Figure 7 Structural formula of 4-Chloro-2’,2”’-difluoro-4’’-pentyl-[1,1’:4°,1"*-terphenyl)
3.1 Advantages of PDLC Screens

As a basis for a display screen technology PDLCs have a number of advantages;
firstly by using indium tin oxide for the electronics they can be made from entirely
flexible materials. The PDLC layer is flexible, and the indium tin oxide can be
printed onto a flexible polymer outer layer which can also act as a water and oxygen
barrier. Unlike current liquid crystal displays PDL.C based screens can be used to
make flexible displays which are perfect for portable devices and e-paper (a thin

k2 1), The reason this is possible

paper like display which can be read like a boo
while it is not for current liquid crystal based display technologies is twofold; firstly
PDLC based screens, unlike current displays, are reflective rather than
transmissive®® >, This means, rather than as for current screens which require a back
illumination unit to shine light through the liguid crystal layer into the viewers eye,

the screen works by external light incident to the screen being either reflected back
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the droplets the lower the likelihood that incident light will hit enough interfaces to
be reflected back towards the viewer. It has been shown'® 2> ** that this starts to
become significant around 5 pm and at around 10 pm it is the case that the
morphology size is large enough that the individual components of the film become
identifiable to the eye. At this point the droplets are of a large enough size compared
to the wavelength of light that incident rays only experience one component species
upon passing through film and light is no longer scattered back towards the observer.
It has been shown therefore that the ideal morphology size for optical properties is in
the range of 2-5 pm. The effect of morphology size upon transmission in the on state

is minimal as there should be no interfaces to cause scattering in the on state.

3.2.2 Electronic properties

As with the optical properties, the electric field and speeds at which the PDLC films
switch are dependent upon the size of the droplets. There are two effects to consider;
firstly switching to the on-state, which relates to the magnitude of electric field
required and the rate at which the liquid crystals switch (rise time) and secondly the
switching to off-state which relates only to the time required for the liquid crystals to
switch back (fall time). The property which conirols these is the same, but the
reverse effect in each case. When encapsulated within the polymer, the liqud
crystals experience ordering effects from the polymer interface, to get the liquid
crystal to switch to the on-state these ordering effects have to be overcome so that all
the liquid crystals are pointing in the same direction and presenting the same
refractive index to incident light. Equally to return back to the off-state requires the
polymer interface to exert its ordering effect, this occurring upon removal of the
electric field, resulting in the liquid crystal molecules becoming umaligned as a
whole. Therefore in the former case the less interface area exerting an ordering force

upon the liquid crystal the better, and in the latter case the more the better.

This effect for the encapsulated droplets of liquid crystals in PDLCs can be thought
of in terms of the ratio of the volume of liquid crystal in the droplets to the area of
the interface between the liquid crystal and polymer. The higher the ratio (larger the
droplet size) the less disordering effects to overcome per volume of liquid crystal and
therefore the lower the field strength required to bring about switching and the faster
switching is achieved. Equally the higher the ratio, the slower the droplets of liquid
crystals will switch back to their previous disordered state. As such the two effects
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are actually contrary to each other, to make the film switch faster and at a lower
voltage by increasing the droplet size means that it will switch back to the off-state

slower. This has been shown to be the case by many studies™ #1122 24

Overall this means that the two most important properties required of a PDLC
screen, low swiiching field and contrast ratio are actually dependent upon
contradictory requirements, for the former a large droplet size is required and the
latter a small (but larger than 2 pm) droplet size is required. It is therefore of great
interest to be able to optimise between the two requirements, or to determine a way
in which one of the two properties can be improved without the requirement of

changing the droplet size.

4 PDLC Formulation Techniques

Three techniques have been proposed for the formulation of PDLCs. The first™ *
works on the basis of forming an emulsion of liquid crystal and polymer in a solvent
(usually water) and then evaporating the solvent off to leave a dispersed film. The
second method is thermally induced phase separationl’ 7 (TIPS), a blend of liquid
crystal and polymer are heated up to above the phase mixing temperature and then
the melt is cooled below the phase mixing temperature again. The phase separation
thermodynamics and mechanism cause the liquid crystal rich phase to separate out
into droplets within the polymer rich phase.

The final formulation method is polymerisation induced phase separation (PIPS), this

can either be through the use of photo-polymerisation™ 6, 811,13, 15,20, 21

or thermally
induced polymerisation" > %, In this method a completely phase mixed starting
solution of monomer in liquid crystal is prepared; the monomer is subsequently
polymerised until a point is reached where it becomes thermodynamically
unfavourable for the polymer chains to remain dissolved in the liquid crystal and
phase separation occurs. As for thermally induced phase separation the
thermodynamics and mechanism of phase separation control the morphology formed.
Photo-polymerisation induced phase separation is by far the most popular technique
for forming PDLCs as it is relatively easy and does not require the high temperatures
necessary for both thermally induced phase separation and thermal polymerisation
phase separation techniques. It also provides consistency of morphology and droplet

size which has been shown to be lacking films formed by emulsion evaporation
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preparation techniques® °. Evaporation techniques also have the disadvantage of
forming oblique droplets of liquid crystal due to the structural collapse of the film as
the solvent evaporates off°. For these reasons it is the PIPS technique which is
utilised in the work presented in this report.

5 Aims of Work

The aims of the work presented in this report are fourfold; the main aim of the work
is to examine PDLCs in terms of formation mechanism with the aim of determining
the mechanism by which PDLC films form and the dependence of the phase
separation mechanism upon composition, cure temperature and cure UV intensity.
This phase separation mechanism is also to be related to the type and size of
morphology formed which in turn is to be related to the electro-optical properties of
the films. This work is presented in Section B of the report. As the effect of phase
separation conditions is being investigated it is important to understand the phase
properties of the monomer/liquid crystal and polymer liquid crystal systems from
which they are formed. As such Section A presents work determining the phase
diagrams for a series of monomer/liquid crystal pairs and relates these to phase
mixing theory, and in particular the effect of the liquid crystalline species upon the
phase mixing thermodynamics. The final aim is an attempt to improve the electro-
optical properties of the PDLC films by changing the chemistry of the
monomet/liquid crystal pair and in particular the effect of having both a fluorinated
monomer and liquid crystal species as the components of the PDLC films. This is
investigated in terms of both the effect of the chemistry upon phase properties and
separation mechanism, and to see if the fluorination can affect the disordering effect

at the polymer/liquid crystal interface; this work is presented in Section C.
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Experimental
1 Materials

1.1 Morphological Work

For studying the phase separation. mechanism, morphology of PDLC films and
electro-optical properties the liquid crystal species used is the Merck halogenated
blend TL213. Chosen for its desirable properties to Sony" Zas a liquid crystal blend
for an active matrix display; TL213’s ordinary refractive index of 1.53 is a good
match for the type of polymer species used and has a nematic range of ~275K to
354K ideal for the working temperature range of a display screen device. The exact
composition of TL213 is unknown, but is known to contain halogenated terphenyl
molecules including 2°,2°,4"’-trifluoro-4-propyl-1,1’:4’1""-terphenyl (Figure 1) and
4-chloro-2",2’"-difluoro-4’"-pentyl-1,1°:4°,1°"-terphenyl (Figure 2).

F F
Figure 1 2',2",4"-trifluoro-4-propy}-1,1':4'1""-terphenyl

s e
F F

Figure 2 4-Chloro-2',2"-difluoro-4"-pentyl-1,1':4',1"-terphenyl
Given that the liquid crystal species is to a large degree unknown, it is considered
important that the polymer species is precisely known, so the commercial photo
initiated pre-polymer PN393" 2 utilised in many PDLC studies is not used in this
work. The monomer 2-ethylhexyl acrylate (EHA) (Figure 3) (refractive index 1.436)
was used with the crosslinking species trimethylol propane triacrylate (Figure 4)
{(both sourced from Aldrich Chemicals) as these are known to be the main constituent
species of PN393>. This combination however lacks the liquid crystalline monomer
species present in PN393 which improve PDLC electronic and optical properties, but
it allows for control of both the crosslink density and the amount of initiator present.

The initiator used is a combination of 4-(dimethylamino)-benzophenone and the co-
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initiator N-methyldiethanol-amine) (sourced from Aldrich Chemicals). All chemicals

.
/j/\/\

Figure 3 2-ethylhexyl Acryl ate

-

O

/Y O\%CHZCHa

O 0

were used as supplied.

0

\

Figure 4 Trimethylo} propane triacrylate

1.2 Phase Property Investigations

For small angle light scattering studies of phase properties the materials investigated
are the same as those used in other studies described above and below as the phase
diagram is used as a tool to understand further results. In studies where small angle
neutron scattering is used to determine fundamental properties of species it is
necessary — as described later — to have a deuterated species, limiting choice to
availability. Phase property investigations by SANS are limited to the test system of
the single deuterated cyano-biphenyl liquid crystal species 4-cyano-4’-n-pentyl-d;;-
diphenyl (d5CB) (Figure 5) (CDN Isotopes) and the polymer poly(butyl acrylate)
(Figure 6) of molecular weight 3650 gmol™ (Polymer Source). All chemicals were

used as supplied

DD D

D D
D D D
SIO-Or=
D
Figure 5 4-cyano-4'-n-pnetyl-d,,-diphenyl
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/\n/ O™~
O
Figure 6 Butyl Acrylate

1.3 Polymer Fluorination Studies

For experimental studies presented where the polymer species is doped by a
fluorinated monomer during cure, 2,2,3,3.4.4,4-heptaflurobutyl acrylate (HFBA)
(Figure 7) and 2,2,3,3,44,5,5,6,6,7,7,7-dodecafluoroheptyl acrylate (DDFHA)
(Figure B) are used as the dopant species (both sourced from Aldrich Chemicals).

0O F

Lo4dy

F
F F

Figure 7 2,2,3,3,4,4,4-heptafluorobutyl acrylate

F_ F _F
F |F \F |F

O F
/\H/ W/\\\/H/
FI FIl F
© F F F F
Figure 8 2,2.3,3,4,4,5.,5,6,6,7,7,7-dodecafluroheptyl acrylate

2 Small Angle Light Scattering

Small angle light scattering (SALS) is a commonly used technique in polymer
physics studies as it non-invasively elucidates a number of significant properties in
polymer systems. In terms of the type of phase separation and morphological work
presented within this thesis there are three applications of SALS; determination of
phase separation temperatures and times, morphological size determination, and

phase separation mechanism determination.

2.1 SALS Concept

When incident light enters a film containing two dispersed species with differing
refractive indices, the light will be refracted at the interface between the two species
scattering at an angle dependent upon its incident angle and the refractive indices of
the two species. This is demonstrated schematically in Figure 9, &; represents the

incident wave vector; the wave vector of light scattered by an angle @ is represented

by k;.
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interference rings, with the separation of the rings determined by the domain size of
the scattering material. By combining equations (1.2) and (1.3) it is possible to relate

the scattering vector to the length-scale of the morphology,

d=22 (1.4)
q

2.2 Phase Separation Temperature and Time Determination

As light scattering requires at least two species to be present of differing refractive
index the technique can be used as a simple and effective method for determining
when two species have phase separated. As long as the phase mixed system has a
refractive index that light can pass through (i.e. the sample is transparent) there will
be no scattering when the sample is homogenously mixed. When the system 1is
changed either by reaction or temperature such that phase separation is initiated,
domains of two new phases with usually differing refractive index will be formed
and the sample will begin scattering. Through the use of a temperature control stage
to ramp the sample through a temperature range and correlating the point at which
scattering begins to the temperature it is possible to determine the type of
temperature/composition phase diagram discussed later in Section A. Equally
inttiating curing and observing the time of initial scattering can be used to determine

polymerisation induced phase separation times.

2.3 Determination of Morphology Size

As discussed if a system exhibits a consistent morphology size throughout the
sample then scattering is described by Bragg’s laws, and the scattering vector at
which a peak is observed is related to the morphology size. By using a diffraction
grating of known width (d) and applying equation (1.4) it is possible to calibrate the
experimental set up so that radial distance (number of pixels away from centre) can
be related to the scattering vector, and in turn the morphology size. In the case where
the morphology is not of a consistent size scattering will not result in a peak in the
interference pattern and therefore it is not possible to gain any morphology size

evidence via light scattering.
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2.6 Sample Preparation

Liquid crystal/monomer solutions of appropriate composition are prepared by mixing
until homogeneous (transparent); 10 ul of the sample is pipetted onto a glass slide
prepared with an adhesive, a second glass slide is placed on top and closed to a
separation of ~50 pl by pressure to form a cell. The cell is placed on the Linkam
heating stage and caused to phase separate either via a temperature change, or at a
constant temperature by polymerisation induced by irradiating with a 365 nm UV-
LED of known intensity.

3 Environmental Scanning Electron Microscopy

3.1 SEM Concept

Scanning Electron Microscopy (SEM) is a technique used to examine the surface
structure of materials where the structural properties of interest are too small to be
observed via optical microscopy or the refractive index of the material makes optical
microscopy indistinct. The technique works by firing a beam of electrons at the
sample under study and through the use of a series of detectors observing their
behaviour after interacting with the sample. Depending upon the type of detector
used it is possible to determine two main properties of a material under study; the
surface topography and the relative electron density of a species to give an
approximate idea of composition. When the electron interacts with an atom in the
sample there are four possible results; i. the electron is absorbed and therefore no
information can obtained about the sample. ii. The electron collides with the atom’s
nucleus and is scattered back towards the source where it is measured by the use of a
backscatter detector. A higher atomic mass species will appear brighter as its larger
nucleus will have a higher probability of interacting with an incident electron. iii.
Electrons interact with electrons within the atom passing on energy to them, causing
a secondary electron to be emitted. The low energy of emitted electrons mean that
they are unable to travel far from the surface so the population at a given distance
from the sample provides information on topography. iv. In the case where a
secondary electron is emitted it is possible that the atom needs to release energy to
regain equilibrium and will therefore emit either an X-ray quantum or a photon. All
of these results are dependent to some degree upon both the topography of the

system and the atomic mass of the atoms they are interacting with. In general use is
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made mainly of backscattered and secondary electrons in comparison to total emitted

electrons (accounts for absorbed electrons) to generate the image.

A scanning technique is applied to increase the area it is possible to probe on a
sample. Electric fields are used to deflect the incident electron beam to scan a series
of sites on the sample with the number of backscattered and/or secondary electrons

counted for that site so a topographical image can be built up.

3.2 Environmental SEM

For standard SEM to work a high vacuum is required as electrons will be quickly
absorbed by any atmospherically dispersed species and as such alter the image. This
means that samples must be perfectly dry so any volatile species does not become
atomised at low pressure. Equally the sample must be electrically conductive
otherwise the sample will charge up and degrade; this is normally overcome by
sputtering the surface with a conductive material such as gold. If the sample to be
examined requires that a volatile spectes or insulator be imaged it is possible to
utilise Environmental Scanning Electron Microscopy (ESEM). The technique works
by separating the main gun column which is under full vacuum from the scanning
chamber which is flooded at very low pressure (0.1-1 Torr) with water vapour. This
water vapour acts as an amplifier for secondary electrons; the original secondary
electrons in turn cause the production of secondary electrons in the water vapour
molecules causing a cascade effect back to the detector. By emitting these secondary
electrons the water molecules become positively charged and can therefore neutralise

the charge build up on the sample allowing insulators to be imaged.

3.3 Sample Preparation and Imaging

To image PDLC morphologies after formation via reaction induced phase separation
the cells are broken open and the free liquid crystalline phase is washed out using
methanol to leave only the relief surface of the polymer rich phase. The sample is left
to dry for a minimum of 24 hours to allow any surface methanol to evaporate off.
Experiments are performed in a Phillips FEI X130 Environmental Scanning Electron
Microscope, operating in environmental mode at a water vapour pressure of ~0.3
Torr, an acceleration voltage of normally 15.0 kV, but between 10 and 25 kV
depending upon the sample and conditions. While both backscattered and secondary
electrons provide the desired topographical images it is found that the backscatter
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detector provides the superior images at the relatively low magnifications required
for the systems under study and is utilised for this study. Magnification is generally
between 50x and 500x, with most images being taken at 200x; magnification up to
1000x was possible but any greater than this causes the degradation of the sample

without providing any further useful information.

4 Small Angle Neutron Scattering

Neutron scattering has proved to be of great interest for polymer research*®, it can
provide a variety of information including; the use of neutron reflection to determine
depth composition information’, neutron spectroscopy to determine polymer
dynamics®, and neutron scattering to determine the arrangement and crystal
structures of polymers®. Of interest in studying PDLCs is Small Angle Neutron
Scattering {SANS), which provides a method of quantifying the phase mixing

properties of a system independent of it’s composi’[icms'l L

Neutrons have wavelengths varying between 1 and 20 A, the same order of
magnitude as for inter-atomic distances, and as such can be used to investigate local
molecular motions. Knowledge of molecular diffusion (localised composition) can
therefore be obtained. And through the use of deuterium doping it is also possible to
differentiate between two hydrocarbon rich species.

Small angle neutron scattering is analogous to small angle light scattering (as in
Figure 9), a neutron of known wavelength is propelled incident to a scattering centre
(in this case the nucleus of a constituent atom of a polymer chain), and will be
scattered with a wave amplitude defined by the type of nucleus it has been scattered
by. This amplitude is quantified by the scattering lengthb ; for'® hydrogen -3.741 x
10" m and deuterium 6.671 x 10" m. The fact that hydrogen is negative and
deuterium positive provides the strong contrast required between two hydrocarbon
rich species to see them separately. The scattering length is most relevantly applied

in the form of the scattering length density p for a given type of molecule,

p
p=ny b=- (1.5)

v

Where n is the number concentration of the scattering centre, i is the constituent atom

of the molecule, and v the volume of a single molecule.
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The scattered neutrons are detected by a large 2D array detector which measures the
population of neutrons of a given wavelength scattered through a given angle, in a

given time frame. This is quantified by the differential scattering cross-section
) . . .
—%(lq[) As analogous with SALS, scattering properties are related to the detector

population via a scattering vector ¢, and can be interpreted in terms of Bragg
scattering as in equations (1.2) (1.3) (1.4). For SANS, due to the much smaller

wavelength d is a molecular-level length scale. For isotropic systems interpretation is

in terms of the modulus of the scattering vector|q|. This is equal to the modulus of

the difference between the scattered and incident vectors,
lg]=|%, —k,|=-a£sin6 (1.6)

The way in which these scattered neutron waves constructively and destructively

interfere can be used to determine localised structural and compositional properties.

4.1 Small Angle Neutron Scattering to Determine Interaction

Parameters

As will be discussed in further detail in Section A the interaction of two species in a
solution can be quantified using Flory-Huggins theory. In particular for two given
species their enthalpic interaction is quantified by an interaction parameter y .
SANS**! can be used to determine this parameter independent of the compositional
fitting to phase diagrams method usually applied. The method works by examining
localised fluctuations in the composition of a one phase system, with the neutrons

able to probe these fluctuations on a molecular level.

To link the differential scattering cross-section to the compositional fluctuations and

subsequently the effective Flory-Huggins interaction parameter, de Gennes™'>

random phase approximation (RPA) is applied.

— +
%(IQI) Nvd? (,ql’R;l)Dchye szlgﬁlp('q"‘kg@ )Deb.w i

(ap) _ ! I g

where N,, N, are the degrees of polymerisation of species 1 and 2 respectively, v is

the monomer volume, ¢ the volume fraction, y,, the effective interaction parameter,
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5 Rheology

5.1 Concept

Rheology' ' is the study of the deformation and flow of matter, an ideal solid will
undergo reversible elastic deformation upon the application of a stress, whereas an
ideal fluid will behave as a viscous material and undergo irreversible flow
deformation. In the case of polymer systems — in particular those which are in
solution — this becomes more complicated as they cannot be considered as either an
ideal solid or liquid and in fact have visco-elastic properties with a component of
each type. It is possible through the use of appropriate rheological techniques to
separate these two properties. This can be achieved by the use of oscillatory rheology
between two plates, a lower stationary plate and an upper oscillating plate, this set up

is capable of measuring the complex viscosity 77 of the system as defined by,

. (¢ :}(G ol§ 010

WhereG'is the storage modulus which is related to the elastic properties of the
system under test, G"is the loss modulus which is related to the viscous properties
and @ is the oscillatory frequency. It is possible to separate out these two componernits

so that the two physical properties can be analysed separately.

5.2 Using Rheology to Determine Phase Separation
Mechanics

While rheology is a useful tool for determining absolute physical properties of a

material, the work presented is interested merely in relative effects during the

polymerisation and phase separation processes, in particular the evolution of system

viscosity with polymerization and morphology evolution. Therefore presented are

viscosity and elasticity time dependent profiles, which show how these properties

evolve during the curing process.

5.3 Experimental Set-Up and Sample Preparation

All experiments are performed on a TA Instruments AR2000 using a 40mm quartz

plate geometry with a Peltier stage as the static plate to maintain cure temperature.
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Therefore instead of taking values for the electric ficld required to bring about full
switching (100% of maximum transmission) measurements are taken in terms of Egy
or the field required to bring about 90% of maximum transmission” > 7. Equally

switching times are measured between the 10% and 90% switching states. Equations

have been derived'* for the rise 7, and fall Tacry times of encapsulated nematic

liquid crystals,

o i 1.11
Trise AGEE_K(LZ—I) ( )

dr R?

_ Yle

Tecay = _k_(L’_—l) (1.12)

where 7, is a rotational viscosity coefficient for the liquid crystal, A ethe dielectric

anisotropy of the liquid crystal, £ the applied field, X a Frank elastic constant for
distortion of the nematic field, L the droplet aspect ratio and R the characteristic
droplet ratio. As can be seen from the equations the decay time is field independent
and therefore purely a physical property of the film, as such it is possible to record
the decay time as an average of a series of tests. The rise time however is field
dependent and therefore a way is required to quantify the properties of a given film
in a field independent manner. To do this a value is calculated for the elastic constant
of the film rather than the actual rise time. As can be seen from equation (1.11) K is
related to the applied field and the rise time; as such it is possible to determine a K
valye from the intercept of a graph of the reciprocal of the rise time against the

square of the applied field.

6.1 Experimental Set-Up

The electro-optical results presented in this report were performed by the author at
Sony Deutschland’s Materials Science Laboratory in Stuttgart, Germany using their
experimental set up” 2. This consisted of a Leica DMR-X-HC confocal microscope
working in transmission mode using a white light source, an Edmund Optics
NT54035 photodiode to measure the percentage transmission of light through the
film, and a Linkam LTS350 hot stage to maintain the sample cell at 35°C throughout
testing. The whole device is driven using a National Instruments 6024E DAQ
PCMCIA data logging card, which through the use of an in-house program is able to
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apply a field across the film and correlate this to the light level received by the
photodiode. The testing process works by initially applying an increasing field across
the film to determine the absolute transmission of the film (as a percentage of the
maximum light available), and from this it is possible to calculate the 10% and 90%
transmission fields. Once the fields are known the difference is divided into 16 and a
series of averaged switching tests are performed at these interval fields to determine

the field dependent rise times and decay time for the film.

6.2 Sample Preparation

The samples are prepared as for the light scattering experiments, except that the
solution is pipetted into E.H.C. Japan Liquid Crystal test cells of 10 pm separation
with the interior of the cells having an ITO coating so that a field can be applied
across the sample. As previously described these are cured for 30 minutes to form the
film via phase separation, once cured the cells are left for at least 24 hours to allow
equilibrium phase separation to be reached. They are then tested via the above
method.
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changes in the density of a component (» — amount of component). If the free energy
of a system increases with a change then it is considered to be energetically

unfavourable to this change, i.e. a system is energetically stable under the condition,

oG
—1 >0 1.1
( on J” (.1
This is what is known as the chemical potential of the component. Equally a system

is thermodynamically favourable to a change in composition under the condition,

G
(ELP <0 (1.2)

While the chemical potential demonstrates the conditions under which it is
thermodynamically favourable for phase separation to occur it fails to take into
account kinetic effects. It may be possible to form an energetically lower system by
changing the local composition of one of the species, but there can be a localised
kinetic barrier. This occurs when a system is in a meta-stable state, one which 1s
defined by having a chemical potential of less than 0, but where the chemical
potential initially increases upon a compositional change, mathematically defined as

the second derivative of the free energy with respect to density. So a system is meta-

stable when,
(QG—] <0 (1.2)
on Jrp
and
2
(a G) >0 (1.3)
on” ). ,

For a system to be spontaneously unstable with respect to a compositional change
then the chemical potential must decrease upon a change in density, so the

mathematical conditions are,

oG
),

and
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[G'Cj] <0 (1.4)
on o

With the line between the unstable and meta-stable states known as the spinodal

being defined by,
7G1 o (1.5)
on T.P
and equally the line between the meta-stable and the stable, the binodal defined by,
[—(?—G—} =( (1.6)
n Jrp

This demonstrates the conditions under which a system will phase separate, it is now
necessary to define the contributions to the free energy for a multi component

system.

1.3 Mixing Thermodynamics

1.3.1 Flory-Huggins Theory

The work of Flory** and Huggins® has applied mixing thermodynamics to derive an
expression for the free energy for the specific cases of polymer solutions and
polymer blends®®, which can then be applied to the above Gibbs equations. The
model follows from the Gibbs equation for free energy,

AG = AH —TAS 1.7

which shows that the free energy of a system consists of an enthalpic (/) and an
entropic (S) term. The enthalpic term is determined to be the sum of the internal
energies of all the possible interactions between molecules in the system, scaled by
the likelihood of that interaction taking place. For a system consisting of two
components A and B, there are three possible enthalpic interactions 4 with B, 4 with
A, and B with B. The entopic term is determined by the use of statistical
thermodynamics; the entropy of a system being defined by the Boltzmann equation,

S=kinQ (1.8)

k is the Boltzmann constant, and Q is a partition function, the number of possible

states a system can inthabit.
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The Flory-Huggins model determines both the likelihood of an enthalpic interaction
and the number of possible entropic states by imagining a three dimensional lattice
(Figure 2), where each site on the lattice has a volume equal to either the volume of

the repeat unit of the polymer, the solvent molecule, or a third reference volume.
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Figure 2 Schematic diagram of Flory-Huggins lattice
They propose that each lattice site will contain either a polymer repeat unit, or a

solvent molecule, scaled against the reference volume; with the number of sites of
each species proportional to the volume fraction of the species in the system under
study. The number of ways it is possible to place the monomer units of the polymer
chains and solvent molecules upon the lattice is equal to the number of possible

entropic states.

For a monomer/solvent system where the volumes of the monomer and solvent can
be considered to be approximately equal this is the number of possible ways to
arrange 1, monomer molecules and n; solvent molecules upon a lattice with ny, + n,
sites. It can be shown that averaged over the entire system that the number of

possible configurations for each molecule of a species is equal to the system

population n,,,, multiplied by the volume fraction{¢)of the species,
Su= Y kIn g, (1.9)

The entropy of the system is equal to the sum of the entropies of the components, and
given that the entropy of each molecule of the species is equal, the éntropy of each

species is then equal to the entropy of one molecule multiplied by the total number of

molecules of that species. For a two component system this is,

S
%‘i = ”A In n?‘n.ra|'¢A + nB ln nTomf¢B (1 10)

The entropy of mixing is given by the change in entropy between the phase mixed

and phase demixed systems,
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ASrm'.t — SAB _(SA +SB)

k k

= nTvmf ]Il nTumf - (nA l'n nTo.’a!¢A + nB ln nTurm’¢E ) ( 1 M 1 1)

Which by application of log laws and averaged for a single lattice site simplifies to,

S~ (4, n8, + 4y Indy) (1.12)
In the case of polymer chains the second repeat unit of the polymer chain needs to be
on a lattice site adjacent to the first repeat unit and so forth until the whole chain is
placed on the lattice. This therefore modifies the number of possible configurations
and subsequently the entropy of the system. It was shown by Flory and Huggins that
this has the effect of scaling the entropic contribution of each species by the
reciprocal of the chain length (degree of polymerization N), such that the entropy is

now,

AS.. 4, é
—mr =24 Ing, +-2-In 1.13
Y 7 N, &5 (1.13)

The enthalpic term’s scaling is calculated by multiplying the number of molecules a
molecule on the lattice is adjacent to (its coordination number z) by the probability
that the molecule is of a given type which is assumed to be equal to it’s volume
fraction (the mean field approximation). So for a molecule of species 4 the enthalpy

is given by,
H, =z[¢AuM+¢BuAB] (1.14)

And for the total system,
znTuIm'
AH, =H,-(H,+H,)= = 6.8 [ 2005 ~ 14y =15 ] (1.15)

with the divisor by 2 to account for the double counting of interactions. The energy
terms which are constant for a given set of species are usually grouped together in a

temperature dependent interaction parameter 4z,

AH,. = X 8.8sT (1.16)
By applying equation (1.7) this gives the overall Flory-Huggins equation for the free
energy of a two component polymer blend or solution as,

,A_,%@.:?lm‘ﬁﬂ +_2”'B_ln¢B+ZAB¢A¢B (1.17)

nkl” N, N,
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It is worth noting that for a system which consists of only two incompressible

species, the volume fractions will sum to 1,
Py + ¢y =1 (1.18)

it is possible to rewrite the free energy equation in terms of one of the species,

AGnux ¢A ( ¢4)
nkT —N Ing, + N, ln(l ¢A)+ZAB¢A( ¢,a) (1.19)

As previously stated the lattice has a reference volume v, and as such equations (1.17)

and (1.19) should be scaled by it,

é,v. ¢BV0
’"“ =240 l Ing, + 1.20
nklI' Ny ng.+ Nyv, %s XAB¢A i ( )

wie _ $a%s (=)
nkT _N lng, + Ny, == In(1-¢,)+ 1.ud, (1-4,) (1.21)

The interaction parameter has been often phenomologically stated in the form,

Tan =a+5b; (1.22)

where a and & are constants for a given set of species.

1.3.2 Limitations of Model

While having proved itself to be a very effective model for analysing and predicting
phase properties in polymer solutions and blends, it does have a number of
occasionally significant limitations™ *'". In particular the model neglects possible
compositional dependencies in the interaction parameter, which result from excluded

volume effects.

1.4 Phase Diagrams

As previously discussed a system can either be in a stable, meta-stable, or unstable
state and it is useful to be able to determine which state a system will be in under a
given set of external conditions. It is possible to plot a temperature/composition
phase diagram, which shows the boundary lines between the stable one phase region
and the meta-stable two phase region (the binodal line), and the meta-stable two
phase region and the unstable two phase region (the spinodal line).
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1.4.1 Binodal Line

The binodal is the line which defines the first points at which phase separation is
thermodynamically possible, and for this to be the case two new phases need to be
formed which are of equal chemical potential,

[aG,,,,:) _ [?G_J (1.23)
a¢A T.P 6¢A r.r

This defines a line which is a tangent between two minima on the free energy profile

(Figure 3)

RN
X

Free Energy of Mixing

0.0 0.2 04 06 0.8 10
Volume Fraction

Figure 3 Schematic of tangent line linking a pair of equal chemical potential phases ¢’ and ¢''
The chemical potential or first derivative with respect to the composition of one

component in a two component system is given by,

3G, /nkT) Ing, 1 In{l-¢,) 1
_ 1 _Intl~4) 1 -2 1.24
( og, J N, +NA Ny NB+ZAH¢A( ¢A) ( )

Using the temperature dependence of y,; (equation (1.22)), it is possible to solve a

series of simultaneous equations (one for each component) to determine

compositional pairs for each temperature, and plot a temperature/composition

binodal graph,
' In{i—¢,'
ng,', 1 In(i-¢,) )__L+(a+b](1—2¢ﬁ' =
NA NA NB NB (1 25)
Ing, L_M_L+(G+b)(1_2¢& ")
N, N, N, N,
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PDLC systems. An attempt is made to mathematically fit the results to simple
models to determine their effectiveness in explaining the thermodynamic properties
of polymer/liquid crystal solutions; determined using both a composition dependent
fitting technique and composition independent neutron scattering. Comment will also
be made upon the unique phase properties demonstrated by solutions involving liquid

crystalline species as a solvent.

3 Small Angle Light Scattering Studies

The temperature at which phase separation commences for a system at a number of
compositions is observed by the use of small angle light scattering (SALS). The
phase separation temperature is taken as the point at which scattering starts, due to
the formation of interfaces between phases. The technique 1s applied as described in

subsection 2 of the Experimental Section.

3.1 Liquid Crystal/Hydrogenous Monomer Phase Diagrams

3.1.1 TL213 with 2-Ethylhexyl Acrylate

This is the basic system utilised in most of the studies presented within this report,
and in particular makes up the majority of the morphological and mechanism work.
This system is utilised both in its pure form, and in the presence of a crosslinking
species (trimethylo! propane triacrylate), and which is therefore a ternary system.

Two studies are performed upon the system once in the absence of crosslinker and
once with the 2-ethylhexyl acrylate doped with 15 mol% crosslinker to determine the
effect of the crosslinker on phase properties.

3.1.1.1 Results and Discussion

Figure 5 shows the phase properties for the system in the absence of the crosslinker
and Figure 6 shows the properties with 15 mol% crosslinker. It can be clearly seen
that the phase behaviour is effectively unmodified by the presence of the crosslinker.
These results suggest it is reasonable to treat the ternary system of TL213, 2-
ethylhexyl acrylate and trimethylol propane triacrylate as a pseudo binary system,
with the two monomer species treated as one single species. It can be assumed the

proportion the crosslinker is present in has no effect on the mixing thermodynamics.
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B) would seem to support the idea that the points between ¢ c = 0.75 and 0.85 are
indicative of the phase separation curve. Figure 7 shows the phase separation times
for TL213 with 2-ethylhexyl acrylate (doped with 5 mol% trimethylo! propane
triacrylate) at varying temperatures and compositions under a cure intensity of 2000
mWm™. As can be seen the time to initial phase separation decreases to a minimum

for most temperatures at ¢,. ~ 0.85, suggesting that this is the point at which the

lowest degree of polymerization is required to cause phase separation. This would be
expected to be the case for temperature composition points nearest to the phase
curve, suggesting a peak and critical composition at ¢, ~ 0.85, and as such support
the above interpretation. The decrease in phase separation time with increasing
monomer composition is an effect of reaction rate and will be discussed in further

detail in Section B.

There is much evidence in the literature for this interpretation with similar profiles
observed for many systems including E7 with NOA®65 12,13 (Figure 8), SCB with
IDA", 5CB with 2-HEA", TL205 with 2-EHA" (Figure 10), TL205 with PN393",
E44 with NOA65'®, K21 with NOA65"”.
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Figure 8 Phase diagram for E7 with uncured NOA-65 as determined by G. W. Smith'* "

100 prrrv
80 F
60 |

40 F

T('O

0.5 0.6 0.7 0.8 0.9 1
TL205 fraction

Figure 9 Phase diagram for TL205 with 2-ethylhexyl acrylate as determined by Amundson et
al.”
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Figure 10 Phase diagram for K21 with NOAG6S as determined by Nwabunma and Kyu'’

Significantly the work of Smith'> * was performed using differential scanning
calorimetry (DSC), which is able to differentiate between thermal changes occurring
in the same sample, whereas SALS is unable to differentiate between a nematic-
isotropic temperature and a phase mixing temperature as both create scattering.
Smith’s results show the phase dependence beneath the T\; dependence, which

agrees with that which is inferred for the results presented.

Attempts to fit the overall profile prove to be impossible, so on the assumption that
the shoulder at ¢,. = 0.85 represents the start of the phase properties an attempt is
made to fit values between 0.75 and 0.85. This was still not possible without

allowing the degree of polymerization of the 2-ethylhexyl acrylate to be at least 80
(Figure 11). The results of the fit with N3 = 80, are shown below in Table 2
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p /.
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3 | n
5
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260
250 . T ' T . . ' . . , r ,
0.70 0.75 0.80 0.85 0.80 0.95 1.00

Volume Fraction T1L.213

Figure 11 Attempted fit of TL213 with 2-ethylhexyl Acrylate to Flory-Huggins spinodal
equation
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Parameter N1z N epa a b Chi2 R2

Fit Value 1 80 3.332E-02 26.960 19.140 0.889
Table 2 Output parameters for Flory-Huggins fit of phase diagram of TL213 with 2-EthylHexy!
Acrylate

This would seem to support the idea that the behaviour of these systems is not

explicable by the basic Flory-Huggins model. There are two possible explanations
for this, the interaction parameter has a large compositional dependence, or the
structural anisotropy of the liquid crystal modifies the thermodynamics. The former
would seem unlikely as it would require a very large variation of the interaction
parameter with composition, this will be looked into in further detail in the neutron
scattering studies. The second has been considered by a number of models which are

discussed in further detail in subsection 5 below.
3.2 Liquid Crystal/Fluorinated Monomer Phase Diagrams

Section C of this report focuses on fluorinating the polymer species and how this
affects PDLC properties; an understanding of the effect of fluorine doping on the
phase properties is required. An initial phase diagram is determined for TL213 with
pure heptafluorobutyl acrylate, which is followed up by examining the effect of
varying the degree of doping of 2-ethylhexyl acrylate with heptafluorobutyl acrylate
and the more highly fluorinated species dodecafluroheptyl Acrylate.

3.2.1 TL213 with Heptafluorobutyl Acrylate

3.2.1.1 Results and Discussion

TL213 with heptafluorobutyl acrylate (Figure 12) demonstrates very unusual phase
behaviour, like with the 2-ethylhexyl acrylate results it is possible to observe a curve
up to a maximum at high ¢, ,,,compositions. The values in this case however are
higher than the7,, of TL213 and would suggest that what is being observed are
liquid-liquid phase demixing temperatures. More strikingly this dependence ends
at@y, ,,, =0.6, where there is then an almost linear increase in phase separation
temperature (although with a high degree of scattering in data points) with
decreasing ¢,,,. While it has not been possible to develop any conclusive
explanation for why this phase behaviour is observed it is worth noting that the

overall graph shows a similarity to the shape of a phase diagram for a system which

contains two liquids which are miscible, but which become immiscible upon either
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significantly less than that of the liquid crystal the ordering effects of the anisotropy
become very significant. As the degree of polymerization increases and the chain
grows longer the significance of the anisotropy decreases compared to the structural
effects of the increasingly long chains and it is their entropic contribution which
dominates the free energy. Therefore as the length of the chain increases the fit to
Flory-Huggins theory would be expected to become better.

Similar phase diagrams have been observed such as by Ahn et al.'? for 7CB with
PMMA (Figure 19) and polystyrene (Figure 20) and by Lee and Bae®® for EBBA

with polystyrene (Figure 21).
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Figure 19 Phase diagram for 7CB with PMMA, A, glass 1 phase state; B, PMMA/solid
crystalline 7CB 2 phase; C, PMMA/nematic 7CB 2 phase; D, PMMA/isotropic 7CB 1 phase; E,
homogenous 1 phase. Ahn et al."”
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Figure 20 Phase diagram for 7CB with polystyrene; A, glassy | phase state; B, PS/solid
crystalline 7CB phase 2 phase state; C, PS/nematic 7CB phase 2 phase state; D, PS/isotropic
7CB 2 phase state; E, homogeneous 1 phase state. Ahn et aL’”
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Figure 21 Phase diagram of EBBA:PS (Mw 39000) with temperature listed relative to the Ty, of
the liquid crystal. Work of Lee and Bae®™®

The similarity at least in shape (critical composition), if not magnitude, between the
phase curves for the unpolymerized and polymerised forms of 2-ethylhexyl acrylate
will become significant in later morphological studies (Section B). In particular there
is little movement of the critical composition point to affect the type of phase

separation for a given temperature composition point.

3.3.2 TL213 with Poly(n-butyl Acrylate)

Given the conclusions of the previous study into the phase properties of poly(2-
ethylhexyl acrylate) with TL213, a further study is performed with a polymer species
of varying degree of polymerization. If the Flory-Huggins theory fits for
polymer/liquid crystal solutions then the fit of the phenomological interaction
parameter should be the same for all degrees of polymerization. Equally given the
conclusions of the previous study it would be expected that the fit should improve
with increasing degree of polymerization. The system chosen for the study is TL213
with poly(n-butyl acrylate) for its similarity in chemistry to systems used later in
morphological studies and it’s availability in a series of accurately known molecular

weights.

3.3.2.1 Results and Discussion

Figure 22 shows that poly(butyl acrylate) has similar shaped phase curves to TL213
with poly(2-ethylhexyl acrylate); the phase separation temperatures increasing with
degree of polymerization. The profiles in Figure 22 for molecular weight (M, ) 1630
gmol” and 3650 gmol” would seem to suggest that above about @,,,,, =0.9 the

observed dependence is that previously determined to be for the 7,, with
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Figure 23 Actempted fits of TL213 with samples of poly(n-butyl acrylate) of varying molecular
weight (a, 1630-gmol’, b 3650 gmol’, 14500 gmol 'y to Flory-Huggins spinodal equation-
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Figure 27 Fit of SANS data to phenomological interaction parameter equation for d5CB with
poly(n-butyl acrylate) (Mw 3650-gmo|'1) of compeosition; a, 85:15; b, 90:10; ¢; 95:5

It can be clearly seen from the large errors bars and large scatter of data points with

temperature which do not fit easily to the model, that the accuracy of the experiments
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the- technique is not applicable to the system under test. Further evidence to support
this view can be observed in Figure 29 which shows the spinodal curves generated
by the fitting data for the 85:15 and 90:10 dSCB:PBA samples. While in this figure:
the fitting parameters define spinodal curves of a shape expected for Flory-Huggins
theory, the phase- mixing temperatures are significantly (>100K) less than those
ebserved experimentally using the SALS technique.

It is the view therefore of the author that, as the model used to interpret the raw data
of the experiments is based upon Flory-Huggins theory for polymer solution
thermodynamics, Flory-Huggins theory is not applicable to a polymer solution where:
the solvent is a structurally anisotropic liquid crystalline species. While the results
are- inconclusive: due- to their lack of accuracy and therefore could support the.
interpretation that the properties observed are due to a very large concentration
dependence of the interaction parameter, they would seem to support the view
another model is required to accurately describe the phase curves of polymer/liquid

crystal and monomer/liquid crystal solutions.

5 Liquid Crystal Solution Thermodynamics.

The results presented above suggest that Flory-Huggins theory can be a poor fit for
systems which involve liquid crystals as a solvent. This is due to the structural
anisotropic nature of liquid crystals, which can be analogised to being rod like in
structure, rather than the spherical shape associated with most simple molecules. This
has a significant effect on their energetics as they are able to obtain a lower energy
configuration by forming domains of similarly aligned molecules, as such their phase
properties are significantly modified. The extent of this modification is that a liquid
crystal species itself has a series of different selid, liquid crystalline and liquid
phases, the most significant of these being the liquid crystalline phases. In the liquid
crystalline phases, energy of phase mixing will be significantly modified by the
presence- of the ordering energetics. There have been two different models applied to
PDLC systems to account for these ordering effects upon the mixing
thermodynamics, the first is a combination of the Flory-Huggins solution theory with

the ordering effect accounted for by Maier-Saupe theory'® 2" 2,2 and the second is

Flory’s own liquid crystal solution lattice based model*® 23!,
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5.1 Maier-Saupe Approach

This approach assumes that the ordering effect of the anisotropic liquid crystal
molecules doesn’t modify the phase mixing properties, but merely adds to the phase
diagram the effects of ordering of the liquid crystal (i.e. the Ty dependence) as
demonstrated in Figure 39.
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Figure 30 Example of a phase diagram fit to the combined Flory-Huggins/Maier-Saupe theory.
E44 with NOA65, work of Nwabunma and Kyu',

The model works by assuming that the free energy of the system consists of an
isotropic and a nematic component,

AG,, =AG' +AG” (1.28).
Flory-Huggins theory is applied for the phase mixing energetics of the two
component species under isotropic conditions, as defined by equations (1.19), (1.24),

and (1.26). The Maier-Saupe®™ ** mean field theory of liquid crystal ordering is used

to-define the nematic energetics,

AG" ¢A 1 1
2l _tho+lug s 1.29
nkT Ni O+5v) ] (1.29)

A is the liquid crystalline species, () is the anisotropic partition function, v the Maier-
Saupe quadropole interaction parameter and S the orientational order parameter. The
Maier-Saupe quadropole interaction parameter is liquid crystal species dependent

and defined by,

y=C,,. %’,L (1.30)
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C

;18 a dimensionless constant for a given liquid crystal species, which for example

is 4.54 for the blend E7. The orientational order parameter is given by,
1 2
S=—2~[3(cos 9)-1] (1.31)

where- & is the-angle-of a liquid crystal molecule to a reference director. The energies
of the population of liquid crystal molecules is averaged by use of a partition
function, defined by,

0= [e"’(”)’(*”d cosd (1.32)
with-the internal energy of a molecule of given orientation described by,
m 2
U(@)=——|3cos" 8-1 1.33
©)=-31 ] (1.33)

where m is a proportionality parameter. By combining the above equations (1.30),
(1.31), (1.32), (1.33), and applying the Boltzmann equation for entropy (1.8)

equation (1.29) is reached.

This model is a very simplified approach to the problem, as it fails to take a number
of properties into account. There is no consideration of the physical structure- of the
molecules, so the different ordering effects involved with species of different axial
ratios is ignored. The effects of the shape of the liquid crystaltine-molecules on other
species in the solution, such as excluded volumes effects, are also ignored. This is of
particular importance when studying polymer/liquid crystal solutions. The model
ignores the permanent dipole moments present in many liquid crystalline species,

instead modelling only the effect of induced dipoles.
5.2 Flory Liquid Crystal Lattice Model

The Flory approach to modelling the thermodynamics of liquid crystal solutions is an-
extension of the approach devised for isotropic solutions (Section 1.3.1). Again the
model works by producing a combinatorial contribution to the entropy defined by the
way molecules fit onto the lattice, but in this case the rod like properties of the liquid
crystal molecules need to be accounted for. As with the polymer molecules each
member of the chain needs to occupy a site adjacent to the previous unit, in this case

it also needs to be-in a line along the director of the liquid crystal domain.
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Figure 31 Schematic representation of the way a rod like molecule is treated in Flory Lattice

theory’6

This thus modifies the number of ways of fitting the molecules onto the- lattice;
Figure 31 shows how a liquid crystal molecule is treated in the: Flory model. The
molecule is divided up into{x/ y)units, where y is. the length of a lattice site, and
these- are-then placed on the lattice so as to maintain the angle y along the chain. It
can be shown that the combinatorial partition function is then given by,

Q., = (ns + HLCJ—’)! nonu.(l-_r-) (1.34)

o n'n!

n,, n,.andn, are the number of molecules of solvent {(monomer or polymer), liquid
crystal and in total respectively, ¥ is the mean: value of y, which is dependent upon
the-angle of displacement of the liquid crystal molecule.
To calculate the entropy of the system it is also necessary to define a term for the-

orientational component, which is given by,

Q«Jnunf = 1_[[0- Sin W_\' nLC ) (1 '35)

¥ nL(‘_v

o being an-arbitrary constant.

By applying the Boltzmann equation, and Stirling’s approximation it can shown that
overall the-entropic contribution is,

S=nlIng +n,. ln(&l-)—(nh + n!‘(‘j?)ln{l ~d, (1 _{i]]

X
(1.36)

+nL‘1()7—1)+n,'(_.ZnLC-"Ln[ Ay J—nu.lna

TR nyesiny,
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The phase- diagram: as defined by the Flory lattice model is composed of two parts, a
line defined by the equivalency of chemical potentials between the anisotropic and

isotropic phases,

(’u-* —H; )'aniso =(,us -5 )';so (1.37)

(f‘w #Lc) (#Lc - Hie ).,m (1.38)

aniso

and a second defined by the equivalency of chemical potential between two

anisotropic phases,

=(m-u) (1.39)

(#5 _#‘? ) aniso

anisoe

(#hc =3 ) (1.40)

aHise

(e = 15c),

aniso

This therefore requires two forms of the free energy equation, one where the
alignment of the rod like molecules are isotropic and another where the rods are in
their equilibrium ordered state (anisotropic). The isotropic free energy is given by

setting #,., /n,. =siny,, which results in an entropy of,
rsu -n l.ﬂ¢ +n.[.( [¢“ )+nl_( (x I) nL( ].l]O' (141)
x

To determine the free energy for the anisotropic phase- it is first necessary to-
introduce- the thermotropic contribution to the free- energy which is achieved through

the use of a term for the ordering effect of one rod upon its neighbours,
s =(3(cos’w, )} (1.42)
This can then be-used to give the enthalpic contribution to orientation energy,

KT, 52 (1.43)

orient

For the anisotropic free- energy the distribution of orientations for such a system is

given by,

R [ (]

.

T being the reduced volume; and f; given by,
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s 4 y =y .3
fi= _[smy/‘,exp[—xln[l—qﬁu.(l—z—ﬂsint//‘,—EST"sm'wv}dt/f‘, (1.45)
: T . x] ] T2 i

0

Overall it can be shown that this yields a free energy for the liquid crystal in
equilibrium- alignment given by,

-G_ = _ns In|:1 _¢‘r‘(l (1—1]] ¥ n"" ].IlnA —(nx +nL(')]‘nnT0faf
X

kT
K3
xn, .80 1——
¢L( LC [ 2]

T

(1.46)

+n,. Y —n,. +n0,. e —n,In (O'fl) -

With j and- s minimised for the system.

Once these terms are known it is possible to calculate the chemical potentials and
apply equations (1.37)-to (1.40) te generate phase diagrams. As with Flory-Huggins
theory it is possible to scale-the entropic contributions by the reciprocal of the-degree-
of polymerization to account for changes due to increasing chain length.

Dorgan® has used this model to produce phase diagrams to demonstrate the effect of
polymer chain length on the- phase properties of rod like liquid crystals in solution
with them (Figure 32 (in figure @ is the reduced temperature).
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Figure 32 Phase diagram of liquid crystal with polymer of increasing molecular weigth (x.), as
derived from Flory lattice theory by Dorgan™ (#is the reduced temperature)

This phase diagram demonstrates the type- of behaviour observed in the experimental
results previously presented. In particular the importance of ordering due to rod like
meolecuies upon the phase mixing temperatures is accounted for, which is not the

case from simply combining Flory-Huggins theory with Maier-Saupe- theory. This
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results in the observed migration of the- critical composition to high liquid crystal
volume fractions, rather than ¢, . ~ 0.5 as would be expected from Flory-Huggins
theory.

Although not covered in this thesis, it would be of great interest to attempt to apply
the Flory lattice model for liquid crystals to the systems under experimental study, by
the use: of computational modelling. The aim being to provide greater evidence to
support the supposition that this model is the most appropriate to apply to PDLC
systems and to investigate the likely effect of changing the physical and chemical
properties of potential monomer/liquid crystal solutions. This is discussed in greater

detail in the further work section at the end of this thesis.

6 Conclusions

It has been demonstrated that due to presence of a structurally asymmetrical species
the mixing thermodynamics of liquid crystal/monomer solutions cannot be explained
by the normally applied Flory-Huggins theory for solutions. The result of this
asymmetry is to- produce phase diagrams which are skewed to the high ¢,
compositions, which will have a significant effect on the reaction induced phase

properties and morphologies formed.

Further work into the phase properties of polymer/liquid crystal solutions
demonstrated that as the degree of polymerization increases the fit to Flory-Huggins
theory improves. This is believed to be the result of increasing chain length making
the. entropic constraints of the polymer species more important than those of the:
much shorter anisotropic liquid crystal molecules.

The results of SANS studies and the ability of the Flory lattice model for liquid
crystal solutions to demonstrate the experimentally observed phase behaviour would
suggest that the limitations in the- Flory-Huggins model in this instance are due to

structural asymmetry and not 2 composition dependent interaction parameter.
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Section B - Phase Separation Mechanism and
Morphology

1 Background

1.1 Importance of Morphology Control

As previously discussed, to make PDLCs applicable as a display screen technology a
balance between lowering the switching voltage and increasing film optical contrast
needs to be achieved. To this end control needs to be maintained over morphology
size and phase purity during the formation process; in the work presented formation
is by the phase separation of a homogeneous monomer/liquid crystal solution into
polymer rich and liquid crystal rich phases. A larger morphology results in a lower
switching voltage, but also a lower contrast ratio. To be able to control film
morphology it is first necessary to understand the mechanisms by which phase

separation occurs.

1.2 Phase Separation of Polymer Solutions and Blends

1.2.1 Phase Mixing Energetics

As previously discussed in section A the phase properties of a classical solution — in
which the monomers can be considered to be approximately spherical and the inter-
diffusion of the species unhindered — can be understood by applying the Flory-
Huggins theory of polymer solution thermodynamics. A system will remain phase
mixed so long as the entropy gain from forming a disordered system is greater than
any enthalpic loss due to two or more species being placed in unfavourable contact.
Equation 1.1 for a polymer solution shows the entropic contribution is degree of
polymerization dependent while the enthalpic contribution is constant for a given set

of chemical species.

AG
k’;u -_—f[_:hl@ +%IH¢B+ZAH¢A¢B (.1
. — — \_W'_J
Entropic Enthalpic

where ¢, & @, are the volume fractions of species A and B respectively, N,, N, the
degrees of polymerization, and x,,the interaction parameter between the two

species.
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The yx,, term can be phenomologically considered inversely proportional to

ZAB a (] * 2)
T

a and b are constants for a given set of species ‘A’ and ‘B’.

Phase separation becomes energetically favourable once the overall energy of two
new phases is less than that of the system in a single phase, although this does not
mean phase separation will be spontaneous as there may still be a kinetic barrier to
the lower energy configuration. This energetic behaviour can be summarised through
the use of a temperature/composition phase diagram. Phase separation can be
initiated either by a thermal/compositional change such that the conditions are now
below the phase mixing boundary — known as thermally induced phase separation
(TIPS) — or through a change in the position of the curve. The latter is generally
initiated by polymerization of a monomeric or oligomeric species such that the
degree of polymerization (V) increases until it reaches a critical value and phase
separation occurs. This is commonly referred to as either Reaction (RIPS) or
Polymerization (PIPS) Induced Phase Separation, and is the focus of the work
presented within this section. Phase separation is classically considered to occur by
one of two mechanisms ‘Nucleation and Growth’ or ‘Spinodal Decomposition’. The
type of mechanism being determined by the system’s energetic properties and thus

the conditions under which you enter the two phase region.

1.2.2 Nucleation and Growth

Nucleation and Growth'™ occurs when a system is thermodynamically meta-stable; a
lower energy system can be achieved by a single phase separating into two distinct
phases, but only after overcoming an initial energy barrier. As can be seen in Figure
1, the energy gain from forming phase ¢’ isn’t large enough to overcome the energy
barrier to phase ¢” even though both are of lower energy than the initial system. This
occurs in the binodal region of the temperature/composition phase diagram. For
phase separation to occur an initial nucleus of one of the two novel phases needs to
be formed, and it is in this initial nucleation that an energy barrier must be overcome.

Once formed phase separation is spontaneous by diffusion to overcome the large
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preferred length scale as different length scales grow at different rates. The larger the
length scale the greater the distance over which the component species needs to
diffuse to equilibrate the system, whereas a smaller length scale requires the
formation of a large number energetically unfavourable composition gradients.
Overall short length scales are suppressed and larger length scales do not have time

to grow leaving one preferred length scale.

Domain size R{t)
Interiace width wil)
Rui ¢!
[ -l coen Farly
NN N Rit-wa)
Both increase
— _‘ ___________ ¢:I‘f\
Rit) .
Iy 7_' e - — - - _¢\!0t\ Intermediae
R{t) = wil)
. R{1) increases
'—;:;"_ wit) - ¢1:u|':\ wii) decreases
RiL
-—t "
* Late
Rt} increases
— w(w) ¢;“‘ w{t}=wim),
A constant

Figure 3 Schematic representation of spinodal decomposition in terms of domain size, Figure
reproduced from Polymers at Surfaces and Interfaces, Jones and Richards’®

As a result of this preferred length scale the initial morphology has a consistent size.
Ouce this length scale is established the domains increase in amplitude (purity of the
phase increases) and coarsen as the two component species interdiffuse. During the
intermediate stage the wavelength grows so as to reduce the energetically
unfavourable interfacial gradient between the two phases. During the final stage of
phase separation agglomeration of droplets occurs to reduce the interfacial energy,
by reducing the interfacial area to volume ratio. Figure 3 shows an overview of the

spinodal decomposition domain growth mechanism.

The formation of a consistent initial morphology size can be observed by small angle
light scattering®® through the formation of what is known as a spinodal ring (Figure

4) in the 2D scattering profile at a maximum scattering vector gma related to the

length scale Amax (1.3) of the morphology by,

2T
=— 1.3
o =~ (1.3)

Max

The coarsening can be observed via small angle light scattering as the domain length

scale increases the scattering vector decreases and the ring collapses into the beam.
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In the circumstances that the volumes of the two new phases formed are identical, the
lowest interfacial energy is gained by the phases being completely interconnected,
and forming what is known as a co-continuous network. If one phase is of a larger
volume than the other then the lowest interfacial energy is achieved by the formation
of a droplet morphology, where the lower volume phase forms droplets within a

matrix of the larger volume phase (Figure 5).
The volume of each phase is given by the Lever rule; the two new phases have to

produce a balanced system such that total volume and individual volume fractions

are conserved upon phase separation.

V. =V'4V" (1.4)

Ve, =V'g,+V"9," (1.3)

where V” and V7’ are the volumes of the two new phases formed and ¢’ and ¢4°’ the
volume fractions of species A in each new phase. By rearrangement of equations

(1.4) and (1.5),

¢."- ¢
pyr=_14_24 1.6
¢A !1_¢Al ( )
and,
G, =0,
pr=t4 ¥4 1.7
$."-¢, 4

For a pair of novel phases to have the same volume the system needs to start from an
initial volume fraction @, which is an average of the two new volume fractions,

_e e
b= (1.8)

This behaviour can be correlated to the phase diagram of the system as demonstrated
schematically in Figure 6. For a blend of monodisperse polymers the volume
fractions in the coexisting phases is independent of the butk composition. Hence only
if phase separation via spinodal decomposition initiates under the conditions of the
central line will a co-continuous morphology will be generated, otherwise a droplet

morphology result.

-73-



T Coexistence
curve

Species A
rich matrix

Species B
rich matrix
V}: V’ r

v

Pa

Figure 6 Schematic diagram showing morphology determination in a system undergoing
spinodal decomposition

It is possible to determine which new phase will form the matrix in a droplet
morphology as it will be the phase which has the larger volume. As shown by the
lever rule this will be the phase where the difference between the bulk volume

fraction and the volume fraction in the coexisting phase is the smallest.

1.3 Phase Separation in Polymer Gels

In most cases phase separation can be explained by the liquid-liquid demixing
mechanisms described above, but another property needs to be considered for the
work presented herein. For PDLCs to work as display devices it is necessary for their
two phases to form a permanent morphological structure. To this end a tetra-
functional (or greater) monomer species is mixed in with the bi-functional
monomer/liquid crystal solution, and this species acts to link together individual
polymer chains to form a polymer network. This network cannot dissolve in a
solvent like a linear polymer, such mixing solvation would require the breaking of
covalent bonds which requires a large input of energy. Instead the network is capable
of swelling'"'®; a solvent molecule can solvate within the different chains of the

network, resulting in an elongation of the component chains (swelling of the

network), as shown schematically in Figure 7.
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Figure 7 Schematic diagram of the effect of chain elongation of phase mixing in polymer gels

This ability to absorb solvent by network swelling means that the system’s phase
behaviour and mechanism of separation become more complex. Phase separation is
now highly dependent upon the elastic properties of the polymer network, by
swelling the polymer network the chains are being perturbed from their equilibrium
conditions and as such being placed into a higher energetic state. While the system
wants to reduce energy by de-swelling, it can also be the case that the polymer
network can act against phase separation. If the network is universal (homogeneous
throughout) within a system then it will require greater stretching of the chains for a
domain of a new solvent phase to form within the network, which will lead to an

increase of the energy of the polymer chains and therefore the network'®.

If, as is the case for the experiments presented, the network is formed while in
solution the chains will already be in a swollen state and therefore will be looking to
form an energetically lower state by phase separation. Therefore provided, as
described above, conditions aren’t such that phase separation is suppressed by
elasticity, the polymer chains will look to contract ypon phase separation to form two
relatively pure phases, one which is purely solvent and unreacted monomer and one

which is mainly polymer.

1.3.1 Polymer-Gel Thermodynamics

This stretching of the polymer chains which form the network results in a
modification of the thermodynamic properties of the solvated system. A relatively
simple mode! has been devised through the work of Flory"* '* '®2 and Dugek'!-'* "

2. The model assumes that the network formed is perfect (all possible bonds are
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formed and no loops), and that all chains between crosslinks are of the same length.
Equally the model also ignores any contribution to elastic forces from what are
known as transient crosslinks, where two chains are able to entwine and act
temporarily like a crosslink until they un-entangle again. The model starts from the
principle that the free energy of the system consists of a mixing term for the solvent

with the polymer network and an elastic term for the stretching of the chains.

AG =AG,, +AG,) (1.9)

The mixing free energy is considered to be an evolution of the Flory-Huggins mixing
energy of a polymer solution (equation 1.1), but as the individual chains of the
polymer network are crosslinked together they are considered as one infinitely long

chain and hence have no entropic contribution, such that,

AGlm.r ¢.s-o v
_ka,:_ = _]i}_’— lIl ¢w.’v + Z¢_vo}v¢pul (1 . 1 0)

sofv

The free energy due to chain stretching is approximated to purely the entropic
contribution, as, for an ideal polymer, no bonds are broken or formed during
stretching and as such no change in internal energy occurs. According to the Flory
approach'® the entropy has two components, a term for the configurational entropy of
the chains in the network, and a second to account for the random distribution of the
crosslinks over the total volume of the sample. Other derivations have taken different
approaches and determined different terms for the stretching entropy'” 2 % The
configurational entropy is calculated by assuming that each chain between crosslinks

is Gaussian and has been shown to be given by,

M,:(_’;"f](ijuj,u;—a,) (1.11)

[

where, n. is the number of chains in the system, and 4, 4, 4, are the Cartesian
stretching factors of the chain.

While equation 1.11 takes account of the entropy change due to all the chains present
it does not account for the entropic loss due to crosslinking monomers going from
being freely dispersed to being constrained within the network. A second term is
needed for the distribution of the crosslinks going from the total volume ¥y to a

constrained volume V', which is given by,
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where fis the functionality of the crosslinking species.

As the system’s total volume does not change upon stretching (assuming no excluded
volume effects), Vp is constant and thercfore the term does not change upon

stretching and can be ignored. Combining equations (1.11) & (1.12) gives,
AS,, = kn, (1](12+,1?+,13—3)+ 2 (In¥) (1.13)
2 [ 2 i (it [ f

‘The model as currently presented assumes that the network has been formed under
perfect dry conditions; this is not always going to be the case. As has been discussed
by Dusek'' if a diluent species, that is a good solvent, is present during the network
formation the equilibrium, and as such reference state is going to be more stretched.
To take this into account a value is included for the volume fraction of the polymer at

the point of network formation®, . It can be shown that by relating the expansion of
the network to the volume fraction of the network (¢, ) the following expression for

the elastic entropy is found?!,
=t [ 22 )02 (527 1)~ BIn 1.14
ASU., - o 2 (Do ( o ) (¢pn) ( . )

As previously discussed the model presented is for a perfect network which contains
all possible chains and no loops. To take account of this, the constants A and B are
introduced; the actual values of these are the subject of much discussion ' 212226,
As the model being presented is deliberately the simplest possible the values of A

and B shall be those presented by Flory,

A=1 (1.15)
2

B== 1.16
7 (1.16)

Thus the network is considered to have no defects and the expression for B is simply

a consequence of the relation between the number of chains and the number of

crosslinks.
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1.4 Phase Separation Mechanism and Morphology Control in
Polymer Dispersed Liquid Crystal Systems

As discussed in the introduction, the control of morphology is vital in controlling the
electro-optical properties of films for display applications. As a result much work has
been performed in the last twenty years into this area both in terms of the effect of
composition and cure temperature upon final morphology and into the mechanisms

by which they form and the effect of mechanism upon end morphology.

1.4.1 Control of Morphology in PDLC Formation

Most work into the formulation of PDLC films involves the application of

27-37

polymerization induced phase separation (PIPS}) methodologies as opposed to

*-28 or solvent evaporation induced phase

thermally induced phase separation (TIPS)
separation (SIPS)*” %% 3% 3 This can be ascribed to the simplicity of method, relative
cheapness of fabrication, ease of control of variables and flexibility of the
methodology?” ** %% 7 Significantly most work, including that presented within this
report, utilise radical as opposed to step-growth or condensation polymerization,
again due to flexibility and ease of method, although at the cost of full control over

polyrnerization40.

All work described starts from a system in the one phase region before cure; this
removes the possible formation of large uneven domains of one or other phase

caused by the polymerization of an already phase separated system®'™**

. The exact
effect of composition and temperature of cure upon morphology is very much system
dependent as phase properties will vary depending upon polymer and liquid crystal
chemistry** **. Even considering this there are some notable trends observed in the
literature. Most work suggests the morphology type to be droplet with a liquid crystal
rich phase dispersed within a network formed of a polymer rich phase™ 2" 28 30. 33-37.
3. 45'50, with no reference to co-continuous networks. Amundson and co-workers®
ascribe this type of morphology to being that which would be expected by
application of the lever rule; it has however also been observed under conditions for
which the lever rule would prescribe a liquid crystal rich matrix. At high polymer
content there has also been the observance of non-display device applicable

spherulitic morphologies®. It should be pointed out that this in itself is not evidence
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for any onc phase separation mechanism as all are capable of forming a droplet type

morphology as will be discussed in further detail later.

The work presented in Section A of this report showed that the rod-like properties of
the liquid crystalline species have a dramatic effect upon the unpolymerized phase
diagram, driving the phase curve to the high liquid crystal volume fraction extreme
of composition for most systems. Most work presented in the literature is based on
the assumption that morphology size is controiled by the time between initial phase
separation and polymer gelation®” *®: a longer time resulting in a larger morphology
size as domains are able to grow in this time by both diffusion and coalescence of
droplets. Therefore as the phase curve is higher in temperature as you move to the
higher liquid crystal compositions you would expect morphology growth to occur for
a longer time and a larger morphology size to be formed as a result. This indeed has
been frequently observed for various systems, including the epoxy based pre-
polymer NOA65 (Norland) with the cyanobiphenyl liquid crystal blend E7
(Merck)** ¥, K21 (4-n-heptyl-4'-cyanobiphenyl) (BDH Chemicals)®®, and the
acrylate based pre-polymer PN393 (Nematel) with TL213%* ), TL205 (halogenated
liquid crystal blend) (Merck)’®.

Both Amundson et al.*® (pre polymer PN393 with liquid erystal TL205) and Carter et
al>® (PN393 with TL213) have reported the importance of viscosity effects in the
domain growth process. They claim to consider contradictory effects to be important,
in the case of Amundson and co-workers they suggest that the degree of
polymerization at the point of phase separation is important as the polymer species
will be of a much lower viscosity at lower degrees of polymerization. This they
believe allows for the rapid growth of domains by both diffusion of phases and
coalescence. Their results for higher liquid crystal composition systems would seem
to support this view as a lower degree of polymerization is required for phase
separation and large droplets and coalescence are observed as a result. They
attempted to further prove this view by performing a series of lower temperature
studies where a lower viscosity would be expected from a lower degree of
polymerization at the phase separation point; counter to expectation they actually
observed smaller droplet sizes. Carter et al, observed similar results but interpreted
them slightly differently, suggesting that viscosity variation was in fact an effect of
temperature and as cure temperature increased, viscosity decreased accounting for

the larger droplet sizes at higher temperatures.
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An earlier piece of work by Amundson et al.*” into the effect of cure temperature on
morphology for a system of E7 with NOA-65 showed the seemingly contradictory
result that for a 65:35 liquid crystal:monomer system a higher cure temperature
resulted in a smaller droplet size. This is however a system of much lower liquid
crystal composition, and as such suggests evidence for the effect of temperature
being also composition dependent. Given that the results are reported in different

papers no explanation is presented for this apparent behaviour.

Comment has been made upon the fact that the shape of the droplets formed is
composition dependent; higher liquid crystal composition systems displaying a more
polygonal or honeycomb like structure than the more perfectly spherical structure of
those of lower liquid crystal volume fraction®® ** ** %, This change is usually
ascribed to impingement effects; as the monomer component is decreased the volume
of the polymer rich phase formed decreases too, with the result there is less polymer
phase between the LC rich droplets and the droplets start to impinge upon each other
causing deformation. Amundson®® and co-workers have taken this further and
suggest the polygonal structure is a result of the previously mentioned viscosity
effects resulting from the low functionality of the acrylate monomers. When the
viscosity at phase separation is low such as is the case for high liquid crystal volume
fraction systems the liquid crystal droplets grow quickly and fill all the space
available, resulting in a polygonal structure as the most efficient packing. If the
functionality were higher, such as with a greater proportion of crosslinker the
morphology would be more spherical as solidification would occur before great
growth could take place. Equally this would suggest that for the low liquid crystal
volume fraction systems, where phase separation and gelation are close together, the
droplets shouid be spherical as well, as has been observed.

Increasing the crosslinker mole fraction has been shown* ¥

to have the intuitively
expected effect of decreasing droplet size. The greater the crosslinking component
the faster the network grows and the shorter the time between phase separation and

gelation.

1.4.2 Spinodal Decomposition and Nucleation & Growth in PDLCs

Early work?” # into PIPS assumed that morphology growth occurred by a system

reaching a point of thermodynamic meta-stability (Nucleation and Growth)*”>% 31 3¢

or instability (Spinodal Decomposition)*> 3* ** ! resulting in initiation of phase
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separation. Domains of the two phases would then proceed to grow by the
appropriate mechanism until the polymer reached a degree of polymerization
whereby gelation occurred. Upon gelation it was believed that the film would freeze
in its final morphology, unable to rearrange due to the infinite viscosity of the

polymer species.

The work of Kim et al.**** has appeared to demonstrate the presence of a peak in
small angle light scattering studies during phase separation, suggesting that phase
separation is via a spinodal decomposition mechanism. Significantly they used a
monomer which underwent polymerization via a condensation reaction and not a
radical reaction. Other papers based on radical polymerization provide evidence to
the contrary with morphologies which shouldn’t be possible for systems phase
separating via spinodal decomposition under those temperature and compositional
conditions® " 237 _ Carter et al.** *" ** have reported the observance of droplet
formation followed by coalescence, which is indicative of a morphology formed by
droplets being nucleated and allowed to grow, an observation also made by
Nwabunma and Kyu®. Equally Amundson and co-workers discuss the idea of
nucleation of droplet domains in their studies of systems involving E7 with NOA65>
and TL205 with PN393%, They state that nucleation is evidenced by the way the
morphology develops after initial phase separation; initially nucleated domains grow
little in size, but new smaller drops are nucleated. This is an unlikely observation for
a system undergoing spinodal decomposition. Further their observations suggest that
nucleation is a quicker process than growth by diffusion and is a kinetically
favourable event, which overcomes the normal barrier to nucleation and growth type

mechanisms.

Similarly modelling investigations have been performed, again with disagreement
over the type of phase separation mechanism. Generally this is because modellers
have only looked to form morphology types rather than accurately recreate the trends
in morphology size with composition and temperature observed experimentally. The
type of morphology generally observed for PDLC systems is droplets of a liquid
crystal rich phase dispersed within a matrix of a polymer rich phase. As has been
previously discussed it is possible to form a droplet type morphology from either
spinodal decomposition™ 5255 or nucleation and growths’ 4 with, in the case of
spinodal decomposition, the matrix species being determined by the system

thermodynamics. In some cases such as in the work of Chan and Rey™* > they have
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been able to show similar morphology types even in the absence of a proper

representation of the phase mixing thermodynamics, ignoring the nematic effect.

The work of Ohta et al.* ** on nucleation and growth would seem to suggest that
phase separation initiates by nucleation of droplets of the nematic phase with the
energy required for nucleation possibly originating from the energetic gain produced

by the ordering of the liquid crystalline molecules.

Overall a full understanding of the concepts behind the phase separation process is

still wanting.

1.4.3 Elastic Contribution and Gel Effects in PDLC Phase

Separation

While many researchers have made mention of the importance of a crosslinking
species in the gelation of the polymer phase to freeze the network morphology™ *® 3%
37.43. 48 little consideration has been given to the effect that network and gel effects
have upon the phase separation process itself. Most work as so far discussed is
interpreted in terms of simple liquid-liquid demixing and spinodal decomposition or
nucleation and growth. As discussed in the section on polymer solution phase
separation mechanism, when a crosslinker is present in the monomer solution, elastic
forces become significant in the phase separation mechanism. This has been
observed to be the case for PDLC systems; Boots et al.* suggest that coalescence is
absent for systems with relatively low liquid crystal volume fractions, demonstrating
that network gelation has occurred before phase separation, changing the mechanism
from liguid-liquid demixing to gel-liquid demixing. They practically demonstrate the
importance of gel effects in liquid crystal solvation by demonstrating the further
deswelling of the network and resultant liquid crystal rich phase domain growth
when the temperature of the final film is reduced. Upon increasing the liquid crystal
volume fraction they observe larger droplet sizes; this they suggest is explained by a
greater dilution of the monomer leading to greater cyclisation and suppression of
network gelation. This along with thermodynamic considerations increases the time
between phase separation and gelation, and increases domain growth. Phase

separation is believed to be occurring before gelation as coalescence of droplets is

observed, hence giving a different morphology type.
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Nwabunma et al.** briefly discuss the thread like nature of the polymer network in
high liquid crystal volume fraction systems, which is a sign of a polymer phase
which has collapsed in volume due to the shrinkage associated with gel-liquid
deswelling. Carter et al.>* in their work comment on the importance of elastic forces
and gel deswelling in systems which are polymerized above the phase mixing
temperature of the final film and as such only phase separate once cooled. They then
go onto show the significance of composition in terms of gel effects; they suggest,
similar to Boots et al., that at greater monomer volume fractions gelation occurs
before phase separation, and this leads to elastic forces becoming significant in phase

separation mechanisms.

Ohta et al.™ * have produced probably the most comprehensive and effective model
of PDLC phase separation to date including some consideration of gel effects and the
effect of phase separation and gelation time upon morphology. While they deal with
gelation solely as a point at which phase separation is suppressed they have backed
up their modelling results with some experimental work where they demonstrate the
effect of gelation time in relation to phase separation time on morphology. They
suggest that phase separation before gelation results in the formation of a monomer
rich phase which then proceeds to gelate quickly due to radical concentration
therefore encouraging gel-liquid demixing leaving a relatively pure polymer phase of

limited volume.

2 Aims of Work

As discussed the understanding of the phase separation mechanisms involved in
PDLC morphology formation is still very confused, with particular controversy as to
the importance of gelation and whether phase separation begins in the meta-stable or
unstable domain. There is also still little work on attempting to link an understanding
of final morphology to the mechanism of phase separation and as such the electronic
and optical properties of a resultant film. It is therefore the aim of the work presented
herein to produce a systematic study of phase separation under different conditions
and attempt to produce comprehensive explanation as to why certain morphologies
occur and under what conditions. In particular the work aims to ascertain whether the
initial phase separation occurs via spinodal decomposition or nucleation and growth,
and the extent to which chain swelling either encourages or suppresses phase

separation. It is also the aim of the work to illuminate on the unusual temperature
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dependence of the morphology and the seemingly contradictory behaviour at

different compositions.

3 Phase Separation Times Overview Investigation

3.1 TL213 with 2-Ethylhexyl Acrylate (5% b/v Crosslinker)

An initial investigation is undertaken to ascertain the major trends in phase
separation times and morphologies, with the aim of determining the areas of greatest
interest for further study. This was achieved by analysing the SALS determined
phase separation times for TL213 with 2-ethylhexyl acrylate (with 5% by volume
crosslinker) at compositions from ¢,,,=0.4 to 0.9, at 0.05 intervals. Values less
than 0,4 were not investigated as it has been shown by the work of Amundson et al.”’
that systems of these compositions are of no interest for PDLC display applications,
and above 0.9 phase separation time determination becomes impossible due to
nematic scattering (refer to section A). Investigations were performed at 303, 307,
311, 315, 323, and 333 K, and samples were irradiated under 2000 mWm™ UV (365
nm) light. Selected samples were subsequently examined by ESEM to determine

their morphologies.

3.1.1 Results and Discussion

Figure 8 shows the polymerization time at which phase separation initially
commences; there are four significant trends. Firstly as cure temperature increases
the time to initial phase separation increases. Secondly the phase separation times at
all temperatures decrease from a peak at ¢,,,,~0.60 down to 0.40. Thirdly for
lower temperature cures above ¢, ,~0.60 there is also a decrease down to a
minimum in phase separation time at ¢,,,, ~0.85 (phase separation times above
$r:01; > 0.85 are ambiguous as it is hard to differentiate between a phase separation

point due to polymerization and an isotropic-nematic phase change, refer to section
A). The fourth significant observation is that at 333 K the second trend is not

observed, phase separation times are still long and in fact increase with TL.213

volume fraction to a peak at ¢,;,,, ~0.80.

There are two main factors which affect the time taken for phase separation to

initiate, The first is the extent of polymerization for the temperature and composition
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The theoretical rate of polymerization is given by’®,

1
n®k, I, [1]]
r,,,,,=kp[——2°’k [ ]} [M] (1.18)

I
where k,,k, andk are the polymerization, initiator decomposition and termination

rate constants respectively, [/]is the initiator concentration, [M] is the monomer

concentration (either free or in a polymer chain), ® is the quantum yield (the number
of radicals formed which cause polymerization, constant for a given initiator), and »n
is the number of radicals produced by the initiation reaction, in the case of the system
presented this is 1, Iy is the intensity of the incident light (constant for a given set of
experiments). The temperature dependence of the reaction is contained within the
rate constants as defined above in the Arrhenius equation (1.17). The initiator is
present in the monomer at 5mol%, therefore it follows that as monomer

concentration increases so does initiator concentration.

As per equation (1.18) reaction rate will increase as the monomer concentration

increases (i.e. lower ¢,,,;), as a result of both [/] and [M ] increasing, although the
effect of [M] increasing is the far greater. This relatively large increase in reaction

rate means that the high extents of polymerization required to initiate phase

separation at lower ¢@,,., are quickly reached and phase separation times are

significantly shorter. The increase in reaction rate with temperature can also be
observed by the greater decrease in high temperature phase separation time with
increasing monomer concentration as compared to lower temperatures. This is shown
schematically below in Figure 10 which shows the reaction rate for a polymerisation
reaction relative to the temperature of cure and concentration of monomer. The
curves have been generated by combining the Arrhenuis equation (1.17) and the
above equation for polymerisation reaction rate (1.18), where approximate values

appropriate to an acrylate polymerisation have been used for the constants.
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experimental section the PDLC films are prepared for imaging by washing out any
free liquid crystal present using methanol. As, the LC crystal droplet size is likely to
be so small that the PDLC acts as a continuous film the methanol is likely to loosen
the PDLC film from the glass substrate, allowing stretching and contraction. The
methanol will also swell the polymer film, and once left to dry the subsequent
evaporation of the methanol is going to lead to film shrinkage and the observed

uneven surface,

From ¢,,,; =0.70to 0.85 it can be seen that morphology is of a droplet type, with

droplet size increasing with increasing liquid crystal volume fraction, from about 1-2

pum to greater than 20 pm. The morphology in the region ofd,,, , =0.701s quite

indistinct, with the boundaries between phases being quite difficult to observe,
suggesting two rather impure phases (i.e. both have a high polymer component
which cannot be washed out). The boundaries between phases for higher liquid
crystal volume fractions 0.80 and above are very sharp suggesting the formation of

two relatively pure phases. Above ¢,,,=0090 the morphology appears to be

indistinct, suggesting that at such high liquid crystal compositions there is not

enough polymer present to form a matrix to properly encapsulate the liquid crystal.

Figure 13 and Figure 14 show the morphologies of films formed by polymerization
of 70:30 and 85:15 TL213:2-ethylhexyl acrylate solutions respectively at
temperatures 303, 307, and 333K. While Figure 14 shows that for 85:15 composition
films there is an obvious trend of increasing droplet size with increasing cure
temperature, Figure 13 would suggest that for 70:30 composition films either the
droplet size is unchanged with increasing cure temperature, or shows a slight
decrease. This would suggest that there is a difference in the way in which systems
phase separate depending upon composition; this will be examined in the rest of this

section.

-9]-






As discussed in the introduction there is a specific range of morphology sizes of
interest for PDLC based display screen devices, this being 2-10 pm, and generally a
droplet morphology is required to provide the uniform fast liquid crystal switching
required for the technology. The liquid crystal phase also needs to be relatively pure
to make low voltage switching possible. For these reasons the compositional range

@3 =0.70to 0.85 appears to be the area of most interest for applying PDLCs as

display screen devices, and it also shows the greatest change in morphology type and
size. Therefore it constitutes the majority of the studies presented herein, with
attempts to determine the factors which affect the type and size of morphology
formed; the effect of each of these on the film’s electro-optical properties, and to

explain these in terms of the mechanism by which the systems phase separate.

4 In-Depth ¢r 213=0.70 to 0.85 Morphology Study

4.1 TL213 with 2-Ethylhexyl Acrylate (15% b/v Crosslinker)

As the range ¢,,,,, =0.70to 0.85 has already been shown to be the region of most

interest for application as PDLC based display screen devices it has been decided to
perform a comprehensive morphological study. Films are prepared from solutions of

TL213 with 2-ethylhexyl acrylate at ¢,,,=0.01 intervals between
G5 =0.70&0.85, cured at 2000 mWm™ and 303K. The 2-ethylhexyl acrylate

monomer was doped with 15% by volume crosslinker (this was an amount chosen
because as it will be shown later it provides the appropriate droplet size for useful
electro-optical properties). The films are subsequently observed using ESEM to

determine morphology trends.

4.1.1 Results and Discussion

Based on the observations in the first set of experiments presented in this section, the
expectation was that the morphology size would increase with increasing liquid
crystal volume fraction. This is based upon the assumption as discussed in the
background section®” ¢ that morphology size is controlled purely by the time
between phase separation and gelation. Therefore, as shown in Section A, as the
phase separation temperature increases with increasing liquid crystal component,

phase separation should occur at a lower extent of polymerization and the time

-93 -



between phase separation and gelation should be longer, giving a larger morphology

size.




Figure 15 ESEM observed morphology images for films formed from TL213:2-ethylhexyl
acrylate (15% b/v crosslinker) cured at 303 K, under 2000 mWm™ intensity UV (365 nm) at
compositions 70:30 to 85:15 at 1% intervals

While this general trend can be observed going from ¢,,,,, =0.70t0 0.85, it can be

seen from Figure 15 that this is not a continuous trend. An initial increase in

-95 .




morphology size can be observed going from ¢,,, =070 to 0.72, but the
morphology size decreases again at 0.73. It is also observed that with increasing
liguid crystal volume fraction the morphology also becomes more distinct,
suggesting that a much purer liquid crystal phase has been formed which is more
easily washed out as it does not have a high polymer content. I would conclude from
this that there is a difference in the way the systems phase separate depending upon
composition, suggesting possible differences in phase separation mechanism. This is

explained in further detail below.

Above ¢,,,,, = 0.80the films start to develop a patchy morphology where some areas

appear to have one type of structure and droplet size, whilst other may be completely
different. This is likely to be due to the temperature being near either the phase
mixing temperature or the nematic-isotropic temperature for that composition, so that
before polymerization begins there is either nematic ordering in areas or the system
is already partially phase separated. This will result in uneven phase separation with

areas of different morphologies as suggested by Nwabunma et al.*> *?

5 Phase Separation Mechanism Determination

To properly interpret the results presented in this section into morphology and phase
separation time, it is first necessary to gain an understanding of the mechanism by
which phase separation is occurring. To this end an analysis is made of the type and
profiles of scattering observed during phase separation by Small angle light
scattering (SALS).

5.1 Small Angle Light Scattering Study

5.1.1 Results and Discussion

5.1.1.1 In the Presence of Crosslinker

Figure 16 is indicative of the type of SALS patterns observed under all conditions for
the polymerization induced phase separation of TL213:2-ethylhexyl acrylate (with
crosslinker) solutions. As can be observed, as phase separation commences initial
scattering appears as a gradient of light going out from a peak at the centre point

(Figure 17), there cannot at any point be observed a spinodal ring.
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Figure 17 Scattering profile after 72 seconds of polymerization induced phase separation of
70:30 TL213:2-ethylhexyl acrylate (15% by volume crosslinker) polymerized at 303 K under

5000 mWm™ UV (365 nm)
This suggests that either the initial domain size formed upon phase separation via

spinodal decomposition is large enough that the ring peak occurs below the beam
stop or that there is no ring present. Figure 18 is a calibration scattering profile for
the set-up determined using a diffraction grating of 100 lines per millimetre, it can be
seen that a peak occurs at 449 pixels from the centre point, from this it can calculated

using equations (1.19) and (1.20), that alpha (a correlation function) is equal to

1.4%107 ym™
g=ap (1.19)
27
€= (1.20)

where p is the number of pixels, & a ratio constant, g, is the ¢ value of the first peak,
and d is the line spacing of the grating.

This would require an initially formed spinodal domain to be of size greater than
97.6 um to form under the beam stop which occurs below 46 pixels. While domains
of such size are not impossible, it would scem highly unlikely given that the
formation of larger domains is suppressed by the distance over which the component
species would have to diffuse. It has also been shown in previous results presented,
that the final morphologies are not this large either. It should be brought into
consideration that while the liquid crystal species maintains relatively low viscosity
throughout allowing quick diffusion, the polymer species will be reaching very high
viscosities under certain conditions before phase separation occurs suppressing the
formation of large domains. Therefore it can be reasonably considered the case that

spinodal rings are not observed.
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Figure 19 shows example film morphologies, and it can be seen that the
morphologies formed do indeed have a variety of droplet sizes present within the
same section of film. Whilst some of this variety in droplet sizes can be ascribed to
the formation of primary and secondary phase separation morphologies, in many
films there are significantly larger and smaller droplets present, within each of the
primary and secondary morphologies there is a great variety of droplet sizes. This is
still possible in a system which has undergone spinodal decomposition as after the
initial domain formation droplets coarsen and enlarge to form the lowest energy
configuration, including undergoing droplet coalescence. Whilst there is no definitive
evidence to suggest that spinodal decomposition is not occurring, or that nucleation
and growth is, the fact that there is no positive evidence in favour of spinodal
decomposition leads the author to believe that, due to two properties distinctive to
the system under study described below, phase separation is occurring via a

nucleation and growth mechanism.

The first is the presence of the liquid crystalline solvent, which is capable of making
an energetic gain by the molecules nematically aligning in the droplets. This results
from the entropic gain to be had from the reduction in excluded volume effects due
to alignment, which under the right conditions (temperature and concentration)
overcomes the loss due to translational entropy from the more ordered alignment of
molecules. This in theory should overcome much of the kinetic barrier to the
formation of droplets, as it should, under the right conditions, be kinetically

favourable to form liquid crystalline nuclei.

The second is the presence in the monomer species of a crosslinking agent, which
means instead of forming many freely dispersed long chain polymers, the system
actually forms a large polymer network. This combined with the, in relation to the
polymer network, low viscosity of the liquid crystalline species, means that the
system is acting like a polymer gel rather than a polymer solution. It has been
discussed by Tanaka® that the formation of a polymer network leads to the
suppression of phase separation by spinodal decomposition as it is possible for the
localised concentration fluctuations caused by thermal perturbations which initiate
spinodal decomposition, to be absorbed by the swelling properties of the network. It
should be possible for the network to stretch to make the solvation of more of the

solvent species possible and suppress these localised compositional changes and as
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such create a kinetic barnier to phase separation via spinodal decomposition as well

as nucleation and growth.

It is therefore the belief of the author that the initial mechanism of phase separation is
via nucleation and growth with droplets of liquid crystal solvent able to form within
the not universally formed polymer network. Growth over time then occurs due to
energetically favourable diffusion. The apparent difference in mechanism depending
upon composition and temperature of cure is likely to be a result of the differing
extent of network present at the point phase separation occurs; cither acting to
promote phase separation by de-swelling or suppressing it due to phase separation
requiring the formation of solvent droplets within the stretched polymer network. As
discussed in sub-section 1.4, such a view is supported by the work of other
researchers, in particular Amundson and co-workers with their studies of
morphologies formed by E7 with PN393! and TL.205 with PN393*® where they
observed by the use of confocal microscopy the initial formation of droplets. They
suggest that it is possible to observe the formation of initial droplets which grow in
size only slowly, and that subsequent nucleation of droplets is observed before great
increases in size of the initial droplets. This formation of subsequent nucleus droplets
is strong evidence for nucleation and growth as opposed to spinodal decomposition
as it would be expected that the latter would occur universally throughout the sample
at the same point, without further phase separation occwrring so soon after.
Secondary phase separation has been observed during spinodal decomposition™, it
therefore is still possible that these smaller droplets are the result of secondary phase

separation via spinodal decomposition, but this would seem unlikely.

It is for this reason that, for the system under investigation, it is not appropriate to
discuss the point at which phase separation becomes thermodynamically favourable
in terms of degree of polymerisation, but instead in terms of extent of polymerisation
(or extent of network formation). The presence of a crosslinking species means that
the polymer is not present in the form of free polymer chains but instead as an
extended network. It is the formation of this network and it’s extent of formation
which controls not only the point at which phase separation becomes
thermodynamically and kinetically favourable, but also whether phase separation is

suppressed or promoted.






















phase separation times for solutions without crosslinker polymerized at 303 K (these
results are presented in greater detail later in this report) and the points at which the
loss modulus increase occur correlate to the phase separation times relative to
composition. (A direct comparison is not possible as cure intensity is different due to
experimental set-up limitations) An increase is observed at the earliest time for a
solution of composition 80:20, slightly later for 77:23 and so forth down to 73:27,
comparing this to Figure 8, this is what would be expected if they were due to phase
separation times. If this dependency were due to an increase in viscosity merely due
to the increasing length of polymer chains, it would be expected that an increase
would be seen first in the system which has the highest polymer content, and as such
the greatest polymer contribution to viscosity and the fastest reaction rate and
therefore viscosity increase. The fact that the dependency is observed earlier for the
70:30 system than the 73:27 system is likely to be due to the increased reaction rate
at the lower liquid crystal volume fraction resulting in an earlier phase separation
time, and/or an increase in the contribution to the loss modulus due to the formation

of a transient network by temporary interlinks between chains.

Significantly after the initial increase in loss modulus there can be seen, in all but the
70:30 case, a subsequent decrease. It is the belief of the author that this is
representative of a phase inversion indicative of viscoelastic phase separation and
that the initial build up of loss modulus is due to the formation of the phase separated
transient network. Subsequently inversion of the morphology occurs to form a
hydrodynamic phase in which the movement of polymer droplets in a sea of liquid
crystal results in a much lower loss modulus. It should be noted that the 70:30 system
does not show this same inversion and it is possible that in this case the amount of
polymer present means that the formation of interlinks is much greater than is the
case for higher liquid crystal composition systems, as such the lifetime of the
transient network is much longer as more interlinks need to be broken down for
inversion to occur. Therefore it is likely that inversion is occurring much later and as

such is not observed in this study.

It is also worthy of note that in all cases there is an initial decrease in loss modulus at
the start of all the experiments, while a definitive explanation for this is lacking the
author suggests the following possible explanation. The separation between Peltier
plate and rheometer geometry is very small at 10 pm, as such it is of a small enough

size that alignment effects in the liquid crystal are likely to make a contribution to the
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Figure 28 shows the ESEM observed morphology of films of composition 80:20
TL213-ethylhexyl acrylate cured at 303 K under 2000 mWm™ intensity UV (365
nm) with the monomer doped with 2 and 15 % by volume respectively, with
crosslinker. As can be seen the 15 % crosslinker film demonstrates a droplet type
morphology, but the 2 % crosslinker film can clearly be seen to be frozen midway
through the morphological inversion process with the initial solvent-rich droplets

coalescing and polymer-rich droplets forming.

The above theory is further put to the test below as an attempt is made to interpret the
phase separation times and morphologies of films formed at varying compositions,

cure temperature, UV intensity and crosslink density in terms of mechanism.

6 Mechanism and Morphology

6.1 TL213 with 2-EthylHexyl Acrylate, Variable Crosslink
Density SALS and ESEM Study

Based upon the observations that different morphology types are formed at different
pre-pelymer solution compositions an attempt is made via the use of small angle
light scattering and ESEM to ascertain the mechanism via which phase separation
proceeds. As discussed in the background chapter of this section, crosslinking has a
significant effect upon the type and size of morphology formed, it affects how soon
gelation occurs and as such the size of domains, but as discussed in sub-section 5
could also be acting against or in favour of demixing depending upon the extent of
the network formed. For this reason a series of experiments with the pre-polymer
containing varying amounts of hexa-functional monomers as crosslinking agent are
performed to determine its effect on morphology and likely phase separation

mechanism.

The study consists of SALS determined phase separation times, an analysis of the
time dependent scattering profiles from the SALS studies and analysis of
morphology structure and size through the use of ESEM. An initial study is
performed with films formed by curing solutions of TL213 with 2-ethylhexyl
acrylate under 2000 mWm? UV intensity (365 nm), with the monomer containing by
volume 0, 2, or 15 % trimethylol propane triacrylate crosslinker. These were used at
compositions of TL213:monomer of 70:30, 73:27, 75:25, 77:23, 80:20 to cover the

range of most interest for display device morphologies, and cured at temperatures of
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6.1.1.2 Effect of Composition

Figure 33 and Figure 34 show the effect of increasing TL213 volume fraction on the
morphologies formed and the droplet size for systems with 2 and 15% by volume
crosslinker respectively. As has been previously discussed increasing the liquid
crystal volume fraction has the effect of increasing the droplet size as the initial
composition/temperature point gets closer to the coexistence curve. A lower extent of
polymerization is required for phase separation to become favourable, this means
that the degree of network formation at the point of phase separation is lower and it
therefore acts to promote, not suppress phase separation, and larger droplet sizes are
formed. From Figure 35, which shows the same dependencies for a cure temperature
of 333 K, it can be seen that interestingly this trend is less pronounced when
polymerization occurs at a higher temperature until reaching much higher liquid
crystal volume fractions. This is investigated further below.

This behaviour can be seen in the SALS observed phase separation time results. The
general trend observed for the systems studied is that as the volume fraction of
TL213 increases, the time to phase separation decreases. This suggests that the extent
of polymerization required to make phase separation favourable is much less at these
compositions (ignoring the reaction rate effects which come into effect at higher
polymer volume fractions, where a greater polymer concentration means that the
radical concentration is higher and, as reaction rate has a [R7]? relationship with

radical concentration, reaction rate is higher).

6.1.1.3 Effect of Temperature

As discussed above increasing cure temperature has the effect of changing the size of
morphology formed. Figure 36 shows examples of the morphologies formed at
different temperatures for a 70:30 initial composition system cured at 303, 313, 323
and 333 K, it can be seen that as the cure temperature increases there is an a
corresponding decrease in the morphology size. Figure 37 again shows the effect of
changing cure temperature on morphology but this time for a starting composition of
73:27. As previously discussed the morphology size has become greater with the
increasing TL.213 volume fraction, as the initial temperature/composition points are
nearer to the coexistence curve and the degree of network formation upon phase

separation 1s less. The temperature trend as observed for solutions of composition

-116 -


















in droplet size is quite marked. This is because at 70:30 for a cure temperature of 303
K the initial temperature/composition point is already a significant distance from the
coexistence curve and the extent of polymerization required to make phase
separation favourable is already of a very high order of magnitude. Therefore upon
phase separation the degree of polymer network formation will already be high (and
near universal) and act significantly against phase separation. So while small
increases in temperature result in significant increases in the extent of polymerization
required to make phase separation favourable, the increase in the degree of network
formation will not be great by comparison. So the forces acting against phase
separation will not be significantly larger and the droplet size will not significantly
decrease. For systems of composition 75:25 and above, as can be seen from Figure
41, at 303 K the initial temperature/composition points are much nearer to the
coexistence curve; so increases in cure temperature result in increases in phase
separation extent of polymerization which have a much more significant effect upon
the type of phase separation mechanism and morphology formed than would be the
case at cure temperatures much further from the coexistence curve. At 303 K these
systems are so near the coexistence curve that the degree of network formation, at the
point of phase separation, is quite low and as such acts to promote phase separation,
(as can be seen from the fine ribbon like structures of the polymer matrices) resulting
in relatively large droplet sizes. So as the cure temperature increases, and the phase
separation extent of polymerization increases, the degree of network formation at the
point of phase separation becomes much greater and starts to act against phase
separation resulting in the observed decrease in morphology size. As can be seen for
the 75:25 film cured at 333 K the morphology loses its well defined polymer matrix
structure, as the polymer network development becomes highly advanced.

It would be expected that this behaviour should be observed for all compositions of
volume fraction higher than 75:25; this does not prove to be the case as can be seen
in Figure 39 and Figure 40; instead initial increases in morphology droplet size are
observed with increasing temperature. At these compositions, for cure temperatures
of 303 K, as can be seen from the type of morphologies formed with very large
droplet sizes and well defined polymer structures, the extent of polymerization
required for phase separation to become favourable is very low, as is the degree of
network formation. As can be seen in Figure 42 increases of cure temperature do not

require very large increases in extent of polymerization for phase separation to
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become favourable, this means that the effect of greater network formation is only
slight and not large enough to change its effect from that of overall promotion to
overall suppression of phase separation. The observed increase in droplet size
therefore with initial increases in cure temperature at compositions of 77:23 and
80:20 can be explained in one of two ways. Firstly, it could be the case, as described
above, that the formation of a more advanced polymer network at the point of phase
separation has the effect of increasing the driving force for the liquid crystal solvent
to be forced out from the polymer phase. Since the network is not yet fully
developed, it does not act greatly against droplet nucleation and suppress phase
separation significantly; this results overall in a net gain in the promotion of phase
separation, and thus a larger morphology size. The second is a hypothesis put
forward by the groups lead by Amundson’ 6 and Carter™®, they believe that at these
compositions viscosity effects become important in the phase separation process. As
the extent of polymerization at phase separation is so low for systems polymerized at
303 K and 313 K for solutions of composition 80:20, the polymer chains will still be
relatively short and the formation of a polymer network still inadvanced. This means
that the viscosity of the polymer phase will be low, and diffusion of the liquid crystal
out of the polymer phase will be fast by comparison to systems where the polymer
network is more highly developed. An increase in temperature will bring about
further decrease in the viscosity of the polymer phase; at these low phase separation
degrees of polymerization. If decreases in viscosity are greater than the increases in
the suppressive effect of the formation of the polymer network then the overall effect
will be to make the growth of the liquid crystal droplets quicker and therefore larger

morphologies will develop before gelation occurs.

It 1s likely to be the case that both of these phenomena are to an extent of importance
for those systems where morphology size increases with increased cure temperature.
For both 77:23 and 80:20 compositions there can still be observed significant
decreases in morphology sizes at higher cure temperatures, for 77:23 at 323 K and
for 80:20 at 333 K. This is because, as previously discussed, the increase in extent of
polymerization required to make phase separation favourable with increasing
temperature is not a linear relationship, and, as can be seen from the approximate
behaviour as demonstrated in Figure 42, at all compositions a point is reached where
small increases in temperature result in very large increases in the extent of

polymerization at the phase separation point, and degree of network formation
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not greatly developed, it wants to contract to force out the solvent (liquid crystal}), or
suppress it (network development is advanced and therefore to form solvent droplets

within it would require significant entropically unfavourable chain stretching).

Whether or not the presence of a crosslinking species is acting to promote or
suppress phase separation has been shown to be related to the distance of the initial
composition temperature point to the unpolymerized coexistence curve. When the
initial point is close to the curve, the extent of polymerization required for phase
separation to become favourable is low and as such polymer network development
will be limited. This leads to the network acting to promote rather than suppress
phase separation. As you move further from the coexistence curve either by
decreasing the liquid crystal volume fraction or increasing the temperature of cure
the extent of polymerization to make phase separation favourable becomes greater,
and as such the network is more developed at the point of phase separation. It
therefore starts to act against phase separation, resulting in a smaller droplet size. It is
also the view of the author that these general trends are limited by a couple of
factors; for high liquid crystal volume fraction compositions increased temperatures
can result in decreased viscosity and therefore increased diffusion rate, which allows
the formation of large droplet sizes before gelation. Secondly, if the increase in
polymer network development at the point of phase separation is only small it will
not be great enough for it to act to suppress phase separation, but will increase the
driving forces acting to promote phase separation. Both of these factors mean that
small increases in cure temperature, when cure temperature is close to the
coexistence curve, will result in initial increases in droplet size rather than the overall

trend for droplet size to reduce with increasing cure temperature.

7 Electro-Optical Study

To be applicable to the design of display screen devices the above results and
conclusions need to be correlated to the electro-optical properties of PDLC films; to
this end a series of test cells are synthesised and their optical transmission and
electronic switching fields and times measured. The aim is twofold, firstly to
correlate trends in electro-optical properties to phase separation mechanism and
morphology size, and secondly to determine the optimum synthesis conditions and

composition for the system under study.
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For on-state transmission there is very little difference between films, generally in
the range 93-98% of total light. As such it is the off-state transmission which makes
the greatest contribution to the contrast ratio. It can be seen that the contrast ratio
follows the same trend as the off-state transmission in terms of the films at the two
extremes of the compositions studied being the least favourable. As such it can be
seen from both a transmission point of view that the best systems are those with
compositions in the range 72:28 to 76:24, with an optimum of approximately 73:27.
Given that the switching field and rise switching rate improve with increasing liquid

crystal volume fraction (although with a plateaning in the Eqo field atg, ,, =0.74) it

would seem that a balance between the electronic and optical properties of the

systems can be achieved with a composition of 74:26 or 75:25.

7.1.1.2 Variable Temperature Studies

The initial study has shown that the compositions of most interest for systems cured
at 303 K, are those which produce morphologies of size in the range 2-6 um, which
corresponds to systems of composition 73:27 to 75:25. It is shown in sub-section 6,
that the morphology is highly dependent upon cure temperature in the composition
range of 70:30 to 75:25, it is therefore of interest to see how the electro-optical
properties of these systems vary with temperature. Therefore more samples were
prepared for systems of composition 70:30, 73:27 and 75:25 at cure temperatures of
293, 313 and 323 K and tested for their electro-optical properties.

Figure 53 to Figure 55 show the electro-optical properties of the films cured at
different temperatures for the same composition. The switching field results show
interesting trends, for the 73:27 and 75:25 composition cells there is an obvious
temperature dependence, as cure temperature increases so does the field required to
bring about 90% switching. Whereas for 70:30 films at 303 K and above there is no
discernable differences between switching field with temperature change, but when
the film is cured at 293 K there is a highly significant drop in switching field from
about 3 Vum™ to 0.5 Vum™. Again as with the compositional switching field studies,
the observed results can be explained in terms of the morphological trends previously

discussed in subsection 6.
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phase separation becomes favourable suppressing good phase separation, whereas at

the lower cure temperatures the network acts to promote phase separation.

As the initial composition of liquid crystal to monomer increases, as shown in
section A, the coexistence curve moves closer to room temperature and as such much
lower extents of polymerization are required for phase separation to become
favourable. This explains why the difference in the switching field for 75:25
composition films cured at 293 K and 303 K is very small (as opposed to quite large
for 73:27), and it can be seen from the examples in Figure 59 that the films are both
of a droplet morphology type of similar size. It is the belief of the author therefore
that as the coexistence curve at this composition is so close to the initial cure
temperatures that the difference in the required extent of polymerization to cause
phase separation to occur is quite small between the two cure temperatures. The
phase separation mechanisms for the two types of films are therefore similar,
resulting in very similar physical properties. Combining this with the results for the
73:27 composition films suggests that the relationship of cure temperature with the
extent of polymerization required to make phase separation favourable is not linear,
and by extension the mechanismm by which phase separation occurs and the
morphology type formed. It would in-fact appear from the switching field
experiments that the dependence is S-shaped with changes in cure temperatures near
to the coexistence curve not having much effect as only small increases in the extent
of polymerization are needed to initiate phase separation and therefore network
formation acts to promote phase separation resulting in relatively large droplet
morphologies. As cure temperature is increased a point is reached where the phase
separation extent of polymerization starts to increase at a much faster rate due to the
entropic contribution to phase mixing becoming more significant than the enthalpic
contribution. At this point small increases in cure temperature start to result in very
large changes in morphology, with droplet size decreasing significantly, this
continues unti! a temperature is reached where the extent of polymerization required
to make phase separation energetically favourable is so high that it is not reached at
any temperature above this point until the polymer network formed is near universal.
This, as previously discussed, results in phase separation occurring by a different
mechanism. The network acts to suppress phase separation giving a morphology
which has smaller droplet sizes and a relatively impure liquid crystal phase. Any

subsequent increase in cure temperature as such has little effect on the type and size
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of morphology formed and therefore a levelling off of switching field at the higher
cure temperatures is observed. This is shown schematically in Figure 60 which gives
a very approximate relationship between cure temperature and phase separation
extent of polymerization — this is only a very schematic relationship based upon
interpretation of experimental results and not a mathematical model of the
relationship, which is highly complex due to the inclusion of both mixing and

polymer network effects, which is beyond the scope of the work presented here.

Extent of polymerisation at phase
separation

Temperature

Figure 60 Schematic of the approximate behaviour of phase separation extent of polymerization
with cure temperature for a monomer/liquid crystal system for a fixed composition

Figure 54 shows the K value switching rates dependence with cure temperature at
each composition, as would be expected given the above interpretation of the
switching field results for the 73:27 and 75:25 composition films show a decrease in
switching rate as cure temperature increases, due to the smaller droplet size. Again as
shown by the compositional studies already presented the results for the 70:30 films
would suggest that the morphology is of a type and size whereby the K value model
breaks down.

Figure 55 and Figure 56 show the decay times and optical transmissions and contrast
ratios respectively, for different composition films cured at different temperatures.
These show rather surprising behaviours, most strikingly there are no real
discernable trends in the normalised decay times with changes in temperature of

cure. The results would seem to suggest that there is something which is affecting the
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decay time performance of the films tested with cure temperature which is
independent of the morphology size. A hypothesis for why this occurs is discussed
below. Equally the results for the on and off state transmissions seem
counterintuitive with off state transmission seeming to increase with increasing cure
temperature which is unexpected given that it would be expected that morphology
size should get smaller with increasing cure temperature as has been observed. This
is countered by the fact that at very small morphology sizes (less than 2 um) the light
is no longer scattered as much due to its closeness in size to the wavelength of light.
The on-state transmissions, much like for the composition studies, vary little with

varying cure temperature as in all cases little light should be scattered.

As has previously been discussed in Section A, the alignment of liquid crystal
molecules is strongly dependent upon temperature. As the temperature increases the
enthalpic gain which comes from the liquid crystals being ordered decreases
compared to the entropic desire to form a disordered system. It is therefore
hypothesised that at higher temperatures it is likely that the liquid crystal will be
more disordered during the cure and as such will not create any kind of ordering
effect at the polymer liquid crystal interface upon phase separation. As there is less
ordering of the polymer during phase separation there will be less ordering effects
from the polymer/liquid crystal interface so the contrast in refractive indices is likely
to be less. This could equally explain the increase in relaxation time observed with
higher cure temperatures for some of the test cells as the polymer interface will be

less ordering, and the driving force to disorder will as such be less.

7.2 Conclusion

It has been shown by the work presented above that small changes in cure
temperature and initial starting composition can have significant effects on the
physical and electro-optical properties of PDLC films. It has also been shown that
the changes in properties are due to changes in morphology type and size and as such
the type of phase separation mechanism which occurs under each condition. At
higher temperatures of cure the extent of polymerization required to make phase
separation favourable is large enough that the polymer network is near universal at
the point of phase separation and therefore suppresses phase separation resulting in
small droplet size and poor switching properties. Whereas at lower temperatures

(nearer the coexistence curve) the phase separation extent of polymerization is lower
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and as such the polymer network acts to promote phase separation resulting in
morphologies with good electro-optical properties. The compositional studies show
similar results, with the best shown when the starting point is near to the coexistence
curve allowing the polymer network to promote phase separation once it becomes

energetically favourable.

Overall it is difficult to define optimal cure conditions and composition for any
polymer and liquid crystal system due to the differing thermodynamic dependencies
at each composition. This means that the best cure temperature at one composition
will be different to that for another composition, and may again be completely
different for a chemically different liquid crystal/monomer mix. From the work
presented the optimum conditions for TL213 with 2-EthylHexyl Acrylate are for
Pr, 213 0.73 to 0.76 and cure temperature in the range 293 K to 303 K.

8 Conclusions

It has been shown through the work presented in this section that the morphology of
a PDLC films is highly dependent upon the mechanism by which phase separation
occurs, and that by extension the electro-optical properties which are dependent upon

the morphology are also dependent upon the phase separation mechanism.

It is the belief of the author that phase separation occurs by one of two main
mechanisms, a gel deswelling mechanism or a viscoelastic transient gel mechanism,
with a third mechanism demonstrating a hybrid of the properties of the first two
mechanisms. Both the main mechanisms are based around the concept of a polymer
network being able to stretch to absorb a solvent species; in a gel deswelling
mechanism the network is formed by permanent chemical crosslinks and in the
viscoelastic by the formation of transient crosslinks from two polymer chains
entwining. In the former case the polymer network acts to suppress phase separation
as for phase separation to occur requires the formation of solvent droplets within the
polymer network resulting in significant energetically unfavourable polymer chain
stretching. The result of this is that when PDLCs phase separate by this mechanism
the morphologies formed are generally of a small droplet size and have a relatively
impure liquid crystal phase, leading to high switching fields and slow rise times. In
viscoelastic phase separation as the crosslinks are only temporary so the network can

break up to allow solvent droplets to nucleate; as such the network acts to promote
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phase separation as it is energetically favourable for the polymer chains to contract
and force out the solvent. This mechanism only occurs in its truest form when there
is no crosslinker present, this means there is nothing to cause phase separation to
cease and freeze the morphology. As such phase separation continues until an
equilibrium state of a polymer rich phase within a sea of liquid crystal is formed.
This is of no use for display devices made from PDLCs.

As stated there is, depending upon conditions, a third mechanism combining
properties of both the two former mechanisms. Under the right composition and
temperature conditions phase separation can be initiated in a liquid crystal/polymer
solution, which contains a crosslinker, before the polymer network has had a chance
to significantly form. In these circumstances the network which has formed will act
to promote phase separation, as in viscoelastic phase separation, giving the larger
droplet sizes required for good switching fields, while the presence of the
crosslinking species means the morphology is frozen before it is able to reach an

equilibrium state and loose its morphological structure.

The work presented has shown that in the presence of a crosslinker the mechanism
by which phase separation occurs depends upon the distance of the initial
composition temperature point from the coexistence curve. The further the initial
point from the curve the higher the extent of polymerization required for phase
separation to become favourable and therefore the more extensive will be the
development of the polymer network. As such the further you are initially from the
coexistence curve the smaller the droplet size and the more impure the liquid crystal

phase.

The work in the final part of this section has shown that the morphologies which
provide the most favourable switching fields are those which undergo phase
separation by the hybrid mechanism and form relatively large (3-5 pm) sized
droplets and pure liquid crystal phases. As such the best conditions for the formation
of PDLCs are to be found at those temperature composition points which are near to
the coexistence curve, although if it is too near to the coexistence curve the network
development won’t be great enough to freeze the morphology at a droplet size small

enough to give good optical contrast.
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Section C — Effect of Fluorine Doping of the Polymer
Matrix on PDLC Morphological and Electro-optical
Properties

1 Background

1.1 Concept

The work presented in the majority of this report is concerned with the effect of
physical variables upon both the morphological and electro-optical properties of
PDLCs, and as such has centred on a single monomer liquid crystal pair. No work
has as yet been presented herein into the effect of chemistry upon both the way in
which phase separation occurs, the morphologies formed and the effect upon the

switching properties of the liquid crystals.

As discussed in the main introduction, one of the aims of the work is to reduce the
electric field strength and the time required to achieve 90% switching to the on state,
which is dependent upon the disordering effects at the liquid crystal/polymer
interface which act against ordering the liquid crystal molecules. It is therefore the
main aim of the work presented in this section to see if the introduction of a highly
fluorinated monomer species, which will be highly electronegative and therefore
electronically repulsive to the halogenated liquid crystal species, will have the effect
of reducing the anchoring energy at the interface and therefore the disordering force.
Much work'™ has been performed into the effects of different liquid crystal species
upon the electro-optical properties of PDLCs; including the use of halogenated liquid
crystals’ and the improvements in performance these give. Little work has been
performed with the specific aim of attempting to control electro-optical properties
through the use of chemically different monomer species and in particular fluorinated

monomer species.

Previous work into the area has been performed by Heavin et al.’ looking at the
fluorine doping of thermo-polymerised epoxy polymers with the cyano-biphenyl
based liquid crystal blend E7. In their study they noted that the fluorine doping
resulted in an increase in switching voltages, but that this was matched by an
improved phase separation evidenced by improved contrast ratios resulting from the
sharper polymer/liquid crystal interface giving more off state scattering. Schulte et
al.% 7 have also performed studies into fluorine doping of the polymer species in
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PDLCs; their work was centred on holographic-PDILCs, these are PDLC films which
have been selectively cured to form nano-scale arrays of distinct polymer and liquid
crystal lines for use as volume gratings, this field of study is beyond the scope of this
report. The work was also performed using a 50:50 liquid crystal:monomer system
which resulted in a bead type morphology, with domain size in the order of 100s of
nanometres (a result of the desire to produce HPDLCs) rather than the micrometer
scale droplet morphologies more normally associated with optimum display screen
applications. Again the liquid crystal used was E7, and their results showed that there
was a slight decrease in switching voltage with increased fluorine doping. They also
noted as Heavin et al. did that morphology size increased with increased fluorine
doping, but did not relate this to the effects of fluorine on the phase properties of the

system and subsequently the way in which the system phase separated.

The work of both groups was performed using the cyano-biphenyl liquid crystal
blend E7, and not with a halogenated species. All the work noted the effect of
fluorine doping upon morphologies formed, and sometimes the subsequent
improvements in switching voltages, but that this was not necessarily the case. These
results would appear to dispel the idea that fluorine doping has the effect of reducing
the anchoring energy with liquid crystals. This work however has not investigated
the use of halogenated liquid crystals with fluorinated polymers, which should, it is
hoped, due to their equally high electronegativities be more repulsed by the

fluorinated polymer and the anchoring energy be thus reduced.

None of these papers which have identified the effect of fluorine doping upon PDLC
morphology have attempted to relate these changes to the effect of fluorine
monomers upon the liquid crystal/monomer phase properties and subsequently the
mechanism by which phase separation occurs. This leaves an area of great interest to

be investigated, which is a focus of the work presented.

2 Aims of Work

It is the aim of the work presented herein to investigate the effects of fluorination of
the monomer species of PDLCs formed from an acrylate monomer with a
halogenated liquid crystal blend, using initial compositions and cure temperatures
which are most applicable for display screen devices, on PDLC electro-optical
properties. It is the subsequent aim to be able to attempt to explain these in terms of
the effect of fluorination upon anchoring energy, phase separation mechanism and
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therefore morphologies formed, and finally to appraise on the possibility of using

fluorine doping as a method for improving PDLC display screen technologies.

Three particular areas of interest have been identified in selecting the system for
study; these are to investigate the effect of fluorine doping the polymer matrix when
the liquid crystal blend contains halogenated species. Secondly to investigate the
important of phase properties in the way that fluorine doping affects the
morphologies of PDLCs, and finally to investigate the affect of fluorine doping upon
the, as discussed in section B, interesting morphological properties of PDLC films
formed from TL213 with acrylate monomers at high liquid crystal volume fractions.

3 Systems under Study

As for most of the previous studies presented in this report the liquid
crystal/monomer system to be used as the base for the all experiments is TL213
liquid crystal blend with 2-EthylHexyl Acrylate so as to make comparison possible.
Two fluorinated monomer species have been used 2,2,3,3,4,4,4-heptafluorobutyl
acrylate (HFBA) and 2,2,3,3,4,4,5,5,6,6,7,7,7,-dodecafluorcheptyl  acrylate
(DDFHA), their structures can be found in the experimental section. The aim of
using two different fluorinated monomer species is to make it possible to determine
whether the effects of fluorination are related to the amount of fluorine present, or
the number of fluorinated monomer units as a proportion of total monomer units; as
HFBA and DDFHA have seven and thirteen fluorine atoms per monomer unit
respectively. It is hoped that this will help in determining if the effect of fluorination

is as a result of reduced anchoring energy or morphological properties.

All cells under test are prepared at 75:25 TL213:monomer, cured at 303K under
5000 mWm™ as this has been shown by the work presented in section B to produce
good electro-optical properties for the undoped 2-ethylhexyl acrylate PDLCs at 303
K. Cells are prepared containing an undoped monomer solution, and 4, 8, 14,
22mol% of each of the two fluorinated monomer species, so as to give a spread of
fluorine doping amounts to see if any trends can be discerned. Electro-optical testing

as previously described in the experimental section is then performed.
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and 22 mol% dodecafluoroheptyl acrylate doped samples, that phase separation
commences before the monomers have had much of a chance to form a polymer
network which can act to suppresses phase separation and diffusion. Instead upon
initiation of phase separation the monomer has diffused out of the liquid crystal and
polymerised in droplets leaving a large sea of liquid crystal as observed under the
microscope. This isn’t the case for the films cured from monomer solutions doped
with 14mol% heptafluorobutyl acryliate and 8mol% dodecafluoroheptyl acrylate,
where indistinct droplet morphologies with a small droplet size are formed. It is the
belief of the author that in these cases phase separation doesn’t occur as quickly as
for the higher fluorine doped systems, but that when phase separation does occur
network formation is still relatively low. As a result of this two phases are formed; a
liquid crystal rich one and a polymer rich one, which then undergoes a subsequent
second phase separation at a later point (due to it’s continually changing
thermodynamic properties). By the point at which this secondary phase separation
occurs the monomers have reacted to form a far more developed polymer network,
which acts to suppress phase separation, resulting in the observed smaller droplet
size. The indistinct morphology observed under the microscope occurs due to the

initial phase separation causing localised composition variations.

The improvement seen in the films doped with 8mol% heptafiuorobutyl acrylate and
4mol% dodecafluoroheptyl acrylate due to the increase in droplet size will be as a
result of the fluorine doping moving the coexistence curve for the unpolymerized
systern up. This will mean a lower degree of polymerisation is required to initiate
phase separation and therefore as discussed in section B the degree of network
formation will be lower at the phase separation point, such that it will promote rather

than suppress phase separation resulting in a larger morphology droplet size.

These interpretations are supported by the results for the decay times of the films
(Figure 10 and Figure 11) as the morphology size increases and the switching fields
and rates improve, the decay times become longer. So the decay times for the 8mol%
heptafluorobutyl acrylate and the 4mol% dodecafluoroheptyl acrylate films are
significantly higher than the undoped films by a similar factor as for the
improvements in the switching field and K values. It is also worth noting that the
decay times of the 14 and 22mol% films are so high ( that they cannot be reasonably
shown on the same graph as the lower doped system. This is again likely to be as a
result of the film no longer being of a droplet PDLC morphology and instead acting
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case. The second possibility could be as a result of the way in which the slides were
prepared; it could be the case that as the fluorine concentration increases the
repulsion between the monomer solution and the glass slide increases and the
monomer is forming into droplets before the cure process is complete. This would
result in a surface which only has polymer on it in patches and large areas where
only glass is present to the TL213 droplet, as a result at high polymer dopent
concentrations (8mol% & 14mol% HFBA) the contact angle being measured is that
of the glass slide and not the polymer film. This interpretation is supported by the
pure EHA and 4mol% HFBA polymer slides having a similarly high contact angie
(~36°), and 8mol% and 14mol% HFBA having a similarly low contact angle (~19°).
This would suggest that between 4mol% and 8mol% is a critical doping

concentration which causes droplets to form.

The fact that a slight decrease in contact angle is observed even upon doping the
polymer film with a low concentration of fluorinated monomer suggests, that there is
no significant decrease in affinity of TL213 for the surface with fluorine doping. the
fluorine doping should therefore have little effect upon the field required to bring
about 90% switching. This would suggest that if there is any electronic interfacial
effect on the switching field from the fluorine, it is dwarfed by the effects of the
much more significant morphological changes. This supports the view that all the
effects observed in the electro-optical results upon fluorine doping are as a result of

morphology change.

6 Conclusion

It has been shown by the work presented in this section that fluorine doping has the
effect of modifying the phase properties of the monomer/liquid crystal system.
Therefore for a given temperature/composition point, the degree of polymerisation
required for phase separation to become favourable changes, therefore as discussed
in section B, affecting the way in which phase separation occurs and the type of
morphologies formed. Initial fluorine doping produces increases in morphology
droplet size and reductions in 90% switching fields. Subsequent increases in fluorine
doping have the effect of changing the morphology so that it is no longer the droplet
morphology desired for display devices.

It has also been shown by contact angle measurements, that the fluorine doping has a

limited affect of upon the affinity of the TL213 liquid crystal blend to the polymer.
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This suggests therefore that any improvements in electro-optical properties are from
morphological changes and not electronic effects. Overall fluorine doping has been
shown as a way to improve electro-optical results, but not in any way greater than
can be achieved by morphological changes resulting from changes in composition

and cure temperature.
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Further Work

Presented below are a number of areas of inquiry which if more time had been
available would have provided greater support to the conclusions presented, or are
ideas which have resulted from the investigations performed and which would

provide interesting avenues for future investigations within the field.

1. Modelling of the Flory Lattice Theory for Liquid Crystal

Solutions

In Section A it was discussed how the characteristic anisotropic nature of liquid
crystals effected their solution thermodynamics, with the number of potential
thermodynamic configurations reduced by the excluded volume effects resulting
from structural anisotropy. While it is beyond the scope of the work performed for
this thesis, it would be of great interest to attempt to model computationally the
solution thermodynamics of these systems. In particular it would be desirable to be
able to model the Flory liquid crystal lattice theory and produce computational
coexistence curves which match the phase properties of the systems under
investigation experimentally. This would provide evidence to support the theories
about how the structural anisotropy of liquid crystals significantly effect their
solvation properties. It should also be theoretically possible to define a Flory-
Huggins type interaction parameter, and so quantify the phase properties of the
monomer/liquid crystal pair under investigation. Knowing this it should then be
possible to make predictions as to how changing the chemistry of the two component
species (such as the axial ratio of the liquid crystal species) will effect their phase
properties. With such knowledge it would then be possible to make predictions as to
the mechanism by which they would phase separate upon polymerisation of the
monomer and the type of morphology formed under different conditions. Ultimately
it would be hoped that this would help in knowing how to control the morphology

formed and as such the electro-optical properties of the films.

2. Investigation of Polymer Reaction Kinetics

In section B it was shown that the extent of polymerisation and network formation at
the point of phase separation was the key factor in determining the mechanism of

phase separation and thercfore the morphology formed. An explanation was
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proposed for the observed phase separation morphologies and phase separation
times; the basis of which was that the extent of network formation controlled whether
phase separation was promoted or suppressed. It would therefore be of great interest
to investigate this by tracking the progress of the polymerisation process under
different conditions and quantify an extent of polymerisation and network formation.
A possible approach to this would be to track the reaction of the acrylate monomer
units by the use of IR spectroscopy. The carbon-carbon double bond in the acrylate
monomer provides a good stretch to image using IR spectroscopy; the decrease in
intensity of this peak should follow the consumption of the monomer and therefore

formation of polymer network.

3. Reaction Induced Viscoelastic Phase Separation

As discussed in Section B Tanaka presented work in 1993 demonstrating the
viscoelastic phase separation mechanism for a system where phase separation has
been initiated by a temperature quench. Much work has been presented on
viscoelastic phase separation by temperature quench since. However, very little work
is to be found in the literature which discusses or demonstrates phase separation via a
viscoelastic mechanism where phase separation is induced by reaction. As it is the
belief of the author that, in the absence of a crosslinking species, monomer/liquid
crystal solutions undergo reaction induced viscoelastic phase separation, it would be
of interest to extend this area of inquiry. In particular to see if this only occurs where
a liquid crystalline solvent is present, to provide the energetic gain, from the ordering
of the liquid crystal molecules, to overcome the kinetic barrier to nucleation of
solvent droplets. Therefore it would be of interest to see if the same resuits could be

achieved with a structurally isotropic solvent molecule such as methanol.

4. PDLCs Formed from Liquid Crystalline Monomers

It was shown in Section C that changing the chemistry of the monomer species by
fluorination had the effect of modifying the morphologies formed. However there
was no evidence that it had the effect of modifying the anchoring energy at the
polymer/liquid crystal interface and thus the desired improvement in switching
voltage and switching rate of the film in use as a display screen device. As changing
the interface chemistry did not have the desired effect it would be interesting to see if

changing the steric properties of the molecules at the interface provides the improved
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performance desired. Therefore as a potential line of enquiry, it is proposed to either
replace the acrylate monomer species with a liquid crystalline monomer or dope an
acrylate monomer with varying amounts of an acrylate based liquid crystalline
monomer. The aim being that liquid crystalline pendant groups on the polymer
chains at the interface provide an extra ordering effect on the free liquid crystal thus
reducing the voltage required to bring about complete switching. This could be
further extended by the application of a voltage across the sample during curing to
provide an added ordering effect on both free liquid crystal and liquid crystalline

monomer.
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