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Abstract
Liquid crystal elastomers (LCEs) are polymeric materials capable of rapid, reversible shape
change on application of an external stimulus. However, their application as soft actuators has,
to date, been limited by the requirement to induce a liquid crystal monodomain, with common
alignment methods restricting possible structures to thin films. Thermoplastic LCEs have the
potential for processing through large-scale techniques such as extrusion or fibre spinning but
have been relatively unexplored, with low-yielding synthetic methods preventing further
investigation into their suitability for processing into alternative geometries to films.
For this reason, photoresponsive thermoplastic side-chain LCEs based on a polystyrene-bpoly(methylvinylsiloxane)-b-polystyrene block copolymer backbone have been synthesised for
processing into responsive fibres. A two-step post-polymerisation modification was used to first
attach a linking group, followed by the mesogen. A yield of 85% was achieved in the final
coupling stage, resulting in polymers with 65-85% of linking groups functionalised with
mesogen. Through the choice of linking group or mesogen it was possible to tune the thermal
properties of the LCEs to obtain useful transition temperatures for use as room temperature
actuators. The presence of a nematic mesophase was shown to have a strong effect on the
physical properties of the polymer, resulting in a microphase segregated morphology at
temperatures far above the order-disorder transition temperature of the unfunctionalised
triblock copolymer. This, combined with the relatively high molecular weight of 150,000 g mol -1,
was demonstrated to limit the ability to process the LCE by melt extrusion, with gel-like
behaviour observed at temperatures up to 200 °C. However, the high molecular weight of the
polymer made it suitable for processing from solution, and preliminary experiments
demonstrated for the first time that fibres of a thermoplastic LCE could be produced by
electrospinning, with elongation of the jet resulting in the formation of an aligned nematic LC
mesophase.
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Chapter 1: Introduction
1.1. Responsive Polymers from Liquid Crystals
The work to be presented in this thesis is concerned with the synthesis and characterisation of
thermoplastic liquid crystal elastomers (LCEs), with a particular focus on their suitability for
processing by common thermoplastic techniques. LCEs are soft materials capable of rapid,
reversible shape change, and so have potential applications as soft actuators, but to date have
been limited by the processing methods available.

1.1.1. Liquid Crystals
Liquid crystal (LC) mesophases exist between the fully isotropic liquid state of matter and the
ordered crystalline solid state, where both orientational and positional order are present in all
three dimensions. Mesophases are inherently anisotropic, displaying orientational order along
the director (a unit vector denoted by 𝑛̂) and either no positional order (nematic) or positional
order in fewer than three dimensions (smectic) (Figure 1-1). When the liquid crystal molecule
(mesogen) is chiral more complex mesophases can also form, including helical chiral nematic
mesophases which are utilized in display technology.1

Figure 1-1. Mesophases formed by calamitic (or rod-like) liquid crystal mesogens.
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Shape anisotropy of the mesogen (molecule or particle) is a prerequisite for the formation of
mesophases. The geometry of mesogens can therefore be divided between calamitic (or rod-like),
which form the nematic and smectic mesophases described previously, and discotic (or disk-like),
which can form columnar mesophases, where the mesogens stack to form a cylindrical structure.
Both these classes of mesogen are thermotropic and so their phase behaviour is dependent on the
temperature, with increasing temperature resulting in an increasingly disordered state. The
transition from the nematic mesophase to the fully isotropic state occurs at the isotropic
transition temperature, Tiso, also referred to as the clearing temperature. A second class of LCs
also exists, namely lyotropic LCs, where the level of order is dependent on the concentration of a
solution. These materials, however, are the not the focus of the current work. The anisotropy of
LC mesophases, and the volume change associated with transitioning between them, results in
anisotropic elastic, electric, magnetic and optical properties which underly their applications and
unique properties.1

1.1.2. Identification of Liquid Crystal Mesophases
The level of order within a LC mesophase relative to the director can be quantified by the order
parameter, S, using Equation 1.1, where θ is the angle between the director and the local
orientation of the mesogen (Figure 1-2). This equation takes the average value over all molecules
in the system, therefore, for a perfectly ordered system where θ=0, S=1. If all molecules were
oriented at 90° to the director, S=-0.5, and if no orientational order is present, S=0.1
3〈cos 2 𝜃〉 − 1
𝑆=
2

1.1

Figure 1-2. Definition of the angle used for calculation of order in a calamitic liquid crystal material.
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The presence of an ordered LC mesophase can be identified using complementary experimental
techniques. Differential Scanning Calorimetry (DSC) can be used to detect the transition to or from
a mesophase through the change in enthalpy associated with increasing or decreasing the level of
alignment.1 This gives an idea of the temperature range over which a mesophase is stable, but
does not allow for unambiguous identification of the type of phase present (e.g. nematic or
smectic). This requires a technique such as Polarised Optical Microscopy (POM).
POM is the classic technique used for characterisation of LC mesophases and exploits their
anisotropic optical properties. In isotropic materials the wavelength and velocity of light
propagating through the sample will be decreased according to the refractive index, n. Rod-like
mesogens on the other hand have two refractive indices, the ordinary (no) and extraordinary (ne),
which will decrease the velocity of propagation by different amounts. This means that light
entering a LC mesophase will be split into two directions parallel and perpendicular to the
director, with a phase difference between them. This property is known as birefringence and
when combined with linearly polarised light allows for the identification of LC mesophases.2
In POM a sample is placed between two polarisers which are oriented at 90° to each other, as
shown in Figure 1-3. This configuration means that linearly polarised light from the first polariser
is not able to pass through the second (also known as the analyser) and is therefore extinguished.
For an isotropic material, or a LC mesophase where the director is aligned with one of the
polarisers, the light continues to propagate with the initial polarisation having experienced only
one refractive index and is extinguished by the analyser. However, for a LC material with the
director oriented at some other angle to the polarisers the propagating light is split into two,
propagating parallel and perpendicular to the director. This elliptically polarised light is then able
to pass through the second polariser to some extent, appearing as a bright region at the objective,
with the greatest intensity seen when the director is angled at 45° to the polarisers. If the sample
is rotated so that the director aligns with the polariser then the visible region will be
extinguished.2
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Figure 1-3. Polarised optical microscopy of a birefringent sample. Reproduced from reference 3 - Nikon.

Individual mesophases can then be identified as each displays characteristic patterns and defects
known as Schlieren textures.2 For example, the images shown in Figure 1-4 display the Schlieren
texture characteristic of a nematic mesophase, with defects (black) indicating isotropic areas. The
sample was irradiated with UV light to promote the transition from a nematic mesophase to an
isotropic state, which served to increase the total area of the black regions in the POM images.4

Figure 1-4. Polarised Optical Microscopy image of the Schlieren texture for a nematic mesophase, with
black areas indicating isotropic regions. Pictures are taken at 5 second intervals whilst disrupting the
mesophase with UV irradiation, resulting in increasing areas of isotropic character. Reproduced with
permission from reference 4 – American Chemical Society.
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1.1.3. Liquid Crystal Elastomers
Molecular mesogens can be combined with macromolecules to yield liquid crystal polymers
(LCPs). The mesogen may be attached to the polymer backbone in one of three configurations, as
demonstrated in Figure 1-5. In main-chain LCPs (MCLCPs), the mesogen is incorporated into the
polymer backbone, as opposed to side-chain LCPs (SCLCPs), where the mesogen is attached via a
flexible spacer. SCLCPs can then be further subdivided into either end-on or side-on, dependent
on the manner with which the mesogen is attached to the spacer. The role of the flexible spacer is
important, as it acts to decouple the thermal motion of the mesogen from that of the polymer
backbone. In the absence of an external influence the mesogen will rearrange to form an ordered
mesophase whereas the polymer backbone will adopt a random coil-like structure in order to
minimise energy. The flexible spacer allows for both components to adopt their preferred
conformation to some extent, and allows for the formation of an ordered LC mesophase despite
the mesogen being attached to the isotropic polymer backbone.5

Figure 1-5. Mesogens can be attached either end-on (a) or side-on (b) to the polymer backbone to form
side-chain liquid crystal polymers or are incorporated into the polymer backbone to give main-chain
liquid crystal polymers (c). Reproduced with permission from reference 6 - John Wiley & Sons.

Liquid crystal elastomers (LCEs) are a subset of LCPs where the polymer chains are lightly
crosslinked, typically through covalent bonds. This means that LCEs combine the orientational
order associated with an aligned LC mesophase and the elasticity found in lightly-crosslinked
polymer networks, which results in soft materials capable of reversible shape change on
application of some external stimulus.7 The anisotropy of a LC monodomain draws out the
polymer chains parallel to the director (for main-chain and side-on SCLCEs), preventing them
from adopting the preferred random-coil conformation. This deformed state is fixed by the
crosslinks, generally introduced in a final synthetic step through photoinitiated reactions.
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On triggering the isotropic transition, typically by heating above the Tiso, the polymer also adopts
a random-coil conformation as the extended chains collapse. This results in a macroscopic shape
change; a contraction along the director and a necessary expansion in the perpendicular direction
in order to conserve volume (Figure 1-6). This effect is greatest for MCLCEs, where the orientation
of the mesophase is strongly coupled to the conformation of the polymer backbone, and weakest
for end-on SCLEs.6

Figure 1-6. The formation of a LC monodomain acts to draw polymer chains along the director. On
triggering the transition to the isotropic state both the LC and the polymer backbone adopt an isotropic
morphology, resulting in a contraction along the director and an expansion perpendicular to it. Adapted
with permission from reference 6 - John Wiley & Sons.

The reversible nature of the actuation has generated interest in the use of LCEs for a variety of
applications where soft actuators would be beneficial, as the original conformation can be
regained by cooling below the Tiso without the need for application of further force. Actuation of
LCEs can also be induced in response to a number of stimuli, including light8 and humidity.9
Photoresponsive behaviour is commonly achieved by incorporating an azobenzene unit into the
mesogen structure, as on irradiation with UV light with a wavelength of 365 nm the azobenzene
group isomerises from the linear trans-conformation to the bent cis-conformation (Figure 1-7).
This acts to disrupt the liquid crystal mesophase and yields a disordered isotropic state. Thus,
actuation can be achieved at room temperature without the need for heating.
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Figure 1-7. Isomerisation of an azobenzene group from the linear trans to the bent cis conformation
occurs under irradiation with light of λ = 365 nm and can be reversed by exposure to visible light or on
heating.

The inclusion of azobenzene moieties has been exploited to achieve photomechanical
deformation, where light energy is converted to mechanical work. For example, Ikeda et al.
showed that by attaching the active LCE layer to a passive polyethylene layer for mechanical
support and joining the ends of the film together to form a loop, it was possible to create a light
driven ‘motor’ (Figure 1-8).10

Figure 1-8. Light-driven motor designed by Ikeda et al. Irradiation of different regions with either UV or
visible light resulted in contractions and expansions which drove the rotation of an LCE belt around a
pulley. Reproduced with permission from reference 10 - John Wiley & Sons.

Photomechanical deformation has also been used to replicate the continuous deformation
inherent to locomotion in nature, with potential applications in soft robotics proposed.11,12 A
common goal in this field is to replace hard, multi-part actuators with monoliths which more
closely mimic the soft structures observed in nature. For example, it was shown that a biomimetic
crawling motion could be induced in a LCE film,11 as well as contraction and expansion in response
to light which mimicked the action of the iris.12 However, despite the potential for reversible,
macroscopic shape change, the majority of LCEs reported to date consist of thin films tens of
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microns thick which limits their utility. One of the major barriers to increasing the scale of LCE
actuators is the limited processing methods available due to the need to induce a liquid crystal
monodomain and crosslink the resulting LCP. A great deal of research has therefore been focussed
on new methods of processing LCE actuators to give a material with either a uniaxial or complex
director profile, as discussed below.

1.2. Processing of Liquid Crystal Elastomers
The responsive properties of LCEs are dependent on the successful formation of a LC
monodomain. This can be achieved from either mesogenic monomers or from functionalization of
a lightly crosslinked polymer backbone, with different starting materials favouring different
alignment methods. The method chosen will determine whether in-plane (contraction and
expansion) or out-of-plane (bending and twisting) deformations are possible and may also place
a limit on the geometry and thickness of any actuators. To date, the vast majority of LCEs are
crosslinked with chemical bonds and so are thermosets, which means that once crosslinked it is
not possible to process them any further. However, it has been shown that composite structures
can be manufactured which help overcome this limitation to some extent.

1.2.1. Actuators with Complex Director Profiles
LCs for display applications are often oriented through a photoalignment layer, where a preferred
direction can be induced through rubbing the surface of a LC alignment cell before the addition of
low molecular weight mesogenic groups which then align with the surface. This technique can
also be used to pattern the director for the production of LCE films by additionally crosslinking
the mesogenic groups in situ to give the LCE.
If uniaxial alignment is induced, then uniaxial deformation is seen. If, however, the director is
continuously varied either through the thickness or the film or by forming concentric patterns
then more complex actuation can be achieved (Figure 1-9). These complex director profiles can
be obtained by applying a photomask and rotating the cell while irradiating to create a patterned
alignment layer. On filling the cell with the mesogen, those molecules in contact with the surface
will orient with the alignment layer and, after crosslinking, create a film that can be switched
between a flat and cone-shape by heating through the Tiso.13 This method has also been used to
pattern alternating stripes of twisted director profiles, which resulted in accordion-like actuation
as the film folded and contracted along its length on triggering the nematic-isotropic transition.14
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Figure 1-9. If the director profile is rotated through the thickness of a film, heating above the Tiso results in
contraction and expansion in different regions and so curvature as the order parameter, S, decreases.
Reproduced with permission from reference 15 - Elsevier.

An alternative method that allowed for a spatially patterned director in a monolithic material was
reported by White et al., which was capable of creating patterns made up of volume units, or
voxels, with an area as small as 0.01 mm2, each having its own localised director. This was
achieved through the use of a photoalignment material which contained an azobenzene dye. The
chromophore in the dye oriented at 90° to the electric field vector of linearly polarised light, and
so the domains in the photoalignment layer could be patterned using polarised light from a 445
nm laser. The LC cell was then filled with low viscosity precursors, before undergoing a chainextension reaction by the Michael addition of a primary amine to a nematic diacrylate to form
main-chain nematic oligomers which were then crosslinked (Figure 1-10).16

Figure 1-10. For the spatially patterned LCEs reported in Reference 16, low viscosity LCP precursors were
synthesised by mixing the mesogen with a primary amine chain extender. These were oriented in an
alignment cell where the step growth polymerisation continued before crosslinking.16
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Using this method allowed for fine resolution in the patterned surface, with 226 distinct directions
possible for the director between 0-45°. By programming topological defects it was possible to
generate 3D deformation on heating through the Tiso. This also acted to amplify the 55% strain
measured for a linear contraction to a stroke of 3000% for a film which deformed to produce nine
cones through localised stretching and delocalised bending (Figure 1-11). Due to the high energy
penalty associated with blocking the resulting Gaussian curvature large deformations were
obtained, with the cones able to lift a weight 147 times greater than that of the film, yielding a
specific work capacity of 2.6 J/kg.16

Figure 1-11. Spatial patterning of complex director profiles such as that in (a) results in threedimensional deformation on heating (b) with enough force to lift a weight (c). Reproduced with
permission from reference 16 - The American Association for the Advancement of Science.

This method has since been extended to use thiol-ene chemistry to crosslink the polymer,17 and
to trigger the actuation on irradiation with UV light by modifying the mesogen precursor to
contain an azobenzene group.18 Electromechanical deformation was achieved by the addition of
a 0.02 wt% loading of single-walled carbon nanotubes (SWCNTs), which allowed the reversible
shape change to be triggered both on heating and on applying a current across the thickness of
the film.19 These structures also display a property known as soft elasticity, where areas with LC
alignment occurring perpendicular to the direction of a stretching deformation display non-linear
elastic behaviour (Figure 1-12). This property has been proposed to make LCEs patterned in this
way useful for soft electronics. Ductile silver nanowires were attached to the surface of a spatially
aligned film and on deformation an increase in resistance was measured in the region which
displayed soft elastic behaviour. Through the fine control of the alignment, it was possible to
incorporate soft elasticity into regions to control the deformation and functionally grade the
structure’s response to an applied load, without failure occurring in either the polymer or
nanowire.20 These methods allowed for fine control over the deformed structure of films prepared
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between two LC cells, but are still limited geometrically by the alignment method to films with a
maximum thickness of around 50 µm.

Figure 1-12. The photoalignment surface (a) was used to control the orientation of a main-chain LCE. It
was shown that the angle between the director and the loading direction (b) had a significant impact on the
mechanical properties of the sample (c). This was used to control the local strain environment encountered
in soft, stretchable electronics under load. Reproduced with permission from reference 20 under a Creative
Commons Licence.

Attempts to increase the thickness, and so the mechanical properties and work done by LCE films,
have been made by adhering two of these aligned LCEs together using the monomer mixture.
Using this method, laminates containing 2 or 4 layers of LCE were produced, with each
demonstrating a similar level of strain from a thermally induced contraction (50%). The four layer
laminate, which had a thickness of 210 µm, lifted a weight 1100 times its own weight, with an
output force of 280 mN generated across a 1.6 mm stroke and a specific work of 19 J/kg,21 in
comparison to the 2.6 J/kg measured for the single layer.16 These four layer laminates could then
be layered on top of each other, with glass slides in between each layer, to produce a structure
which demonstrated a stroke of 6 mm whilst lifting 120x the weight of the assembly (Figure
1-13).21

Figure 1-13. Layered LCE structure displaying 6 mm stroke when lifting 120x its own weight. Scale bar is
1 cm. Reproduced with permission from reference 21 under a Creative Commons Licence.
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1.2.2. Actuators with a Single Director
Developing artificial materials which replicate the contraction and expansion of muscle is of great
interest to a number of areas, including soft robotics.22,23 Natural muscle consists of a bundle of
single-cell fibres, where each fibre contains contractile protein-containing myofilaments. When
constrained by joints, the strain observed on contraction is generally less than 20%.24 LCEs were
first proposed as polymeric systems capable of acting as artificial muscle by de Gennes in 1997,
who suggested that a main-chain LC polymer backbone would act to drive a contraction on heating
above the Tiso, whilst flexible spacers between the mesogens would impart flexibility and allow for
a return to the undeformed conformation on cooling.25,26 Since then many examples of LCEs
capable of reversible contraction have been reported, produced either from a two-step
crosslinking method or by the incorporation of Covalent Adaptable Networks (CANs), but which
are all aligned by mechanical deformation of the polymer structure.

1.2.2.1. Two-Step Crosslinking
One of the most common methods for preparing side-chain LCEs was first reported by Finkelmann
in 1991. This consists of a two-step process, where a mesogenic core terminated with two vinyl
groups was utilised to crosslink the polymer backbone. In the first step a poly(hydrosiloxane)
backbone was synthesised and lightly crosslinked, which was necessary for the polymer to have
sufficient mechanical strength to be aligned in the second step, where the polymer was stretched
and crosslinked further under applied load.27,28 Since then this method has been extended to
different polymer backbones including the preparation of MCLCEs.29 This method favours the
synthesis of LCEs that show uniaxial deformation, as the director will align along the direction of
stretch, and so has been used to design polymers that could be developed for use as artificial
muscles.
Several LCE systems were reported by Keller and Li aiming to create the artificial muscle structure
proposed by de Gennes (Figure 1-14),25,26 although they utilised side-chain LCPs due to the high
polydispersity associated with the synthetic route to main-chain LCPs.30 They designed a lamella
RNR triblock copolymer where the R blocks consisted of an amorphous, crosslinkable polymer
and the N block a nematic side-chain polymer. It was expected that the triblock copolymer would
be more mechanically robust than a crosslinked N block, and that the monodomain ordering
would be better preserved during heating cycles.31
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Figure 1-14. Structure of the LCE proposed to perform as artificial muscle by de Gennes. Crosslinking of
the triblock copolymer (a) resulted in the lamellar structure (b). Reproduced with permission from
reference 31 - John Wiley & Sons.

For the N block a series of LCEs were developed using atom-transfer radical polymerisation
(ATRP). A thermoresponsive elastomer was synthesised by first aligning a LC-functionalised
acrylate or methacrylate using an alignment layer, before carrying out a UV-initiated crosslinking
reaction. Films of this polymer demonstrated a reversible 35-45% change in length on heating
through Tiso and a stress of 210 kPa.32 A photoresponsive equivalent was also synthesised, where
the monomer was modified to include an azo-benzene group, and which demonstrated a rapid
contraction of 12-18% of the original length on irradiation with UV light.33 The thermoresponsive
polymer was chosen for incorporation into the RNR triblock copolymer and was used as a
macroinitiator for the statistical copolymer R block, poly(n-butylacrylate)-co-poly(2hydroxyethyl acetate), with the polydispersity of the final triblock copolymer measured as 1.3.
Hydroxyl groups on the R block were next converted to acrylate groups and the LC component
aligned using a 1.7 T magnetic field before crosslinking the acrylates. This polymer was shown to
contract by 18% of its original length on heating above the Tiso to 140 °C, and returned to its
original length on cooling.30
Less complex polymers have also been synthesised by Finkelmann’s method and these displayed
relatively large contractions on exposure to various stimuli. The first example of a
photoresponsive LCE actuator was a nematic LCE containing an azobenzene group that contracted
by 20% of its initial length on irradiation with UV light.28 The synthesis of UV-responsive LCEs
required the development of new near-IR photoinitiators as the photoresponsive azobenzene
group absorbs strongly in the UV range.33 Electromechanical actuation of smectic LCEs was shown
to result in relatively large strains of 4% for ferroelectric LCEs,34 but was not observed for nematic
LCEs until carbon nanotubes were mixed with a side-chain LCP before crosslinking to yield a LCE
where a strain of 0.1% was measured.35 More recently, a main-chain LCE swollen by the liquid
crystal 5CB was shown to display a maximum contraction of 19% on application of an electric
field.36
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Fibres of LCEs more closely mimic the structure of bundles of natural muscle fibre than films, and
so are a desirable morphology for LCEs. The bulk production of crosslinked fibres will be
discussed further in Section 1.4, however, a manually drawn LCE fibre was reported in 2003,
whereby a fibre was drawn from a melt mixture of LC acrylate monomers and crosslinker using
tweezers. The crosslinking process started in the melt and the action of drawing induced
alignment of both the polymer chains and mesophase. The resulting side-chain LCP fibre had a
diameter of 300 μm and was shown to contain a nematic mesophase monodomain, with the
director oriented along the length of the fibre. A contraction of 30-35% of the original length on
heating above Tiso was measured, with an increase in length seen on cooling back below the Tiso. A
contractive stress of 274 kPa was also measured acting against a constant strain of 3%.37 This
method has since been used to draw fibres of photo-responsive main-chain38 and side-chain39
LCEs, both with reversible crosslinking arising from hydrogen bonding and thiol-disulfide
interconversion respectively. These fibres bent towards a UV light source on irradiation, which
generated a stress of between 130-240 kPa depending on the light intensity for the main-chain
polymer.38 In these cases out-of-plane deformation was observed despite the uniaxial director
profile, due to irradiation from one side of the fibre triggering the contraction on that side only.

1.2.2.2. Covalent Adaptable Networks
Whilst the method developed by Finkelmann results in active LCEs, the requirement to start with
a lightly crosslinked polymer is problematic for creating complex geometries. For this reason,
polymers crosslinked with exchangeable bonds may be a promising direction for LCE actuators.
CANs have been developed to overcome the processing limitations of thermosets, where
thermoplastic-like behaviour can be achieved by heating above a critical temperature to allow for
exchange of certain covalent bonds (Figure 1-15). As well as resulting in shape-memory polymer
like behaviour, these materials also demonstrate self-healing behaviour where the exchangeable
bonds can mix over the interface of a cut and restore the original structure and mechanical
properties.40
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Figure 1-15. Method behind forming LCE actuators through exchangeable disulfide bonds. The stretched
geometry can be fixed on heating or application of UV which promotes bond exchange. Reproduced with
permission from reference 41 – American Chemical Society.

CANS have been applied to create more readily processible LCEs. Examples of supramolecular
LCPs containing intermolecular hydrogen bonds have been reported,42–44 and in 2008 Ikeda et al.,
proposed that these interactions could be used to create responsive polymer films using
mesogens acting as hydrogen bond donors as the linking group.45 However, each donor could form
only one hydrogen bond which limited the mechanical strength and the exchange of bonds
between neighbouring acceptor sites. In 2014 Pei et al. reported a mouldable LCE based on an
epoxy network containing exchangeable covalent crosslinking. This was achieved through
transesterification, where ester linkages between ester groups on the spacer and hydroxyl groups
on the mesogen were able to exchange when heated above the topology freezing temperature, TV,
the temperature at which the rate of bond exchange became significant. Therefore, the polymer
was stretched above the TV, with this deformed shape frozen in place on cooling, much like the
programming method employed for shape memory polymers. At room temperature the
transesterification reactions slowed to the extent that the material behaved as a conventional
elastomer, and on heating above the Tiso the film contracted with a strain of 35%, and returned to
the undeformed state on heating above TV.46
In work by Ikeda et al. the transesterification reaction was extended to include a photomobile LCE
based on a polysiloxane backbone with hydroxylate side chains and mesogen-containing
dicarboxylic acid linking groups.47 Following this work several examples of LCEs containing
various exchangeable crosslinks have been reported, in all cases the polymer was readily shaped
at high temperature to form either elongated films, curved ribbons or helical structures. The
polymers also displayed self-healing behaviour when two pieces of the polymer were held
together and heated. Exchangeable bonds used to date include hydrogen bonds where a maximum
strain of 150% was measured48,49 and thiol-acrylate crosslinking,50,51 where a strain of 60% was
achieved using only commercially available starting materials and catalyst.51
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A downside to the transesterification reactions is that a catalyst is required, which can limit the
number of reprocessing cycles. For this reason disulfide linkages have since been incorporated
into a LCE, as these bonds can exchange when irradiated with UV or heated with no need for a
catalyst.41,52,53 It was shown by Cai et al. that the resulting network could be made exchangeable
with both UV and on heating, resulting in LCEs where 20-25% strain was measured during
heating/cooling cycles. Their polymer was also processed using an imprint lithography technique
to produce a micropillar array in a mould which, after heating at 90 °C, demonstrated a reversible
contraction in the height of the pillars and an expansion in the width, indicating that LC alignment
occurred along the length of the pillars during the moulding process.41 A similar structure had
been designed previously for a conventional LCE containing CNTs, where contraction of individual
pillars could be triggered by a laser diode, with application as a refreshable braille display
proposed.54 Similar structures have also been designed for use as gecko-foot inspired adhesive
surfaces.55
More complex geometries were obtained by Yang et al. from sheets of an LCE containing disulfide
crosslinks. They utilised the self-healing properties of the exchangeable crosslinks to combine thin
films cut from an alignment-layer oriented LCE into laminates, using a catalyst ‘glue’ to promote
exchange of disulfide bonds across the interface at room temperature. By rotating the director
through the thickness of their laminate structure by changing the angle of each ply they were able
to achieve curling and bending from a uniaxially aligned film.53 Most recently polyurethanes with
exchangeable carbamate groups with strains of up to 120% have been reported, 56 with
exchangeable covalent crosslinking appearing to be an important future research direction for
processing LCEs on larger length scales than thin films.

1.2.2.3. Composite Structures
A straightforward method to convert a one-dimensional deformation such as the contraction of a
wire into a three-dimensional, out of plane deformation is to incorporate the active material into
a composite structure. This is a common strategy to create soft, morphing structures from linear
actuators and a passive structural material.57 Composite LCE structures have been achieved by
fracturing a LCE polymer at low temperature to produce monodomain-containing particles with
sizes between 1-150 µm, before embedding the particulates in a polydimethylsiloxane (PDMS)
matrix. The LCE particles were aligned under a magnetic field during the curing of the PDMS in
order to impart thermoresponsive behaviour on the final composite. This method allowed for the
production of macroscopic, mouldable structures, which is not possible for pure, crosslinked
LCEs. Complex deformations such as saddle-shaped curvature were obtained by forming
laminates of polymer-dispersed LCE disks, with strains of 9% measured on heating. This value
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was reduced in comparison with the strains measured for the pure LCEs (30-35%),58 and presents
one of the disadvantages of LCE composites as the non-active matrix material acts to limit the
deformation of the LC component.
Bilayer structures can also be used to create multi-responsive soft materials, for example by
attaching the heat-responsive LCE layer to a water-responsive hydrophilic polymer.59 LCE films
have also been incorporated into composite hinges to promote a bending deformation. An
electromechanical response was seen by including a Joule heating layer, consisting of a conductive
metal layer. The LCE was then combined with either relatively rigid paper regions to promote
hinge-like deformation,60 or inserted into a soft, 3D printed structure to produce a beam or hinge
capable of reversible bending on application of an applied voltage.61 In both cases the LCE film
produced the contractive or extensive force on heating, whilst the surrounding hard regions
restricted deformation in certain directions to obtain the desired deformed geometry.
Similar approaches have been used to design actuators for incorporation into larger assemblies,
for example to manufacture a biomimetic swimming turtle, where propulsion through water was
achieved by a combined bending and twisting of the composite films acting as flippers. 62 The
smooth and continuous deformations were driven by an active Shape Memory Alloy (SMA) wire,
which demonstrated a reversible contraction under application of a current. The SMA was affixed
to soft, 3D printed scaffolds which were designed to have layers with a certain fibre direction,
where printing cross- or angle-ply structures resulted in smooth bends or twists that were readily
predicted using Classical Laminate Theory. The assembly was then encased in PDMS which
resulted in a soft actuator capable of smooth deformations.62 However, if a polymeric linear
actuator such as a LCE was available it may be possible to integrate the passive and active layers
by multi-material 3D printing, instead of using the SMA.
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Figure 1-16. Altering the fibre angle in laminate structures (a) results in bends and twists on contraction
of a shape memory alloy, which was used to propel a soft turtle robot (b). Reproduced with permission
from reference 62 - IOP Publishing.

3D printing of LCEs by direct-write printing has recently been reported.63–65 In all cases an ink
containing a commercially available LC monomer, chain extender and photoinitiator based on the
system given in Figure 1-10 was printed. This formed an aligned filament of oligomers which was
crosslinked using UV irradiation to form the LCE. The shear encountered by the ink when
extruding from the printer nozzle was used to form the LC monodomain, which was demonstrated
to align along the direction of the print path and was dependent on the diameter of nozzle used.63
The resulting printed structures were capable of reversible shape change, including complex outof-plane deformation, which was achieved by varying the print path so as to change the direction
of alignment within each layer. This extrusion method is well suited for spatial patterning on a
larger length scale than seen for other alignment techniques, but has to be re-optimised to
accommodate the rheological properties of different monomers and crosslinking agents, which
limits the ability to alter the mechanical properties of the final polymer system. 3D printing of
thermoplastic LCEs would therefore offer an attractive alternative for the manufacturing of soft
actuators.
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1.3. Thermoplastic Liquid Crystal Elastomers
Whilst it was shown in Section 1.2 that LCEs can be used as actuators, the processing of these
materials and formation of aligned mesophases is still difficult for structures on larger length
scales. An alternative approach that would make LCEs easier to process and suitable for new
techniques, such as 3D printing, is through the development of thermoplastic LCEs. These
materials are based on triblock copolymers and require no chemical crosslinks, which means that
they should be re-processable without the need for catalysts (unlike CANs).

1.3.1. Block Copolymers and Microphase Segregation
Block copolymers contain two or more non-identical polymer blocks linked together by a covalent
bond. This prevents macroscopic separation of the chemically distinct chains, but enables
microphase segregation as the chains rearrange in order to minimise the overall free energy, G,
which is comprised of an enthalpic and entropic component (Equation 1.2).
𝛥𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥

1.2

For polymers with a high degree of polymerisation ∆𝑆𝑚𝑖𝑥 is small and has little effect on the
overall free energy. A far greater contribution arises from the unfavourable enthalpy of mixing
non-identical blocks, which disfavours mixing and results in microphase segregation of the blocks.
This leads to a decrease in entropy of the system as the bonds between blocks become localised
at interfaces and polymer chains stretch to maintain a constant density, however, this effect is
minimal for polymers at low temperature.66 The microphase separated morphology depends on
the volume fraction (fi) of one block over the other, where increasing fi leads to increasing
curvature at the interface between blocks in order to minimise interfacial area, and so as fi moves
away from 0.5 the morphology of the microphase segregation transitions from lamellar to
gyroidal, cylindrical, then to a spherical morphology (Figure 1-17).
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Figure 1-17. Generic phase diagram for an AB block copolymer from the weak (χN=10) to strong
(χN=50+) segregation limit. Reproduced with permission from references 67 and 68 - American Chemical
Society.

The volume fraction is defined according to Equation 1.3, where the molar volume, VM,i, describes
the volume occupied by one mole of the given homopolymer, i.
𝑓𝑖 =

𝑉𝑀,𝑖
∑ 𝑉𝑀,𝑖

1.3

In addition to the composition (fi), the polymer-polymer phase behaviour is dependent on the
molecular architecture (e.g. diblock, triblock), the choice of monomers, and the degree of
polymerisation (N).66 It has been shown using Self-Consistent Field Theory (SCFT) that
symmetrical AB diblock and ABA triblock copolymers will segregate in similar manners
(especially in the strong segregation limit),66,68,69 which allows for the construction of a generic
phase diagram such as that given in Figure 1-17. Using this information, the morphology for a
block copolymer can be predicted from values for fi and χN, where χ is the Flory-Huggins
interaction parameter.70,71
The Flory-Huggins interaction parameter consists of both an enthalpic and entropic component,
such that:
𝜒 = 𝜒𝐻 + 𝜒𝑆
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Block copolymers that have χN below 10 are expected to be disordered and homogeneous, with
no microphase segregation occurring. Using SCFT it has been shown that regions of the phase
diagram can be divided between the weak (χN = 10-12), intermediate (χN = 12-50) and strong
segregation limit (χN = 50+), with the gyroidal mesophase becoming less stable as χN increases.68
Above the weak segregation limit the enthalpic term (𝜒𝐻 ) dominates which leads to microphase
separation in order to reduce interactions between the A and B blocks,66 and so the entropic term
(𝜒𝑆 ) can be neglected. The enthalpic component at some temperature, T, can be derived from the
cohesive energy of the interaction between the two polymer blocks as given in Equation 1.5,
where k is the Boltzmann constant and 𝜀𝑖𝑗 is the interaction energy between blocks of types i and
j.
𝑧
𝑧
1
𝑘𝑇𝜒𝐻 = (𝜀𝐴𝐴 − 2𝜀𝐴𝐵 + 𝜀𝐵𝐵 ) ≈ {𝜀𝐴𝐴 − 2(𝜀𝐴𝐴 𝜀𝐵𝐵 ) ⁄2 + 𝜀𝐵𝐵 }
2
2

1.5

The total cohesive energy, 𝐸𝑐𝑜ℎ , of a segment surrounded by z molecules can be defined according
to Equation 1.6:
𝐸𝑐𝑜ℎ =

𝑧𝜀𝑖𝑗
2

1.6

Dividing 𝐸𝑐𝑜ℎ by the molar volume, 𝑉𝑀,𝑖 , of the repeat unit gives the cohesive energy density, the
square root of which is known as the solubility parameter, 𝛿𝑖 .
1

1

𝑧𝜀𝑖𝑗 2
𝐸𝑐𝑜ℎ,𝑖 2
𝛿𝑖 = (
) =(
)
𝑉𝑀,𝑖
2𝑉𝑀,𝑖

1.7

Substitution of 𝛿𝑖 into Equation 1.5 allows for the equation for 𝜒𝐻 to be rewritten in terms of the
molar volume (Equation 1.8) which simplifies to give Equation 1.9.72
𝑅𝑇𝜒𝐻
= 𝛿𝐴𝐴 2 − 2(𝛿𝐴𝐴 𝛿𝐵𝐵 ) + 𝛿𝐵𝐵 2
𝑉𝑀
𝜒𝐻 =

𝑉𝑀
(𝛿 − 𝛿𝐵𝐵 )2
𝑅𝑇 𝐴𝐴

1.8

1.9

Therefore, by calculation of the molar volume, and so the volume fraction for the A and B blocks,
and with values for 𝛿𝐴 and 𝛿𝐵 that allow for calculation of 𝜒, it is possible to predict the
morphology adopted by a given AB or ABA block copolymer. It should also be noted that 𝜒 is
inversely proportional to the temperature, and so by increasing the temperature it is possible to
reduce 𝜒 sufficiently that no microphase separation is seen and a homogeneous mixture of the
two blocks is obtained. This is known as the order-disorder transition, and occurs at some critical
temperature, TODT.
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The microphase segregated morphology can be determined experimentally through a
combination of Small Angle X-Ray Scattering (SAXS) and Transmission Electron Microscopy
(TEM). In SAXS, X-rays are scattered by the electrons present in the material. Depending on the
location of the electrons relative to each other these scattered waves will then interact in either a
constructive or destructive manner, before hitting the detector. The intensity will therefore vary
depending on the position of the atoms within the material, with the interference pattern defined
by the intensity measured at a given scattering angle, θ, and the azimuthal angle, φ (Figure 1-18).

Figure 1-18. Definition of scattering angle, 2θ, and azimuthal angle, φ, in 2D SAXS.

The scattered intensities detected in a 2D plane (if isotropic) can then be reduced to a onedimensional plot of intensity against a value, q, which is defined in Equation 1.10. This conversion
is used as q can be quoted independently of the wavelength of the applied radiation, 𝜆. As q is
given as the reciprocal of the wavelength results obtained from these plots and the 2D scattering
are in reciprocal space.
𝑞=

4𝜋
∙ sin 𝜃
𝜆

1.10

The average internal structure of the material can be deduced from two components of the
scattering pattern. Scattering from the atoms that make up one particle results in the form factor,
P(q). This is a characteristic scattering pattern which arises due to the shape of the particle, for
example spheres, and can be used to determine the average structure of the material. The second
feature, the structure factor, S(q), arises due to interference between scattering from different
particles, and can therefore be used to determine the spacing between structural features.73 The
values for the spacing, d, in real space can be converted from reciprocal space through Equation
1.11.
𝑑=

2𝜋
𝑞
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As the level of order within a material increases (for example by the development of a microphase
segregated structure) peaks arising from the structure factor become more intense and,
depending on the lattice symmetry, higher order peaks may be observed. For example, a lamellar
microstructure, such as that obtained when fi = 0.5, will have peaks at q, 2q, 3q, 4q, a spherical
microstructure will have peaks at q, √2q, √3q, 2q and a hexagonal microstructure will have peaks
at q, √3q, 2q, √7q.73 The P(q) and S(q) allow for the determination of the average microstructure
of a bulk sample of a block copolymer, however, as the data is averaged over the area irradiated
with X-rays, a complementary microscopy technique (TEM) is often combined with SAXS, as this
enables individual particles or domains to be imaged in real space.

1.3.2. Microphase Segregation in Liquid Crystal Block Copolymers
Further contributions to the overall free energy arise from the LC component of LCPs. In a similar
manner to how block copolymers microphase separate in order to adopt the most energetically
stable configuration by reducing interactions between non-compatible blocks, mesogenic groups
will self-assemble to form ordered mesophases. Theoretical phase diagrams calculated for both
main-chain and side-chain LC diblock copolymers show similarities with those for conventional
block copolymers, with the main difference arising in the boundaries between phases which are
asymmetric and favour curved interfaces with the non-LC block on the concave side.74,75 This
difference is driven by the additional stabilisation of the microphase separated state by the
ordered nematic mesophase, due to the unfavourable energy penalty associated with mixing with
the disordered second block.75 It was therefore suggested that Equation 1.4 could be extended to
give Equation 1.12, where 𝜒𝐿𝐶 is an additional interaction parameter introduced by an ordered LC
mesophase.76
𝜒𝑒𝑓𝑓 = 𝜒 + 𝜒𝐿𝐶

1.12

For low molecular weight LC diblock copolymers, or those with a relatively low volume fraction
for the LC block such that a lamellar morphology is adopted, heating above Tiso is sufficient to
remove the 𝜒LC component and reduce 𝜒eff such that an order-disorder transition occurs and the
block copolymer becomes a homogeneous melt.76,77 For higher molecular weight polymers, or
those where the volume fraction of the LC block results in cylinders or spheres of the minority
block in a matrix of the LC block, the TODT is shifted to temperatures greater than the Tiso. This was
proposed to be driven by the conformational asymmetry between the random-coil forming block
and the well-aligned, and so extended, LC block, which leads to unfavourable frustration of the LC
component at planar interfaces. This makes the lamellar morphology less stable than cylinders or
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spheres, which stabilises the mesophase through curvature of the interface, and so the TODT is
often coincident with the Tiso for lamellar systems.76

1.3.3. Thermoplastic Elastomers
Microphase segregation allows for the design of thermoplastic elastomers. These polymers
display elastomeric properties such as flexibility and softness, but are crosslinked by physical,
rather than chemical, interactions. This means that they can be processed by thermoplastic
methods, for example from the melt by extrusion. TPEs based on block copolymers are commonly
synthesised by two approaches – one gives styrenic TPEs and the second multiblock copolymers.
Multiblock copolymers with the structure (AB)n can be synthesised by polycondensation reactions
to give alternating crystalline and amorphous blocks, with an example being thermoplastic
polyurethane.78
Styrenic TPEs consist of an ABA triblock copolymer structure where the A blocks are glassy
polystyrene and the B blocks a soft, elastomeric polymer. Typically, the PS end segments
microphase segregate to form spheres within a continuous phase of the B block (Figure 1-19),
which act to form a physical network and results in elastomeric properties. These polymers are
usually synthesised through living anionic polymerisation, and so the choice of the B block is
generally limited to polybutadiene or polyisoprene. When at temperatures above the glass
transition temperature (Tg) of the B block, the polymer displays typical elastomeric behaviour,
but when heated above the Tg of styrene or dissolved in solvent the hard blocks soften and the
polymer can be processed as a conventional thermoplastic melt. On cooling or evaporation of the
solvent the hard blocks reform and elastomeric behaviour is recovered.78

Figure 1-19. Styrenic TPE. Light regions correspond to spheres formed by PS end blocks which act as
physical crosslinks. Dark lines correspond to the continuous phase of the soft midblock.
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One of the major barriers to the bulk processing of LCEs is the covalent crosslinking required for
elastomeric behaviour. For this reason, thermoplastic LCEs may have potential as they could, in
theory, be used in more polymer processing techniques than conventional LCEs, including those
such as fibre extrusion where incorporation of a crosslinking step would be unpractical due to the
rate of fibre drawing. Thermoplastic elastomers commonly consist of ABA triblock copolymers
and it is possible to incorporate mesogenic79,80 or photoresponsive81 groups into the structure.
Petr et al. reported a thermoplastic LCE that was capable of reversible room temperature
actuation due to the presence of an azobenzene-containing mesogen.82 The backbone of this
polymer consisted of a polystyrene-b-poly(methylvinylsiloxane)-b-polystyrene (PS-b-PMVS-bPS) triblock copolymer, with the rod-like mesogen attached in a side-on manner to the PMVS block
(Figure 1-20).

Figure 1-20. Structure of UV-responsive LC-functionalised thermoplastic from Reference 82. The rod-like
mesogen was attached to the PS-b-PMVS-b-PS triblock copolymer backbone via a hydrosilylation reaction.

The thermoplastic LCE given in Figure 1-20 was shown to rapidly and reversibly contract with a
strain of 3.3% against an applied tensile stress of 25.7 kPa at room temperature, 82 however, the
hydrosilylation method used for functionalising the mesogen with a linking group was low
yielding (30%).4
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1.4. Processing of Thermoplastic Fibres
For most LCEs elastomeric behaviour is achieved by lightly crosslinking the aligned polymer to fix
in the LC mesophase, typically by the use of a UV-activated process, to form a thermoset polymer.6
This leads to materials that are capable of significant and complex deformations but which, due to
the nature of the alignment and crosslinking steps, are typically limited to very thin films that
cannot be processed further. For applications as actuators, fibres are a useful geometry due to the
high surface area to volume and so for this reason, applying thermoplastic processing methods to
LCEs may be a useful route towards novel structures and applications.
Thermoplastic polymers are processed using a variety of methods, generally either from a melt,
or from solution. LC polymers are processed on an industrial scale through both approaches, with
nematic thermotropic copolyesters commonly processed using injection moulding. In this process
the polymer melt is forced into a shaped mould by a rotating screw which then acts as a plunger
to compress the melt and replicate the mould, with solidification occurring on cooling. The low
viscosity of nematic LCPs allows for excellent mould replication, even for complex shapes, and the
low volume change on transition from a liquid to a solid is also beneficial. Perhaps the most
famous LCP to be produced on an industrial scale is Kevlar, which was first produced industrially
by DuPont in the 1970s and is a lyotropic aromatic polyamide. The polymer is produced as a fibre
from wet-spinning methods, where the drawing of the fibre from solution by precipitation into a
poor solvent whilst winding under tension acts to orient the LC part parallel to the fibre direction,
which results in high tensile strength in the fibre direction.83 Similar methods have been applied
to LCEs on the laboratory scale in order to produce aligned, responsive fibres. Whether melt or
solution processing is better suited will be dependent on a variety of material properties, with the
viscoelasticity most important for melt processing and the solubility in appropriate solvents for
solution processing.

1.4.1. Melt Processing
It has been shown that the shear encountered during melt extrusion can be used to align a
responsive thermoplastic LCE.84 In this case the midblock consisted of a liquid crystal main-chain
polymer, with terphenyl moieties attached on each end by an esterification reaction. The
terphenyl end groups self-assembled to form hard domains that acted as physical crosslinks on
drawing a fibre from the melt, allowing for reversible actuation on heating and cooling through
the isotropic transition temperature (Tiso). The liquid crystal block was aligned along the length of
the fibre, which allowed for significant changes in length on heating (up to 500%), but also
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demonstrated thermoplastic creep at the temperatures required for actuation, which is
undesirable for practical applications.
Extrusion from a polymer melt is one of the most convenient and economical processing methods
for thermoplastic polymers.83 The relatively simple process of pushing a polymer melt through a
shaped die allows for continuous fibre formation, and can also be used with processes such as 3D
printing to create complex, layered structures. The ability for a polymer to be processed from the
melt has a strong dependence on its viscoelastic properties, and so understanding the rheology of
polymer melts is vital. The flow properties of a thermoplastic polymer melt can be investigated
using a rotational rheometer equipped with a parallel plate or cone-plate geometry. Shear is
induced through the thickness of the sample by the motion of the rotating top plate relative to the
fixed bottom plate (Figure 1-21).

Figure 1-21. Operating principle for rotational rheometer with parallel plate geometry.

This motion generates a force, F, which acts on the sample across the area of the top plate, A,
𝐹

generating a shear stress, τ, where 𝜏 = 𝐴 (Figure 1-22). This stress results in a strain deformation,
𝑠

γ, which is calculated from the deformation, s, relative to the sample thickness, h, by 𝛾 = ℎ. On
measurement of the appropriate values it is possible to determine the viscosity or shear modulus
of the material. Measurements are made assuming that no plastic deformation occurs (and so a
homogeneous deformation is applied through the thickness of the sample) and that there is no
slip at the sample-plate interface.
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Figure 1-22. Two plates model for rotational rheology. F is the force acting on area, A. The resulting shear
strain is obtained by dividing the deformation, s, by the sample thickness, h, or by tan 𝜑. Reproduced from
reference 85.

By changing the rate of rotation of the top plate it is possible to alter the rate of strain, 𝛾̇ , of the
deformation as defined in Equation 1.13, where ν is the velocity and ℎ the gap height.
𝛾̇ =

𝜈
ℎ

1.13

The strain rate can then be related to τ by using Newton’s law (Equation 1.14) through the
viscosity, η, of the material.
𝜏 = 𝛾̇ ∙ 𝜂

1.14

The dependence on the shear rate means that viscosity is a time dependent property, and so for a
purely viscous material the removal of an applied stress leaves the material in the deformed state,
with recovery occurring after some amount of time. As well as the viscosity, rheology can also be
used to measure the shear modulus of a polymer, G, which is related to τ and γ for a purely elastic
material by Hooke’s law (Equation 1.15) when sufficiently low values of γ are used.
𝐺=

𝜏
𝛾

1.15

The shear modulus is not reliant on the shear rate, therefore, once the applied shear stress is
removed the internal structure of the material will immediately return to its original state.
Polymers, however, form viscoelastic melts, and so a combination of both Newtonian and
Hookean behaviour is observed. On removal of an applied stress a partial recovery is seen, which
leads to phenomena such as die-swell, whereby after extrusion polymer chains aligned by shear
are able to re-coil once the stress is removed, resulting in an expansion relative to the size of the
die.85 Due to their viscoelastic nature there are two components to the shear modulus measured
for polymers; G’, the storage modulus, and G’’, the loss modulus. G’ represents energy stored by
the material during deformation. Once the applied stress is removed this energy is used to restore
the material towards its original state and so describes elastic behaviour. G’’ represents

28

Chapter 1
deformation energy lost by the sample during deformation, for example as heat to the
surroundings or the sample due to friction forces acting between polymer chains as they slide past
each other. This non-reversible energy loss therefore represents the viscous component.
In order to measure the viscosity and shear modulus of polymers across a range of frequencies
comparable with those encountered during extrusion, Small Angle Oscillatory Shear (SAOS) tests
can be employed. In these experiments the top plate oscillates with a varying frequency to a given
amplitude rather than rotate, imparting a sinusoidal strain on the sample (Equation 1.16) where
𝛾𝐴 is the maximum strain amplitude, and 𝜔 the angular frequency of the oscillation at time, 𝑡.
𝛾(𝑡) = 𝛾𝐴 sin 𝜔𝑡

1.16

The sinusoidal strain results in a sinusoidal shear stress, which is shifted relative to the applied
strain by the phase shift angle, 𝛿 (Equation 1.17). This value is equal to 0 for a purely elastic
response, to 90 for a purely viscous response and is between these two values for viscoelastic
materials.
1.17

𝜏(𝑡) = 𝜏𝐴 sin(𝜔𝑡 + 𝛿)

Due to the sinusoidal oscillating shear, the shear modulus and viscosity measured by SAOS are
given as their complex forms:
𝐺∗ =

𝜏(𝑡)
𝜏(𝑡)
and 𝜂 ∗ =
𝛾(𝑡)
𝛾̇ (𝑡)

1.18

The typical shear flow diagram seen for homogeneous polymer melts with varying shear rate is
given in Figure 1-23, where three characteristic regions have been identified.

Figure 1-23. Typical flow diagram for thermoplastic polymers with increasing shear rate. 𝛾̇ is the shear rate
and η the viscosity.
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In Region I (the first Newtonian range) the viscosity has a plateau value which is equal to the zeroshear viscosity. In this region the shear rate is low enough that polymer chains which have been
disentangled are able to re-coil due to their viscoelastic response on the timescale of the
measurement to give no net change in viscosity. In Region II the material shows shear-thinning
behaviour as a function of 𝛾̇ . In this range the polymer coils are not able to return to their
entangled state and so as they align with the increasing shear are capable of moving relative to
each other and the overall viscosity decreases until Region III (the second Newtonian range) is
reached, which is equal to the infinite-shear viscosity. At this point the resistance to flow is at a
minimum and under these high shear conditions it is not possible to decrease the viscosity any
further.85
For a liquid-like melt, G’’ will be greater than G’ and viscous behaviour will dominate, whereas for
a gel or solid-like material G’ is greater than G’’ and elastic behaviour dominates (in this regime
useful values for η are not obtained as Newton’s law is not obeyed). The point where both values
are equal is known as the gel-point, with a crossover of curves seen when behaviour shifts from
viscous to elastic dominated due to increasing shear. Typically, G’ will increase with increasing
frequency as the decreasing time period of the measurement results in more elastic-like response
from the polymer chains, whilst G’’ decreases.
The viscosity and shear moduli of thermoplastic polymers can be modelled assuming that they
show thermo-rheologically simple behaviour. This means that the internal structure has no
temperature dependence and allows for prediction of behaviour under conditions that are
difficult to replicate using a rheometer (i.e. very high or low frequency deformation) by the
principle of time-temperature superposition (TTS). Block copolymers can be described as
thermo-rheologically simple on the condition that the measurement temperature is greater than
the order-disorder transition temperature (TODT). Under these conditions the microphase
separation between the hard and soft blocks in a block copolymer is lost and the polymer exists
as a homogeneous, liquid-like melt suitable for extrusion (i.e. the flow curve given in Figure 1-23
applies). Below the TODT block copolymers behave as filled polymers, and so a solid-like response
to applied shear is seen.86
Han and Kim demonstrated that a log-log plot of G’ and G’’ for a polystyrene-b-polyisoprene-bpolystyrene (SIS) block copolymer could be used to detect TODT.86 Oscillatory shear measurements
of G’ and G’’ as a function of angular frequency, ω, were made at 11 temperatures for SIS and for a
comparative low-density polyethylene (LDPE). For the LDPE, a plot of log G’ against log G’’ gave a
single curve where the results at each temperature overlapped, indicating that the melt properties
had no temperature dependence. They calculated that in the homogeneous state this plot should
have a gradient of 2 in the terminal (low frequency) region, giving another characteristic feature
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of the transition. Conversely, measurements on SIS resulted in a log G’ against log G’’ plot that
demonstrated a strong temperature dependence as individual curves were observed until
reaching the TODT, whereby they became independent of temperature, overlapped and adopted a
terminal gradient of 2, which indicated the loss of a microstructure. The temperature range they
obtained for the order-disorder transition was in good agreement with that found by SAXS, and
so offers an alternative method for identifying TODT.86
The rheology of LCPs is complex, and they show a number of behaviours that are not seen for
conventional polymers. For example, the flow diagram for liquid crystal polymers shows a
different trend to that seen in Figure 1-23 with two shear thinning regions and only one plateau
as proposed by Onagi and Asada (Figure 1-24).87 This diagram is not generic however, as the
Region II plateau has only been detected for some lyotropic LCPs and some thermotropic LCPs
demonstrate only Region I or Region III behaviour depending on their thermal history.88

Figure 1-24. Proposed flow diagram for liquid crystalline polymers. 𝛾̇ is the shear rate and η the viscosity.

In the low shear region (I), the viscosity sharply decreases with shear rate rather than observing
zero-shear viscosity. At low 𝛾̇ the individual nematic domains within the LCP will rotate, however,
as in each domain the local director will vary this leads to no net increase in the alignment and so
a maximum in the viscosity. As the level of shear increases, increasing numbers of domains will
align relative to each other (and the shear direction), resulting in less resistance to flow and so
shear-thinning behaviour. By Region II the number of domains has reduced as coalescence
increases with shear rate and the larger domains demonstrate more resistance to flow, although
this behaviour is rarely seen. At high shear in Region III the LCP chains strongly align with flow
and strong shear-thinning behaviour is seen until the polymer behaves as a monodomain.88
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Another feature of thermotropic LCPs that makes their rheology different from most polymers,
and which has led to interest in their use in industrial processes, is that their viscosity can increase
with increasing temperature. In the nematic mesophase, polymer chains are aligned relative to
each other which reduces their effective hydrodynamic volume and enables them to slide past
each other with little resistance, whereas in the isotropic state their orientations are more random
with increased entanglements and so increased resistance to flow. Therefore, on heating an
ordered nematic mesophase, ordered domains are increasingly converted to the disordered
isotropic state, leading to a biphasic structure where viscosity gradually increases.89–91 This makes
main-chain LCPs relatively easy to process at low temperatures (compared with conventional
high molecular weight polymers) when in the nematic state, but the strong dependence on
temperature makes them thermo-rheologically complex, meaning that concepts such as TTS are
not valid.
LCPs based on block copolymers contain a further level of complexity. The nematic state is
stabilised by the curvature of spherical or cylindrical morphologies, which can act to raise both
the Tiso and the TODT compared with LCPs adopting lamellar morphologies.76 This effect was also
demonstrated for a series of PS-b-PI block copolymers that were functionalised with varying
amount of a side-chain LC on the PI block, so as to investigate the effect of changing the molecular
weight, and so volume fraction, of this block on the order-disorder transition. By this method it
was shown that through reducing the liquid crystal loading it was possible to bring the TODT from
above 240 to 140 °C, with the interaction parameter between the side-chain and the PS block
strongly dependent on the amount of LC present.92

1.4.2. Solution Processing
Whilst melt processing is preferable as no solvent is required, polymer fibres are manufactured
on an industrial scale by a number of spinning methods. Solution spinning processes are attractive
as continuous fibre formation is possible, so long as there is a constant supply of the polymer
solution. A wet-spinning technique for forming LCE fibres was developed by Ohm et al. using a
microfluidic device consisting of a needle aligned within an outer tube (Figure 1-25). Silicon oil
was fed continuously through the outer tube, with a solution of monomers, crosslinker and
photoinitiator injected through the needle and aligned along the flow of the silicon oil, whilst
crosslinking was carried out with a UV light source to produce a main-chain smectic A elastomer.
It was shown that the thickness of the fibre could be controlled by the flow rate of the oil, with
faster flow rates resulting in thinner fibres.93
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Figure 1-25. Microfluidic setup developed by Ohm et al. for formation of a main-chain LCE fibre.
Reproduced with permission from reference 93 - John Wiley & Sons.

Fibres were measured to have a diameter of 30-33 μm and to have a smectic mesophase oriented
along the fibre length, although the orientation was not strong. A reversible contraction of around
15% was measured on heating the fibres above Tiso, but it was necessary to apply a small stress to
the fibre to recover the original length.94
Electrospinning has gained interest as a method of producing nano-scale fibres for applications
where a large surface area is desirable including sensors,95,96 composite reinforcement97,98 and
tissue engineering.99,100 One of the advantages of electrospinning is the relatively simple setup
required, which combined with the wide variety of materials compatible with the technique,
allows for continuous production of fibres with diameters from the micro- to the nanoscale. In a
typical laboratory setup, a polymer solution or melt is pumped through a needle from a syringe,
with the flow rate controlled by a syringe pump (Figure 1-26). The needle also acts as an electrode,
to which a high electric field of 100-500 kV m-1 is applied. The fibre collector acts as the counter
electrode and is typically located 10-25 cm from the needle tip. Fibres are collected on a
conductive surface, at the most simple a piece of aluminium foil, but differing geometries can be
chosen in order to promote alignment of fibres.101
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Figure 1-26. Basic schematic of electrospinning setup and Taylor cone. Reproduced with permission from
reference 102 - Elsevier.

A drop of the polymer forms at the tip of the needle and with applied voltages between 1-30 kV
becomes highly electrified, with charges evenly distributed over the surface.103 The droplet is
deformed by the applied voltage to form a Taylor cone104 and as the voltage is increased and a
critical charge density is reached, the cone becomes unstable as the electrostatic forces overcome
the surface tension of the solution and emits a jet of the solution which extends towards the
counter electrode.103 This jet thins as the voltage is increased and instabilities are formed which
induce whipping of the fibre. The solvent evaporates and a solid polymer fibre is formed, which is
collected at the counter electrode.102
Using a flat collector, fibres will be collected as disorganised non-woven mats. Alignment of fibres
can be induced by using an alternative collector. It was shown by Li et al. in 2003 that two parallel
electrodes will modify the local electric field such that fibres stretch across the gap between the
two electrodes, resulting in a well-aligned mat that can be removed and used for further
characterisation (Figure 1-27). For the polymer solution in their work the gap size could be
modified from hundreds of microns to centimetres, with the fibres deposited on the electrodes
themselves shown to be highly disordered in contrast to those stretched across the gap.105
Alignment can also be introduced by the use of a rotating collector. Varying geometries have been
shown to work, including drums and thinner wheels,106 with the thinner width of a wheel resulting
in highly aligned fibre arrays.107–109
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Figure 1-27. Aligned fibres collected between parallel electrodes. Disordered fibres apparent on Si
electrodes. Reproduced with permission from reference 105 - American Chemical Society.

The morphology, diameter and alignment of the fibres can be controlled by varying several
experimental parameters either for the polymer, the solution or the experimental setup. These
include the molecular weight, polydispersity, Tg and solubility of the polymer, the viscosity,
viscoelasticity, concentration, surface tension and electrical conductivity of the polymer solution
and the vapour pressure of the solvent and humidity. In general, increasing viscosity favours the
formation of smooth fibres as a certain level of viscoelasticity is required to overcome instabilities
that favour droplet formation. It is necessary to balance the competing effects of the repulsion
between electrostatic forces on the Taylor cone (which favour extension of the jet to form a fibre)
and the surface tension of the solvent (which favours the formation of droplets).103 In terms of the
electrospinning setup, the fibre diameter can be controlled by the electric field and the feed rate.
Fibres become thicker with increasing concentration and feed rate and thinner with increasing
electrical conductivity of the solution.101
A common defect in electro-spun fibres are droplets which are undesirable as they act as weak
points in the fibre structure. The formation of a smooth fibre can be promoted by increasing the
surface charge density, the polymer concentration or molecular weight, the solution conductivity
or viscosity and the feed rate.103 The driving force behind all these factors is the minimisation of
surface area by surface tension which favours the formation of droplets over a continuous fibre.
This must be overcome by the effect of electrostatic repulsions on the droplet surface, which
favour increased surface area in order to separate charges.
More complex structures can be obtained by modification of the needle. Coaxial electrospinning
is possible by incorporating a second nozzle within the first.110 This results in core-sheath fibres
where the core can consist of a small molecule or low molecular weight polymer that would not
ordinarily spin, and the sheath a polymer that will easily form fibres which increases the materials
that can be used with electrospinning to include biomolecules111 and liquid crystals.112 This
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method can also use a sacrificial core to obtain hollow fibres. Li et al. developed a setup that used
two immiscible liquids in a coaxial spinneret, in this case a mineral oil and an ethanol solution
containing poly(vinylpyrrolidone) (PVP) and Ti(OiPr)4. The mineral oil could then be removed by
a selective solvent to produce hollow composite fibres, or the as-spun fibres could be converted
to hollow, ceramic nanofibers by calcination which removed both the mineral oil and PVP.113

1.4.3. Electrospinning of Liquid Crystal Polymers
During electrospinning of LCPs, it is expected that the elongational deformation of the jet by the
applied electric field will act to align the LC component along the fibre length. Two approaches to
the electrospinning of LCEs have been reported – forming a core-sheath fibre where the LC is
confined within a channel of a sheath polymer, or by direct electrospinning of the LCP solution
before crosslinking. In the approach developed by Lagerwall et al, the coaxial electrospinning
method described above was utilised to produce a fibre consisting of a hollow PVP sheath, with
the core filled by a commercial nematic liquid crystal. The director was shown to align along the
length of the fibre.112 Later work extended this method to a dual-core fibre, where two different
liquid crystals with different clearing temperatures (Tiso) were used to fill the channels resulting
in a multifunctional fibre.114 For the formation of coaxial LCEs, rather than a coaxial spinneret, a
mixed solution of the PVP or PLA sheath material and the low molecular weight mesogen and
photoinitiator were spun, with in situ phase separation during evaporation of the solvent shown
to result in a core-sheath fibre. Fibres produced in this way were measured to have a diameter of
between 2.6-3.2 μm. The LCE was shown to be birefringent, however, the LCE core was not
continuous.115 These fibres were responsive, with a contraction observed on heating above the
clearing temperature, but the shape-change was not reversible, potentially due to the high
stiffness of the sheath polymer.
For this reason, the second approach of directly spinning the LCE results in fibres better suited for
actuation. Few examples exist in the literature, with all utilising photocrosslinkable polymer
solutions rather than thermoplastic LCEs. In work reported by Krause et al. in 2007 a main-chain
LCP with a Mn of 44,000 g mol-1 was synthesised by a phase transfer polycondensation reaction.
The photocrosslinkable polymer was then dissolved in chloroform, and fibres spun onto glass or
silicon substrates, with a UV lamp used to initiate crosslinking of the LCP to produce the LCE. It
was shown that by varying the solution concentration it was possible to modify the morphology
of the fibres. At 5.0 wt% fibres were obtained that contained several droplets along their length,
however, a 7.2 wt% solution of polymer resulted in good quality fibres with no droplets and an
average diameter of 1.5 μm (Figure 1-28). By POM it was demonstrated that a uniform director
alignment was achieved along the length of the fibre.116
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Figure 1-28. Fibres obtained by electrospinning of a photocrosslinkable main-chain LCP with (a) 5.0 wt %
and (b) 7.2 wt % solutions. Reproduced with permission from reference 116 - John Wiley & Sons.

A second main-chain polymer based on a polyester backbone with a Mn of 29,000 g mol-1 and
which formed a smectic mesophase was used in an electrospinning setup, although no
crosslinking step was carried out. From this work it was demonstrated that the diameter of the
fibre had a strong influence on the level of LC orientation achieved, with thinner diameters giving
stronger alignment.117
A side-chain LCP fibre consisting of cholesterol units attached end-on to a polysiloxane backbone
was used with electrospinning as reported by Wu et al. in 2008. The pure SC-LCP solution resulted
in fibres with droplets, as seen by Krause et al., and it was not possible to obtain smooth fibres by
simply varying the polymer solution concentration. This was attributed to the relative stiffness of
the polymer, and so three approaches were taken to improve the ‘spinnability’ of the polymer
solution. It was shown previously that important factors in electrospinning are the viscosity of the
solution, the charge density and the surface tension. The first modification made was therefore to
introduce a LC small molecule, which acted to decrease the viscosity of the solution. This improved
the spinnability of the solution, but only decreased the number of droplets rather than remove
them entirely. The next approach was to increase the charge density of the solution by including
triethylamine, which, due to the presence of trace water, was protonated to form Et3NH+. This was
shown by POM to improve the birefringence of the resulting fibres; however, large numbers of
beads were still present. Finally, a polyethylene oxide (PEO) additive was added. PEO is often used
to improve the spinnability of a solution for electrospinning by increasing the viscosity, and
resulted in smooth, droplet-free fibres with an average diameter between 0.5-2.0 μm (Figure
1-29).118 This work therefore demonstrates strategies for improving the spinnability of LCPs by
modification of the properties of the polymer solution.
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Figure 1-29. Optimisation of SC-LCP fibres. (a) Pure LCP, (b) With addition of 5% small molecule LC, (c)
With addition of 0.05 mL of Et3N and (d) Using LCP:PEO blend of 20:1. Reproduced with permission from
reference 118 - Springer Nature.

1.5. Summary
LCEs are polymeric materials capable of rapid, reversible shape change which has resulted in
interest for their potential use as soft actuators. For responsive behaviour to be observed it is
necessary to first induce a liquid crystal monodomain, which is then generally fixed in place with
chemical crosslinking. These factors have limited LCEs to date to thin films with a thickness of
tens of micrometres, which in turn limits their potential applications. Research has therefore
focussed on new synthetic methods such as introducing exchangeable crosslinking which will
allow for mouldable materials still capable of significant deformations. Thermoplastic LCEs have
also been proposed as a solution to this problem, which would allow for processing using
techniques such as extrusion or from solution without the need for an additional crosslinking step.
To date few examples of thermoplastic LCEs exist in the literature, with only one example of an
extruded LCE fibre reported and no investigation of their melt properties. Techniques such as
solution fibre spinning have been used to produce uncrosslinked fibres, but again this is an area
that has not yet been explored. For LCEs to find real applications in the future it is important that
the scale of their synthesis be improved and methods to induce alignment simplified, therefore
further work on thermoplastic LCEs and their properties would be beneficial in order to
determine their potential for use as actuators.
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1.6. Thesis Summary
The aim of the work presented in this thesis was therefore to develop a synthetic route to
thermoplastic LCEs which had a yield amenable to the multigram scale-synthesis of polymer, and
to determine the suitability for processing using thermoplastic methods by further probing the
properties of these materials. The results chapters are structured as follows:

Chapter 2 – Identification of a high yielding synthetic route to a UV-responsive thermoplastic LCE,
and investigation into the effect of the linking group length and bond type on the thermal
transition temperatures related to room temperature actuation.
Work reported in this chapter has been submitted for publication in Polymer Chemistry.

Chapter 3 – Characterisation of the microphase segregated structure of the thermoplastic
elastomer triblock copolymers reported in Chapter 2, both at room temperature and in response
to heating through the Tiso.
Analysis of the SAXS data was carried out in collaboration with Professor Robert Richardson. TEM
images were taken by Dr Jean-Charles Eloi.

Chapter 4 – Investigation of melt properties by rotational rheometry in order to determine the
suitability of the LCEs reported in Chapter 2 for melt processing. These are the first rheological
measurements on a side-chain thermoplastic LCE.

Chapter 5 – Determination of the suitability of the thermoplastic LCEs for solution processing by
first drawing fibres from a viscous solution, and then attempting to produce fibres by
electrospinning. These are the first examples of electrospun side-chain LCEs.
Electrospinning was carried out in collaboration with Martin Pretscher. The analysis of SAXS data
was carried out in collaboration with Professor Robert Richardson.

Chapter 6 – Conclusions and future work.
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Chapter 2: Synthesis and Thermal Analysis of Thermoplastic
Side-Chain Liquid Crystal Elastomers
2.1. Introduction
Liquid crystal elastomers (LCEs) are polymeric materials capable of programmed shape change
in response to a variety of external stimuli, including temperature and light, which has made them
of great interest for use as soft actuators.1–3 In order for actuation to occur it is necessary to first
align the LC component to form a monodomain using techniques including surface alignment, 4,5
mechanical deformation,6 and optical patterning.7 Actuation then occurs by switching between an
ordered mesophase and the disordered isotropic state, with contraction occurring along the
direction of alignment and expansion perpendicular to it. Elastomeric behaviour is achieved by
lightly crosslinking the aligned polymer to fix in the LC mesophase, typically by the use of a UVactivated process, to form a thermoset polymer.3 This leads to materials that are capable of
significant and complex deformations but which, due to the nature of the alignment and
crosslinking steps, are typically limited to very thin films that cannot be processed further.
One of the major barriers to the bulk processing of LCEs is the covalent crosslinking required for
elastomeric behaviour. For this reason, thermoplastic LCEs may have potential as they could, in
theory, be utilised in more polymer processing techniques than conventional LCEs, including
those such as melt extrusion where incorporating a crosslinking step would be unpractical due to
the rate of fibre drawing. Thermoplastic elastomers commonly consist of ABA triblock
copolymers, where microphase separation between the hard A and soft B blocks acts to form
physical, rather than chemical, crosslinks.8,9 Petr et al. reported a thermoplastic LCE that was
capable of reversible room temperature actuation due to the presence of an azobenzenecontaining mesogen.10 The backbone of this polymer consisted of a polystyrene-bpoly(methylvinylsiloxane)-b-polystyrene (PS-b-PMVS-b-PS) triblock copolymer, with the rod-like
mesogen attached in a side-on manner to the PMVS block (Figure 2-1a).

47

Chapter 2

Figure 2-1. Structures of UV-responsive LC-functionalised thermoplastics.10,11

Polysiloxanes are regularly used for liquid crystalline polymer synthesis due to the low glass
transition temperature (Tg),12 which allows for high chain mobility even at room temperature. The
physical crosslinks responsible for elastomeric behaviour can then be formed by a high Tg
polymer, such as PS in this instance. The mesogen, first described by Li et al.,13 is photoresponsive,
as on irradiation with UV light with a wavelength of 365 nm the azobenzene group isomerises
from the linear trans-conformation to the bent cis-conformation. This acts to disrupt the liquid
crystal mesophase and yields a disordered isotropic state. Thus, actuation can be achieved at room
temperature without the need for heating to the measured Tiso of 95 °C,13 which avoids creep
occurring at temperatures approaching the Tg of the glassy domain.
The thermoplastic LCE given in Figure 2-1a was shown to rapidly and reversibly contract with a
strain of 3.3% against an applied tensile stress of 25.7 kPa at room temperature, 10 however the
hydrosilylation method used for functionalising the mesogen with a linking group outlined in
Figure 2-2 was low yielding (30%).14 This currently serves as a barrier to larger scale processing
of thermoplastic LCEs using higher throughput methods than those available to crosslinked LCEs,
and therefore a higher yielding method of functionalising the backbone would be beneficial.
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Figure 2-2. Method of attaching modified mesogen M1 to PMVS block of a PS-b-PMVS-b-PS thermoplastic
elastomer.10 PDMS block omitted for clarity. DEAD = diethyl azodicarboxylate, TPP = triphenylphosphine.

Thiol-ene click chemistry describes a series of reactions where a thiol is added across a vinyl
group that are characteristically high yielding.15 This method has been successfully used to
functionalise a commercially available poly(3-mercaptopropylmethylsiloxane) (PMMS) backbone
with the photoresponsive mesogen designed by Li et al. to give complete attachment of the thiol
groups on PMMS to the mesogen (Figure 2-1b).11 The triblock copolymer reported by Petr et al.
contains vinyl functionality on the PMVS block which is suitable for functionalisation by thiol-ene
click chemistry, and advantageously can be synthesised by living anionic polymerisation
techniques. This allows for fine control over the degree of polymerisation in each block, the
relative molecular weights of the blocks, and consequently the phase behaviour and mechanical
properties of the material. This, combined with an alternative to hydrosilylation tolerant of a
variety of linking or mesogenic groups for mesogen attachment, would allow for the synthesis of
a thermoplastic LCE whilst retaining control over its properties, and so the ability to optimise
performance both as a photoactuator and for ease of processing.
The aim of this work was to develop a new synthetic route for attaching the UV-responsive
mesogen M1 to the PS-b-PMVS-b-PS triblock copolymer described above that would result in
improved yields and allow for control over the properties of the final polymer. This was attempted
by using a combination of thiol-ene click reactions and mild coupling reactions which tolerate
both the polysiloxane backbone and the mesogen functionality. An amine-functionalised
equivalent of the mesogen described by Li et al. was also synthesised and the number of alkyl units

49

Chapter 2
in the linking group between the mesogen and polymer backbone varied to obtain a range of
copolymers. In order to understand how the structure affects the thermal transitions, Differential
Scanning Calorimetry (DSC) was used to identify the most promising combination of linking group
and mesogen for use as a room temperature photoactuator.

2.2. Results and Discussion
2.2.1. Mesogen Synthesis
2.2.1.1. M1, M1-Allyl, M1-Thiol Synthesis
The synthesis of mesogen M1 was carried out according to a literature method (Section A.1.).13
This molecule, first reported by Li et al., has been used extensively in the synthesis of photoresponsive liquid crystal polymers due to the light-induced cis-trans isomerisation of the
azobenzene group and the straightforward method of synthesis.10,11,14 In all cases the mesogen
was attached to the polymer backbone through the hydroxyl group on the central ring to give a
side-on arrangement of the mesogen relative to the polymer. This was previously achieved by
conversion of M1 to M1-Allyl using allyl alcohol and either diethyl azodicarboxylate (DEAD)14 or
diisopropyl azodicarboxylate (DIAD)11 as shown in Figure 2-2. This new functionality was then
reacted with difunctional 1,1,3,3-tetramethyldisiloxane via a low yielding hydrosilylation reaction
before coupling to the triblock copolymer backbone.14 In this work M1-Allyl was prepared by a
different route, employing a nucleophilic substitution at allyl bromide, using K2CO3 in acetone
(Figure 2-3). The reaction proceeded with a yield of 68%, which is comparable to that using allyl
alcohol (74% with DEAD, 69% with DIAD). The spectrum obtained by 1H NMR spectroscopy
(Figure A-4) had peak locations and integrals which matched those given in the literature,14
confirming the successful synthesis of M1-Allyl.

Figure 2-3. Reaction scheme for allylation reaction used to convert M1 to M1-Allyl.
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For attachment of M1-Allyl to the triblock copolymer backbone a higher yielding method than
hydrosilylation was desired. The thermally activated initiator 2,2′-azobis(2-methylpropionitrile)
(AIBN) was successfully used in the functionalisation of poly(3-mercaptopropylmethylsiloxane)
(PMMS) with M1-Allyl by a thiol-ene click reaction,11 and so was incorporated into a method
whereby 1,4-butanedithiol was chosen as a difunctional linking group in an analogous role to
1,1,3,3-tetramethyldisiloxane in Figure 2-2. The thiol was added first to the mesogen rather than
the triblock copolymer backbone so as to avoid intra- or inter-chain coupling which would be
likely due to the large numbers of vinyl groups present in the PMVS block.

Figure 2-4. Reaction scheme for attachment of 1,4-butanedithiol to M1-Allyl. AIBN = 2,2′-azobis(2methylpropionitrile).

After heating M1-Allyl with 1,4-butanedithiol and AIBN in toluene at 70 °C for 5 hours the solvent
was removed, resulting in a dark red, highly viscous residue. In order to obtain a sample for
characterisation the residue was first purified by chromatography (silica gel, eluting with 4:6 ratio
of ethyl acetate:hexane), before attempting recrystallisation from CH2Cl2 and cyclohexane. This
afforded a highly viscous liquid which was analysed by 1H NMR spectroscopy (Figure A-5). Peaks
characteristic of the allyl group on M1-Allyl between 5.31-6.18 ppm were not observed, whilst
new peaks were present between 2.42-3.55 ppm, and a relatively broad peak at 3.4 ppm. No peaks
were seen between 7.05-7.87 ppm, which were present for both M1 and M1-Allyl. The broad peak
was found at a chemical shift characteristic for an aniline, whilst the missing aromatic peaks
correspond to the protons introduced on conversion of the intermediate I-M1 to M1. From this
information, it would therefore appear that despite the introduction of new alkyl groups, which
suggests successful attachment of the dithiol, the target product M1-Thiol was not obtained due
to cleavage of the azo-bond. Electrospray ionisation mass spectrometry (ESI-MS) was carried out
on the product, where no peak was observed at the expected molecular weight of 624.9 g mol-1
(Figure A-6). However, a peak was present at 462.2 g mol-1 which corresponds to M1-Thiol after
the loss of 4-butoxyaniline by cleavage of the azo bond. It can therefore be concluded that these
reaction conditions are not appropriate, due to the apparent decomposition of the mesogen.
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2.2.1.2. M2 Synthesis
To increase the scope of the coupling chemistry with the copolymer and potentially modulate the
thermal properties of the resulting material, an amine functionalised equivalent of M1 was also
synthesised, namely M2, which had not been previously prepared. No further functionalisation of
M2 was carried out, for example to attach a linking group, due to the decomposition of M1 during
the thiol-ene click reaction described in Section 2.2.1.1. As for the synthesis of M1, a diazonium
salt was first generated from 4-butoxyaniline, however, in the next step protected amine
functionality was introduced at position 3 (where the hydroxyl group was found for the literature
example).13 This was achieved through the reaction of the diazonium salt with 3-aminophenol,
which was first protected using a tert-butyloxycarbonyl (Boc) group, to give the intermediate, IM2, with a yield of 87% as outlined in Figure 2-5.

Figure 2-5. Reaction scheme for Boc-protection and reaction of 3-aminophenol with the diazonium salt to
give I-M2-Boc. PEG = poly(ethylene glycol) average mol. wt. 200 g mol-1.

The protection of 3-aminophenol was established by 1H NMR spectroscopy (Figure A-7), with the
amide proton resulting in a peak at 8.27 ppm that integrated 1:1 with the peak at 8.27 ppm
corresponding to the phenol group. This protection was necessary to ensure that the diazonium
salt reacted at position 4 on the 3-aminophenol as both primary amines and phenols are strong
electron donating groups, which direct electrophilic attack at the para position. By decreasing the
electron donating ability of the amine group by converting it to an amide, the diazonium salt
should therefore be directed to the correct position on the ring by the phenol. This was confirmed
by 1H NMR spectroscopy (Figure A-8), with four distinct aromatic proton environments observed
for I-M2-Boc. The peak at 7.88 ppm represented the one proton ortho to both the amide and
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phenol, the overlapping multiplets at 7.71-7.82 ppm corresponded to the three protons on
positions either side of the azo-bond, whilst those at 6.95-7.02 corresponded to the two protons
at the remaining positions on the di-substituted ring. Finally, the peak at 6.57 ppm represented
the proton located para to the amide.
In the second step of the synthesis an ester bond was formed between I-M2-Boc and 4butoxybenzoic

acid,

mediated

by

N,N’-dicyclohexylcarbodiimide

(DCC)

with

4-

pyrrolidinopyridine as a catalyst, to give M2-Boc with a yield of 72%. Deprotection of the amine
group was then achieved by stirring a solution of M2-Boc in CH2Cl2 and trifluoroacetic acid for 1
hour at room temperature (Figure 2-6).

Figure 2-6. Reaction scheme for conversion of I-M2-Boc to M2. DCC = N,N’-dicyclohexylcarbo-diimide,
TFA= trifluoroacetic acid.

The formation of M2-Boc was confirmed by 1H NMR spectroscopy (Figure A-11) by the loss of the
peak at 6.32 ppm and the persistence of the peak at 9.39 ppm seen in the spectrum for I-M2-Boc,
corresponding to the phenol and amide protons, respectively. On deprotection to give M2 the peak
at 6.32 ppm shifted to 5.88 ppm and integrated to two protons relative to the alkyl protons (Figure
A-14), confirming successful regeneration of the amine functionality.
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2.2.2. Polymer Backbone Synthesis
2.2.2.1. PS-b-PMVS-b-PS Triblock Copolymer Synthesis
The PS-b-PMVS-b-PS triblock copolymer backbone was synthesised by the sequential living
anionic polymerisation of styrene, hexamethylcyclotrisiloxane (D3) and 1,3,5-trivinyl-1,3,5trimethylcyclotrisiloxane (V3) as outlined in Figure 2-7. The first step of the reaction was the
initiation of styrene with sec-BuLi at -50 °C. Following complete consumption of the monomer, a
small amount of D3 was added, which reduces the nucleophilicity of the propagation site to avoid
side reactions with the vinyl groups of the V3 monomer. The final triblock copolymer was formed
by coupling two chains of PS-b-PMVS using a precise amount of dichloromethylvinylsilane to
ensure that the chains couple together rather than form end-functionalised diblock copolymers.

Figure 2-7. Reaction scheme for synthesis of the PS-b-PMVS-b-PS triblock copolymer.
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Aliquots were taken at each stage of the synthesis to determine the molecular weight and
polydispersity index (PDI) of the developing block copolymer, and these data are included in Table
2-1. The molecular weight for the PS block in the first step was determined in absolute terms using
multi-detection GPC. This technique afforded a number-average molecular weight (Mn) of 13,800
g mol-1 for the PS block, which corresponds to a number-average degree of polymerisation (DPn)
of 133. A relatively high PDI of 2.25 was determined, which is significantly higher than that
previously reported for this synthetic route (1.15).10 This is most likely an effect of the scale of the
reaction leading to insufficient cooling of the solvent during the polymerisation of styrene. By
comparison of the Mn determined experimentally with that expected from the stoichiometry of
the reaction (Table 2-1), it can be seen that the synthetic method resulted in values close to those
targeted (within 10%).

Table 2-1. Mn and PDI of aliquots from the PS-b-PMVS-b-PS synthesis
Polymer

a Predicted

Mn (g mol-1) a

PDI

Mn (g mol-1)

PS

2.25

12,800

13,800b

PS-b-PDMS

2.36

13,000

14,100c

PS-b-PDMS-b-PMVS

1.75

26,700

27,000c

PS-b-PMVS-b-PS

1.90

53,500

50,000c

from stoichiometry, b Obtained by GPC, c Obtained by 1H NMR spectroscopy.

Whilst GPC can be used to determine the absolute molecular weight of homopolymers,
assumptions about polymer chain coiling and so hydrodynamic radius are not valid for block
copolymers. Therefore, in order to determine the size of the subsequent blocks, 1H NMR
spectroscopy (Figure A-17 to A-20) was used to calculate the ratio of characteristic groups
associated with each block relative to those for PS, and this information in conjunction with the
GPC data for PS allowed for calculation of overall molecular weight.
For the PS-b-PDMS aliquot the relative ratio of the peaks for the five aromatic styrene protons at
6.45-7.07 ppm was integrated with respect to the two methyl groups of PDMS at 0.13 ppm to give
a ratio of 98:2, corresponding to a PDMS block of three SiMe2O units. The addition of the PDMS
block therefore adds approximately 300 g mol-1 to the molecular weight of the polymer, and
makes little contribution to the mass of the final material. The low intensity arising from the
methyl peaks of the PDMS block makes their unambiguous identification problematic once the
PMVS block has been added, and consequently a DPn of 3 is propagated through the subsequent
calculations. After addition of the PMVS block and coupling to form the triblock copolymer the
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ratio of the five aromatic PS protons was again calculated, this time against the peaks for the three
PMVS vinyl protons from 5.75-6.03 ppm. This gave a ratio of PS:PMVS of 52:48, corresponding to
a DPn of 255 for the PMVS block. A formula of PS133-b-PDMS3-b-PMVS253-b-PDMS3-b-PS133 was
therefore calculated, where subscripts indicate the DPn of each block, and a Mn of 50,000 g mol-1.
The relatively small amount of PDMS block and its compatibility with the PMVS block means that
it is likely to have little effect on the copolymer, and henceforth we will omit the PDMS component
from the formula, referring to this product as PS-b-PMVS-b-PS.
The PDI for the final triblock copolymer was 1.90, which had decreased compared with the
original PS homopolymer. This reduction suggests that no significant back-biting of the
propagating PMVS chains or oxidative coupling of the living PS chains occurred during the
polymerisation, which would be expected to result in a broader molecular weight distribution.
This is consistent with the GPC data (Figure 2-8) whereby each aliquot gave a monomodal peak
which was generally symmetric about the maximum. The peaks also shift to lower retention
volumes as each block is added, in keeping with increasing the molecular weight, with the
difference between PS-b-PDMS-b-PMVS and PS-b-PMVS-b-PS indicating successful coupling of
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Figure 2-8. GPC data for PS-b-PMVS-b-PS triblock copolymer aliquots.

2.2.2.2. PMVS Homopolymer
To isolate the properties of the liquid crystalline PMVS block from the influence of the styrene end
blocks, a PMVS homopolymer was prepared by living anionic polymerisation. D3 was first initiated
with n-BuLi at room temperature to give a less nucleophilic propagating site and stirred for 3
hours to ensure complete consumption of the monomer before the addition of V3, after which the
reaction was again allowed to stir for 3 hours. The polymerisation was terminated with
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chloro(dimethyl)vinylsilane (Figure 2-9) and the product PMVS isolated by precipitation from
THF into methanol.

Figure 2-9. Reaction scheme for the synthesis of the PMVS homopolymer.

The polymerisation resulted in a highly viscous product with a Mn of 18,500 g mol-1 and PDI of
1.37 as measured by multi-detection GPC. This corresponds to a DPn of 217, comparable to that of
the midblock in PS-b-PMVS-b-PS (DPn = 253), and thus suitable for a comparison of polymer
behaviour with and without the glassy PS segments. Again, the narrow, monomodal peak in the
chromatogram indicated that any backbiting of the propagating PMVS chain was minimal and is
consistent with the formation of a linear homopolymer (Figure 2-10).
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Figure 2-10. GPC data for PMVS homopolymer.
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2.2.2.3. Repeated PS-b-PMVS-b-PS Triblock Copolymer Synthesis
For experiments using AIBN (to be discussed in Section 2.2.3.2), a repeat synthesis of the triblock
copolymer was carried out using the conditions and methods discussed in Section 2.2.2.1. This
resulted in a polymer with a formula of PS121-b-PDMS3-b-PMVS253-b-PDMS3-b-PS121 and Mn of
47,300 g mol-1. This difference is not expected to result in significantly different properties,
however, this polymer will be referred to as PS-b-PMVS-b-PS*.

2.2.3. Linking Group Attachment
The target material of this synthesis is a side-on LCE, where the rod-like mesogen is attached
through a linking group to the deformable PMVS midblock of the triblock copolymer backbone. In
literature examples of the attachment of M1-Allyl to a PMVS block, hydrosilylation was used to
attach 1,1,3,3-tetramethyldisiloxane first to the mesogen, with a yield of 30%, before repeating
the reaction with the PMVS block (Figure 2-2).14 For materials applications, however, multigram
quantities are required, and these are most efficiently achieved by high yielding reactions.
Therefore, an alternative method of attachment with a greater yield was desired. It was shown in
Section 2.2.1.1. that attachment of the linking group to the mesogen by a thiol-ene click reaction
was not a viable strategy, and so synthetic routes that allowed for modification of the vinyl group
on the PMVS block were developed.
In this work, attachment of the linking group was achieved post-polymerisation via thiol-ene click
reactions using either a UV or thermally activated initiator (Figure 2-11), a method that is
commonly used to add functionality to vinyl groups in high yields and is effective for modifying
polymers.15–18

Figure 2-11. General scheme for thiol-ene click reactions.

Thiol-ene click reactions have previously been used to functionalise a PMMS backbone with a
vinyl-terminated mesogen.11 This method has also been used by our group to add a carboxylic acid
group to the PMVS blocks of copolymers,19 which as a consequence of the limited range of
commercially available thiols were further functionalised by reaction with various amines.20 This
method of attaching a carboxylic acid-terminated linking group to the PMVS block via a thiol-ene
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click reaction would therefore be suitable for coupling the mesogen with the triblock copolymer
backbone, and would be appropriate here as it is expected to proceed with high yields.
Two attachment strategies were investigated to attach the photoresponsive mesogen to the PS-bPMVS-b-PS block copolymer backbone as outlined in Figure 2-12. In both cases a thiol-ene click
reaction (initiated by either irradiation with UV light or by heating) was used to add a carboxylic
acid-terminated thiol to the PMVS block. Attachment of the mesogen was then attempted by either
converting the carboxylic acid to a more labile ester group before reacting with M2, or by directly
coupling either M1 or M2 to the carboxylic acid functionality by a carbodiimide-mediated
esterification/amidation reaction.

Figure 2-12. Summary of attachment methods. A carboxylic acid-terminated linking group was first
attached to the PMVS midblock by a thiol-ene click reaction, before attachment of the mesogen by either
displacement of a labile N-hydroxysuccinimide (NHS) ester group or by a carbodiimide mediated
esterification reaction. Structure of triblock copolymer backbone simplified for clarity. PS = polystyrene.
DCC = N,N’-dicyclohexylcarbodiimide, DMAP = 4-dimethylaminopyridine.
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2.2.3.1. Photoinitiated Thiol-Ene Click Reaction
The photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA) was used to attach the
carboxylic acid-terminated linking group to the vinyl groups of the PMVS block for both the
triblock copolymer and the homopolymer. In both cases, the polymer was dissolved in dry THF
before addition of the DMPA and 10 equivalents of the thiol and irradiation with UV light for 2.5
hours at room temperature. This approach allowed for variation in the number of carbons in the
linking group alkyl chain by using either 3-mercaptopropionic acid or 5-mercaptopentanoic acid,
a feature that was expected to be useful for tuning the properties of the final LCE as the linking
group acts to decouple the motion of the backbone from that of the mesogen, and has been shown
to play a vital role in the formation of a LC mesophase.21

Attachment of Linking Group to PS-b-PMVS-b-PS
The attachment of the carboxylic acid to the triblock copolymer polymer backbone was carried
out using both 3-mercaptopropionic acid to obtain P-3 and 5-mercaptopentanoic acid to obtain
P-5, as outlined in Figure 2-13. Both products were isolated in high yields (86 and 95%
respectively), with the level of linking group attachment calculated from the 1H NMR spectroscopy
data (Figure A-24 and Figure A-28). For both P-3 and P-5 the disappearance of the vinyl peaks at
5.75-6.02 ppm in the 1H NMR spectrum indicated full conversion of the PMVS vinyl groups to the
carboxylic acid-terminated side-chains. This was confirmed by comparing the integration of peaks
for the alkyl-groups in the linking group (2.62-2.84 ppm) with the methyl resonance for the PMVS
group (0.28 ppm), which integrated in a 1:1 ratio and so confirm the presence of one carboxylic
acid-terminated linking group per silicon in the PMVS block. With this information, and using the
PMVS DPn of 253 calculated earlier, the molecular weight for each polymer can be calculated, and
these are given in Table 2-2, along with values for the PDI obtained by GPC.

Figure 2-13. Reaction scheme for addition of a carboxylic acid-terminated linking group to the PMVS block
of the triblock copolymer. PS = polystyrene. DMPA = 2,2-dimethoxy-2-phenylacetophenone.
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Table 2-2. Mn and PDI for P-3 and P-5.
Polymer

PDI

Mn (g mol-1)

PS-b-PMVS-b-PS

1.90

50,000

P-3

1.75

77,000

P-5

1.79

84,000

As expected, the addition of the thiol across the vinyl group does not significantly affect the PDI
compared with the PS-b-PMVS-b-PS triblock copolymer and is high yielding for both alkyl chain
lengths. This route therefore offers a simple method for attaching variable length side-chains to
the PMVS block, which can then be coupled to the mesogen in order to impart responsive
behaviour.

Attachment of Linking Group to PMVS Homopolymer
The photoinitiated thiol-ene click reaction was repeated for the PMVS homopolymer, as shown in
Figure 2-14, with 10 equivalents of 3-mercaptopropionic acid. As for the triblock copolymer, the
percentage of attachment of the linking group was calculated from 1H NMR spectroscopic data
(Figure A-31). For the product, PMVS-3, no vinyl peaks were observed at 5.76-6.04 ppm, and the
alkyl peaks at 2.59-2.81 and 0.97-1.02 ppm integrated in a 1:1 ratio with the methyl resonance
from PMVS at 0.25 ppm, confirming one linking group was attached per silicon. This resulted in a
polymer with a Mn of 44,200 g mol-1. It was not possible to characterise the product by GPC due to
strong interactions between the carboxylic acid groups and the column material, but dynamic
light scattering experiments on a solution of the polymer in THF resulted in a single peak
indicating that a monomodal product was obtained (Figure A-33).

Figure 2-14. Reaction scheme for addition of the linking group to PMVS by the photoinitiated thiol-ene
click reaction. DMPA = 2,2-dimethoxy-2-phenylacetophenone.

61

Chapter 2

2.2.3.2. Thermally Initiated Thiol-Ene Click Reaction
The photoinitiated thiol-ene reaction has been shown to be rapid and highly efficient,22 but it may
be beneficial in this case to carry out the reaction at a slower rate to minimise any side reactions
between vinyl groups on the PMVS blocks which could lead to undesired crosslinking. Thiol-ene
reactions using 2,2′-azobis(2-methylpropionitrile) (AIBN) as the initiator have been shown, for
some reactions, to give a lower conversion of vinyl groups, and proceed at a slower rate than those
initiated with DMPA.22 For this reason, the addition of the linking group 3-merpcaptopropionic
acid to PS-b-PMVS-b-PS* was carried out using AIBN as the initiator to obtain P*-3(AIBN), to
determine whether or not any difference in the product was evident when compared with P-3.
PS-b-PMVS-b-PS* and 5 equivalents of 3-mercaptopropionic acid were dissolved in toluene,
before freshly recrystallised AIBN was added and the solution heated at 70 °C for 5 hours. After
precipitation of the product the level of functionalisation of the PMVS block was calculated from
1H

NMR spectroscopic data (Figure A-34). The ratio of peaks and their chemical shifts seen for P*-

3(AIBN) were in good agreement with that observed for P-3, suggesting no obvious structural
difference between the two products. The alkyl groups integrated in a 1:1 ratio with the PMVS
alkyl resonances at 1.04 ppm which indicated a polymer with one linking group per silicon in the
PMVS block, and a Mn of 62,800 g mol-1. GPC afforded a chromatogram with a broad, monomodal
peak (Figure A-58) which had a PDI of 2.48, significantly higher than that obtained for the triblock
copolymer. This is likely due to interactions between the carboxylic acid functionality and the GPC
column material as broad, low intensity peaks were also obtained for P-3 and P-5.

2.2.3.3. Conversion of Carboxylic Acid to NHS Ester
In order for the mesogen to be added to the linking group, the carboxylic acid functionality on
P-3 was first converted to a more labile N-hydroxysuccinimidyl (NHS) ester to yield P-3-NHS
(Figure 2-15). This was expected to be readily displaced by a primary amine under mild
conditions, which had previously been shown to work for a comparable PMVS containing block
copolymer where quantitative conversion to the amide product was achieved.20 The esterification
reaction was performed at room temperature in dry CH2Cl2 with DCC and a catalytic amount of 4dimethylaminopyridine (DMAP), with the product isolated by first filtering off solid impurities
before precipitation from THF into hexane.
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Figure 2-15. Reaction scheme for conversion of P-3 to P-3-NHS. PS = polystyrene. DCC = N,N’dicyclohexylcarbodiimide, DMAP = 4-dimethylaminopyridine.

The attachment of NHS to the carboxylate groups was confirmed by 1H NMR spectroscopy and
GPC. In the 1H NMR spectrum (Figure A-36) a new peak appeared at 2.66 ppm which
corresponded to the four chemically equivalent protons on the NHS ring. The expected singlet,
however, overlapped with multiplets from the by-product, dicyclohexylurea, making analysis of
the percentage conversion of carboxylic acid groups problematic. By GPC the peak shifted from a
maximum at retention volume of 19.9 mL for P-3 to 18.3 mL for P-3-NHS, indicating a significant
increase in hydrodynamic volume, consistent with increased molecular weight and so attachment
of NHS (Figure 2-16). The peak for P-3-NHS was broad with a shoulder at lower molecular weight
which suggests that not all the carboxylic acid groups had reacted, however, the value for the
retention volume combined with the 1H NMR spectrum indicated a high level of attachment was
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Figure 2-16. GPC data for P-3 and P-3-NHS demonstrating a clear shift to lower retention volume on
functionalisation with the NHS ester group.
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2.2.4. Mesogen Attachment Methods
2.2.4.1. Displacement of NHS Ester with M2
The displacement of the NHS-ester group by a primary amine was shown to proceed at room
temperature for a variety of amines,20 and so this reaction was attempted using M2. To carry out
the coupling between the block copolymer and mesogen, P-3-NHS was dissolved in THF with M2
and stirred at room temperature overnight, in accordance with a literature procedure.20 The
product was then precipitated from THF into methanol. 1H NMR spectroscopy of the isolated
product showed peaks characteristic of unreacted M2, including sharp peaks in the aromatic
region from 6.48-8.14 ppm and a multiplet at 4.04 ppm. The peak arising from the NHS group at
2.64 ppm was reduced in intensity with respect to P-3-NHS but still present, suggesting that not
all of the NHS groups had been displaced. A new peak was observed at 3.48 ppm, which can be
attributed to a methyl ester group (Figure A-37). It was therefore likely that M2 did not attach to
the linking group on P-3-NHS in significant amounts, but rather that during the precipitation step
methanol displaced a portion of the NHS groups to form a methyl ester-terminated linking group.
It is expected that M2 will be a stronger nucleophile than M1, and so an alternative mesogen
attachment method was attempted.

2.2.4.2. Coupling of M1/M2 to P-3/P-5 by a Carbodiimide Mediated Reaction
The DCC coupling reaction used in both the mesogen synthesis and to form the NHS ester is a mild
reaction which is often used for the formation of peptides.23,24 It is therefore compatible with both
the polysiloxane block of the thermoplastic elastomer backbone, which is susceptible to cleavage
under strongly acidic or basic conditions, and the functionality present in M1 and M2. Attachment
would be expected to occur by formation of an ester or amide bond between the hydroxyl or amine
group on M1 or M2, respectively, and the carboxylic acid group that was attached to the triblock
copolymer backbone by the thiol-ene click reaction. This allows for a number of polymers to be
formed with varying linking groups (ester or amide) and alkyl chain lengths.
To carry out the attachment, either P-3 or P-5 was dissolved in dry CH2Cl2 with 1.5 equivalents of
either M1 or M2 and the solution stirred at room temperature for 60 hours. On removal of solid
impurities by filtration, the polymer was isolated from excess unattached mesogen by repeated
precipitations from toluene into methanol to give a soft, orange solid. This suggested successful
attachment of the mesogen, as opposed to reaction with methanol during the precipitation step,
which was confirmed by 1H NMR spectroscopy (Figure A-39, A-42 and A-45). The yields and level
of attachment varied with the different starting materials, with the results given in Table 2-3.
Polymers are named by the convention P-x-y(a)-COOH(b), where x indicates the number of
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carbons in the linking group, y the mesogen, (a) the percentage of linking groups with mesogen
attached and (b) the percentage of linking groups that were unreacted.

Table 2-3. PDI and Mn for PS-b-PMVS-b-PS, P-3-M1(82)-COOH(18), P-3-M2(80)-COOH(20) and P-5M1(86)-COOH(14).

Polymer

PDI

Mn (g mol-1)a

Mn (g mol-1)b

% Attachment to PMVS
blockb

PS-b-PMVS-b-PS

1.90

25,565

50,000

N/A

P-3-M1(82)-COOH(18)

1.89

36,468

170,000

82%

P-3-M2(80)-COOH(20)

1.77

32,858

167,500

80%

P-5-M1(86)-COOH(14)

1.94

30,951

181,700

86%

aObtained

by GPC, bObtained by 1H NMR spectroscopy.

The successful attachment of mesogen to the polymer for the systems given in Table 2-3 can be
inferred from the decrease in retention volume, indicative of an increase in hydrodynamic radius
and so molecular weight, compared with that obtained for PS-b-PMVS-b-PS by GPC (Table 2-3).
This is further supported by the broadening of peaks in the 1H NMR spectra compared with those
for the free mesogen, which contrasts with the spectrum obtained for the product of the reaction
between P-5 and M2 (Figure A-38). In this case several sharp peaks were observed, indicating
that the unreacted mesogen was not separated fully from the polymer and that the level of
attachment was very low, if it occurred at all. The attachment percentage was calculated by
comparing the relative integrals for the six alkyl protons on the linking group (2.5-2.9 ppm) with
the four associated with the OCH2 group on the mesogen (4.0 ppm). These peaks were chosen for
the calculation as neither overlaps with signals from other parts of the polymer. Full conversion
of carboxylic acid groups to either ester or amide was not achieved for any polymer, with 14-20%
of PMVS units remaining unreacted, depending on the system. Whilst it is not possible to detect
the carboxylic acid proton in the spectrum, it is assumed that the non-converted linking groups
have not reacted further, i.e. to form methyl esters.
The level of attachment was found to be between 80-86% for both M1 and M2, suggesting that
the attachment method proceeded equally well for ester or amide formation. The PDI as
determined by GPC increased slightly compared with P-3 or P-5 in all cases, which would be a
result of the non-complete addition of mesogen to the linking groups. The PMVS midblock of the
copolymer should therefore be considered as a random block copolymer of the COOH and
mesogen functionalised units as shown in Figure 2-17.
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Figure 2-17. Reaction scheme for coupling of M1 or M2 to P-3 or P-5 with a DCC mediated coupling
reaction to give the LC-functionalised triblock copolymer. DCC = N,N’-dicyclohexylcarbodiimide, DMAP =
4-dimethylaminopyridine. General structure, for P-3, n=1. For P-5, n=3. For M1, E= O. For M2, E=NH.
Backbone simplified for clarity.

There was a significant decrease in the yield of LC-functionalised polymers based on P-5
compared with P-3. The polymer isolated for both the ester and amide was less soluble than the
corresponding P-3 product, suggesting that the increased length of the linking group has a
considerable effect on the solution properties of the polymer and this, combined with the nonattachment of M2 to P-5, suggests that the 3-mercaptopropionic acid linking group is preferable
for high yielding syntheses of the LCEs. Nevertheless, the lowest yielding polymer isolated (P-5M1(86)-COOH(14)) was still obtained in a higher percentage yield than the literature method
(30%).14 By requiring significantly less mesogen this method should allow for scaling up the
synthesis of the thermoplastic LCE for larger scale processing methods.

2.2.4.3. Coupling of M1 to PMVS-3 by a Carbodiimide Mediated Reaction
The LC-functionalised homopolymer, PMVS-3-M1(84)-COOH(16) was obtained by coupling of
M1 to PMVS-3 via the DCC mediated esterification reaction described in Section 2.2.3.2, however,
the reaction was carried out in dry THF due to PMVS-3 being insoluble in CH2Cl2 (Figure 2-18).
The product was obtained as a soft solid, which was in contrast to the oil obtained for a PMVS
homopolymer of similar molecular weight functionalised with M1 through the hydrosilylation
reaction.14
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Figure 2-18. Reaction scheme for coupling of M1 to PMVS-3 with a DCC mediated coupling reaction to
give PMVS-3-M1(84)-COOH(16). DCC = N,N’-dicyclohexylcarbodiimide, DMAP = 4dimethylaminopyridine.

The product PVMS-3-M1(84)-COOH(16) was characterised by 1H NMR spectroscopy (Figure A51) and GPC, with the percentage of linking groups functionalised with M1 calculated from 1H
NMR spectroscopic data. By integration of the peak at 3.79-3.85 ppm, characteristic of the four
OCH2 protons on the mesogen, with the peak at 2.57-2.83 ppm, characteristic of six alkyl protons
on the linking group, it was found that 84% of linking groups were functionalised with M1. A
relatively high PDI of 2.68 was determined by GPC (Figure 2-19), which represents a large
increase in the breadth of the molecular weight distribution when compared with that of the
starting PMVS (Table 2-4).

The molecular weight of the functionalised homopolymer is

dominated by the contribution from the mesogen rather than the polysiloxane backbone, and so
small differences in the level of attachment of M1 will have a significant effect and result in a broad
range of molecular weights. This will increase the disparity between the number and weight
average molecular weights, as evidenced by the tail towards higher retention volume in the GPC
data, resulting in the increased PDI.
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Figure 2-19. GPC data for PMVS and PMVS-3-M1(86)-COOH(14).

Table 2-4. Mn and PDI (where appropriate) of PMVS, PMVS-3 and PMVS-3-M1(84)-COOH(16).
Polymer

Mn (g mol-1)

PDI

PMVS

18,500a

1.37

PMVS-3

44,200b

N/A

133,500b

2.68

PMVS-3-M1(84)-COOH(16)
aDetermined

by GPC. It was not possible to obtain GPC data for PMVS-3 due to interactions with column
material. Obtained from 1H NMR spectroscopy.
b

2.2.4.4. Larger Scale Functionalisation of P-3 with M1 by a Carbodiimide Mediated
Reaction
The synthetic method described for the synthesis of P-3-M1(82)-COOH(18) in Section 2.2.4.2.
was repeated starting with 2.35 g of P-3 and scaling up the quantities of M1, DCC and DMAP
accordingly. The reaction resulted in a soft, orange polymer as before, with the percentage
attachment of the mesogen determined by comparison of the integral for the six alkyl protons on
the linking group at 2.41-3.00 ppm with that for the four protons associated with the OCH2 group
on the mesogen at 3.91 ppm (Figure A-48). In this case, the level of attachment was found to be
lower than for the 0.35 g scale reaction, with approximately 65% of the linking groups
functionalised with M1. GPC afforded a chromatogram displaying a monomodal peak with a PDI
of 1.62 (Figure A-50), which is comparable with the results given in Table 2-3 for the products of
the 0.35 g scale reactions. The resulting polymer P-3-M1(65)-COOH(35) was therefore
calculated to have a Mn of 150,750 g mol-1.
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2.2.5. Conversion of Residual Carboxylic Acid Groups to Methyl Esters
It was expected that the unreacted carboxylic acid groups on the LCEs would have a significant
impact on the thermal properties of the polymer. The DCC-mediated esterification reaction was
therefore used to convert residual carboxylic acid groups on P-3, P*-3(AIBN) and P-3-M1(65)COOH(35) to methyl esters by coupling the linking groups with methanol. A polymer described
as P*-3(AIBN)-M1-COOMe was also prepared, but full characterisation was not possible due to
the low solubility of the PMVS block (discussed below). In each case, the starting polymer was
dissolved in dry CH2Cl2 with 10 equivalents of methanol, DCC and a catalytic amount of DMAP. The
solution was stirred at room temperature for 60 hours before the removal of solid impurities by
filtration. The products were isolated by precipitation, with the Mn and PDI of each polymer both
before and after conversion to the methyl ester equivalent given in Table 2-5.

Table 2-5. Mn and PDI for the polymers before and after conversion of carboxylic acid functionality to
methyl ester groups. Mn calculated from 1H NMR spectroscopy data, PDI obtained from GPC data.
Polymer

Mn (g mol-1)

PDI

P-3

77,000

1.75

P-3-COOMe

80,600

1.62

P*-3(AIBN)

62,800

2.48

P*-3(AIBN)-COOMe

65,500

1.76

P-3-M1(65)-COOH(35)

150,750

1.98

P-3-M1(65)-COOMe(35)

152,000

2.07

P*-3(AIBN)-M1-COOMe

-

1.76

2.2.5.1. P-3-COOMe
The product of the esterification of the carboxylic acid groups on P-3, namely P-3-COOMe, was
characterised using 1H NMR spectroscopy (Figure A-53) and GPC (Figure A-55). In the 1H NMR
spectrum, a new peak was observed at 3.69 ppm which was identified as arising from the methyl
ester group. The level of conversion of carboxylic acid groups to methyl esters was confirmed
through the comparison of the peaks characteristic of two alkyl protons on the linking group at
0.80-0.95 ppm with the methyl ester resonance, with the two signals integrating in a 1:1 ratio.
This confirmed full conversion of the carboxylic acid to a methyl ester group, which allows for the
Mn to be calculated as 80,600 g mol-1. GPC afforded a chromatogram with a monomodal peak, and
a slightly reduced PDI of 1.62 when compared with P-3 (PDI = 1.75).
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2.2.5.2. P*-3(AIBN)-COOMe
The product of the esterification of the carboxylic acid groups on P*-3(AIBN), namely P3*(AIBN)-COOMe, was characterised using 1H NMR spectroscopy (Figure A-56) and GPC (Figure
A-58). In the 1H NMR spectrum, a new peak was observed at 3.69 ppm which was identified as
arising from the methyl ester group. The level of conversion of carboxylic acid groups to methyl
esters was confirmed through comparison of the peaks characteristic of two alkyl protons on the
linking group at 0.88-0.92 ppm with the methyl ester resonance, with the two signals integrating
in a 1:1 ratio. This confirmed full conversion of the carboxylic acid to a methyl ester group, which
allows for the Mn to be calculated as 65,840 g mol-1. GPC afforded a chromatogram with a
monomodal peak, and a reduced PDI of 1.76 when compared with P*-3(AIBN).

2.2.5.3. P-3-M1(65)-COOMe(35)
The product of the esterification of the carboxylic acid groups on P-3-M1(65)-COOH(35), namely
P-3-M1(65)-COOMe(35), was characterised using 1H NMR spectroscopy (Figure A-59) and GPC
(Figure A-61). In the 1H NMR spectrum a new peak was observed at 3.58 ppm which was identified
as arising from the methyl ester group. The level of conversion of carboxylic acid groups to methyl
ester was confirmed through the comparison of the peaks characteristic of the four OCH2 protons
on the mesogen at 3.91 ppm with the three protons from the methyl ester group. This confirmed
full conversion of the carboxylic acid to a methyl ester group, with these peaks found in a ratio of
65:35. Integration of the 1H NMR peak at 3.91 ppm compared with the alkyl resonances from
PMVS confirmed that 65% of the PMVS blocks remained functionalised with M1 and no mesogen
had been displaced by a methyl ester group, which allowed for the Mn to be calculated as 152,000
g mol-1. GPC afforded a chromatogram with a monomodal peak, and a PDI of 2.07.

2.2.5.4. P*-3(AIBN)-M1-COOMe
A sample of P*-3(AIBN) was functionalised with M1 using the DCC mediated esterification
reaction described in Section 2.2.4.2. Attachment of the mesogen to the PMVS block was confirmed
by 1H NMR spectroscopy, however, it was not possible to obtain a pure sample using the
precipitation method that had previously been used to successfully separate the polymer from
excess mesogen. The mixture of polymer and unreacted M1 was therefore used in the next
reaction to convert any remaining carboxylic acid functionality to methyl ester groups. This
resulted in a polymer that was easily precipitated from toluene into methanol and was separated
from unreacted M1 to give a soft, orange solid. The polymer was not fully soluble in any 1H NMR
solvent tested, with all appearing to be selective for the PS block over the PMVS block. This gave
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spectra from which it was not possible to calculate the percentage attachment of M1 or methyl
ester groups, but which confirmed the presence of both by the broadening of their respective
peaks when compared to the unattached state (Figure A-62). GPC afforded a chromatogram with
a monomodal peak (Figure A-63) with a lower retention volume than measured for P*-3(AIBN),
consistent with an increased in the molecular weight, and which demonstrated a hydrodynamic
radius comparable with that for P-3-M1(65)-COOMe(35) (Figure 2-20), suggesting that a similar
level of mesogen loading was achieved. A PDI of 1.76 was measured, again suggesting that the
distribution of groups in the product was comparable with previous examples. However, this

Normalised RI Detector Response

product will be referred to as P*-3(AIBN)-M1-COOMe as the LC loading cannot be quantified.

P-3(AIBN)-M1-COOMe
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Figure 2-20. GPC data for P*-3(AIBN)-M1-COOMe and P-3-M1(65)-COOMe(35) indicating a comparable
hydrodynamic radius and so molecular weight.

2.2.6. Thermal Analysis
Previous studies of thermoplastic liquid crystal elastomers (LCEs) identified two important
transition temperatures to consider in the design of a photoactuator based on the PS-b-PMVS-bPS triblock copolymer, namely the glass transition temperature (Tg) for the liquid crystalfunctionalised PMVS block, and the isotropic transition or clearing temperature (Tiso) where the
nematic mesophase transitions to the disordered isotropic state. The Tg of the PMVS block should
be at or below room temperature to ensure sufficient chain mobility to accommodate the change
in order, and the Tiso should not be so high that the PMVS block is too viscous for rapid switching
between states to occur.25
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The synthetic route developed in this work allows for variation in the number of methylene units
in the linking group and in the bond type between it and the mesogen. This can be used to tune
the thermal properties of the polymer, as the linking group acts to decouple the motion of the
polymer backbone from that of the mesogen. This is necessary for mesophase formation to occur,
as the polymer backbone will otherwise spontaneously form random coils, which inhibit liquid
crystal ordering.21 It is expected that increasing the distance between these two components will
therefore decrease transition temperatures by reducing the influence of the backbone on the
mesogen and vice versa. Secondly, through the attachment of either M1 or M2, an ester or amide
bond will be formed, with the increased hydrogen bonding due to the amide expected to increase
interactions between chains, and so raise both the Tg and Tiso. Thermal analysis should also
identify any differences arising between polymers converted to methyl esters or synthesised
using AIBN.
To determine the stable temperature range of the polymers prior to DSC measurements,
thermogravimetric analysis (TGA) was carried out (Figure 2-21 and Figure A-64). The
thermograms obtained are presented in Table 2-6, and indicated that a 3% weight loss occurred
from around 200 °C for the liquid-crystal functionalised polymers (which is taken as being the
onset of thermal degradation). It was noted that P-3-M2(80)-COOH(20) had a higher weight
percentage remaining at 800 °C than the other polymers, which may have been as a result of the
greater degree of hydrogen bonding possible due to the presence of amide bonds.

100

Weight (%)

80

60

40

PS-b-PMVS-b-PS
P-3
P-3-M1(82)-COOH(18)
P-3-M2(80)-COOH(20)
P-5
P-5-M1(86)-COOH(14)

20

0
0

100

200

300

400

500

600

700

800

Temperature (°C)

Figure 2-21. TGA thermograms for PS-b-PMVS-b-PS, P-3, P-3-M1(82)-COOH(18), P-3-M2(80)COOH(20), P-5 and P-5-M1(86)-COOH(14).
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Table 2-6. TGA data for triblock copolymers, including temperature where 3% weight loss was measured
and the final weight percentage at 800 °C.

Polymer

Temperature where 3%
weight loss measured
(°C)

Final weight % at
800 °C

PS-b-PMVS-b-PS

413

8

P-3

266

16

P-3-COOMe

292

15

P*-3(AIBN)

247

13

P*-3(AIBN)-COOMe

300

19

P-5

273

7

P-3-M1(82)-COOH(18)

250

10

P-3-M2(80)-COOH(20)

206

36

P-5-M1(86)-COOH(14)

236

17

P-3-M1(65)-COOH(35)

261

8

P-3-M1(65)-COOMe(35)

265

18

P*-3(AIBN)-M1-COOMe

234

17

To ensure that no thermal degradation occurred during DSC measurements, cyclic experiments
were carried out between -50 and 150 °C. Measurements were repeated three times, with the first
cycle expected to remove the thermal history of the sample, and the subsequent cycles used for
measurement of the Tg and Tiso. Values for the Tg of the PMVS block and the Tiso (where
appropriate) are listed in Table 2-7 for all stages of the LCE synthesis. Using this data, it was
possible to identify the effect of varying the number of alkyl units in the linking group and of the
presence of hydrogen bonding on the thermal properties of the LCEs.
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Table 2-7. Summary of thermal transitions by DSC.
Polymer

Tg (PMVS) (°C)

PS-b-PMVS-b-PS

Tiso (°C)

< -50

N/A

-24

N/A

< -50

N/A

-38

N/A

< -50

N/A

-35

N/A

P-3-M1(82)-COOH(18)

20

118

P-3-M2(80)-COOH(20)

45

> 200

P-5-M1(86)-COOH(14)

13

92

P-3-M1(65)-COOH(35)

16

99

P-3-M1(65)-COOMe(35)

3

Not detected

P*-3(AIBN)-M1-COOMe

-18

Not detected

23

129

P-3
P-3-COOMe
P*-3(AIBN)
P*-3(AIBN)-COOMe
P-5

PMVS-M1(84)-COOH(16)

2.2.6.1. Effect of Linking Group
The addition of the carboxylic acid-terminated thiols to the PMVS block was expected to raise the
Tg, and this was confirmed by comparison of the DSC results for the PS-b-PMVS-b-PS triblock
copolymer with both P-3 and P-5 (Figure 2-22). For the triblock copolymer the only transition
that was apparent within the temperature range of the experiment was the Tg for the PS block at
98 °C, which was expected as the Tg of unfunctionalised PMVS has been measured at -110 °C,26
outside the range of the instrument used here. On addition of the linking groups a second Tg was
visible at -24 °C for P-3 and -35 °C for P-5, which can be attributed to the functionalised PMVS
block.
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Figure 2-22. DSC results collected on the second cycle for the PS-b-PMVS-b-PS triblock copolymer, P-3 and
P-5 on both heating (lower) and cooling (upper). Curves scaled in y-axis for clarity.

The effect of increasing the number of alkyl units in the linking group can be identified by first
comparing P-3 with P-5. The lower Tg for P-5 compared with P-3 suggests that the increased
flexibility of the linking group aides the decoupling of the motion of the polymer chain from the
mesogen, and in doing so reduces the energetic barrier to a more mobile state. This trend has been
described for a variety of side-chain liquid crystal polymers, where a decrease in Tg was measured
for increasing number of alkyl units in the linking group due to a plasticising effect.27–29 This effect
outweighed that of increasing the molecular weight of the linking group, which would be expected
to raise the Tg, and can be confirmed by comparing the DSC results for P-3-M1(82)-COOH(18)
and P-5-M1(86)-COOH(14) as given in Figure 2-23. With the mesogen attached the polymer is
capable of forming a liquid crystal mesophase, and so a peak for the Tiso was seen on both heating
and cooling in addition to the Tg for the PMVS block. This first order transition dominated the Tg
for the PS block in the DSC curve, which is a typical result for a liquid crystal polymer.30 On moving
from P-3-M1(82)-COOH(18) to P-5-M1(86)-COOH(14) there was a decrease in the Tg of 8 °C
and in the Tiso of 26 °C. Considering both polymers have a similar loading of mesogen, this
difference can therefore be attributed to the increased alkyl chain length in the linking group, and
the subsequent plasticising effect. In both cases the Tg of the functionalised PMVS block was below
room temperature and the Tiso around 100 °C, making these promising candidates for further
investigation as room temperature actuators.
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Figure 2-23. DSC results collected on the second cycle for P-3-M1(82)-COOH(18) and P-5-M1(86)COOH(14) on both heating (lower) and cooling (upper).

2.2.6.2. Effect of Ester/Amide Linkage
Through the choice of mesogen introduced during the attachment step it was possible to form
either an ester (M1) or amide bond (M2) with the linking group. The ability of the amide to form
hydrogen bonds was expected to increase the temperature of the thermal transitions of the
polymer, and its effect was clearly evident on comparison of the DSC results for P-3-M1(82)COOH(18) and P-3-M2(80)-COOH(20) (Figure 2-24). The Tg for the PMVS block was
considerably higher for P-3-M2(80)-COOH(20), occurring at 45 °C compared with 20 °C for P-3M1(82)-COOH(18). This suggests that the hydrogen bonding from the amide groups has a
significant effect on the final properties of the polymer. No Tiso was detected for P-3-M2(80)COOH(20) in the temperature range measured, which was increased to 200 °C for this sample,
indicating that it occurred outside the range of thermal stability for the polymer. This, combined
with the relatively high Tg of the PMVS block, indicates that the LCEs functionalised with M2 are
not suitable for use as room temperature actuators.
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Figure 2-24. DSC results collected on the second cycle for P-3-M1(82)-COOH(18) and P-3-M2(80)COOH(20) on both heating (lower) and cooling (upper).

2.2.6.3. Effect of Converting Carboxylic Acid to Methyl Ester
The significant influence of the carboxylic acid groups on the Tg of the PMVS block and the Tiso was
further confirmed by measurements on P-3-COOMe and P*-3(AIBN)-COOMe. For these
polymers no Tg was detected for the PMVS block (Figure 2-25), suggesting that on removing the
hydrogen bonding capability the Tg was reduced to a temperature below -50 °C.
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Figure 2-25. DSC results collected on the second cycle for P-3-COOMe and P*-3(AIBN)-COOMe on both
heating (lower) and cooling (upper).
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The effect of converting carboxylic acid groups to methyl esters can also be seen when comparing
the results for P-3-M1(65)-COOH(35) with P-3-M1(65)-COOMe(35) (Figure 2-26). In this case,
the modification resulted in a decrease in the Tg from 16 to 3 °C. Surprisingly, a second difference
was observed in that no Tiso was detected between -50 and 150 °C for the methyl ester polymer.
It is expected that by removing hydrogen bonding the temperature of this transition would be
lowered from the value of 99 °C measured for P-3-M1(65)-COOH(35) due to the reduction in
interaction between side chains in the PMVS block, and so should be comfortably found within the
temperature range of the experiment. However, the disappearance of this peak suggests that no
nematic mesophase was formed in the as-prepared polymer. It may be that the significantly
reduced Tg of the PMVS block resulted in a structure where the polymer chains were too
disordered and mobile to maintain a well-ordered and aligned nematic mesophase, resulting in
the apparently isotropic behaviour. This will be discussed further in Chapter 4.
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Figure 2-26. DSC results collected on the second cycle for P-3-M1(65)-COOH(35) and P-3-M1(65)COOMe(35) on both heating (lower) and cooling (upper).
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The theory that the low Tg of the PMVS block prevents the formation of an ordered mesophase is
supported by the DSC results for P*-3(AIBN)-M1-COOMe, which again demonstrated a low Tg of
-18 °C and no Tiso in the temperature range of the experiment. However, in this case it was not
possible to isolate a pure sample of P*-3(AIBN)-M1-COOH in order to make a comparison.
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Figure 2-27. DSC results collected on the second cycle for P*-3(AIBN)-M1-COOMe on both heating (lower)
and cooling (upper).

2.2.6.4. PMVS Homopolymer
P-3-M1(82)-COOH(18) was shown to have a Tg of 15 °C and a Tiso of 99 °C, with both peaks
apparent on both heating and cooling cycles (Figure 2-28). These are comparable with the values
obtained for the PMVS blocks in P-3-M1(65)-COOH(35) and P-3-M1(82)-COOH(18), and so
confirms that the composition of the homopolymer is appropriate for comparison of melt
properties with the triblock copolymers.
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Figure 2-28. DSC results collected on the second cycle for PMVS-M1(84)-COOH(16) on both heating
(lower) and cooling (upper).
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2.2.6.5. Summary of Thermal Analysis
For application as a room temperature photoactuator, it is necessary that the LCE has a Tiso around
100 °C, and that the PMVS block has a Tg close to room temperature. By these standards, the best
suited LCEs are the ester-linked materials P-3-M1(82)-COOH(18), P-3-M1(65)-COOH(35) and
P-5-M1(80)-COOH(20). For synthetic reasons, the polymers based on P-3 are preferable as the
linking group is available commercially and attachment of the mesogen to the linking group
proceeded with a higher yield than for P-5. For this reason, P-5-M2(80)-COOH(20) will not be
considered further, despite having transition temperatures in a useful range. To confirm that
attachment of M1 to P-3 resulted in a responsive LCE, a test was carried out to measure its
response to UV irradiation at room temperature.

2.2.7. UV-Response Test
P-3-M1(82)-COOH(18) is capable of room temperature actuation due to the presence of the azobenzene group in the mesogen which switches between the linear trans conformation and bent
cis conformation on irradiation with UV light of wavelength 365 nm. This isomerisation is
reversed when exposed to visible light or if allowed to thermally equilibrate, and as the PS
domains remain glassy the microphase segregation maintains the induced alignment of the
polymer backbone.
To identify if the polymer was UV-responsive, a stretched film of P-3-M1(82)-COOH(18) was
prepared by casting from toluene and deforming under tension whilst heated above the Tiso. This
method had previously been shown to result in sufficient alignment of the LC component for
reversible actuation to occur.10 The film was adhered between two end tabs in a single-fibre
tensile test machine and held under tension to minimise any wrinkling that would contribute to
the change in length (Figure 2-29). A UV lamp was fixed approximately 3 cm above the polymer
film and a visible light source placed adjacent to the UV lamp before covering the entire assembly
with an opaque box.
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Figure 2-29. Experimental setup for UV-response test. The orange polymer film was adhered between the
two green end tabs and loaded into the tensile test machine.

The test machine was set to maintain a constant tensile stress of 25.7 kPa on the film, and so on
switching between UV and visible light sources it was possible to measure the change in force
required by the test machine to counter any shape change. UV-on time was limited to one minute
to prevent heating of the sample which could cause softening of the PS domains and affect the
results. The resulting force-time curve is shown in Figure 2-30, where shaded regions represent
the one-minute intervals where the UV lamp was switched on and unshaded regions represent
the two-minute intervals where the visible light source was switched on. The large spikes in the
force between 0-30 seconds are a result of the test machine fully extending the film after loading
the sample and reaching equilibrium.
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Figure 2-30. Force-time curve for aligned P-3-M1(82)-COOH(18) during photocontraction test. The
shaded regions indicate the time when the UV lamp was on and unshaded regions indicate when the visible
light was on. After the initial extension a clear increase in force of around 3 mN was measured on turning
on UV. A small relaxation was seen in the period where UV was off.
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From Figure 2-30 it was apparent that there was a clear increase in force measured during UV-on
time, after an initial delay. This delay may be due to the lamp taking time to reach its full intensity,
where initially it was not able to penetrate the relatively thick film and trigger a significant degree
of isomerisation. The increase in force of approximately 3 mN suggests that a small contraction of
the film had occurred during the UV-on period as the test machine increased the force required to
maintain a constant tensile stress on the sample. It is more likely that this effect was caused by
isomerisation of the mesogen rather than heating of the film as softening of the PS domains would
lead to the polymer being easier to deform, and so require less force to maintain a constant tensile
stress. After turning off the UV light and approximately 60 seconds of exposure to the visible light
source the force started to decrease, but full relaxation to the equilibrium state was not seen. This
may be due to the relatively low intensity of the visible light source, which may not have been
sufficient for the thickness of the polymer film, or the limited time frame available for relaxation
to occur. The relaxation trends towards smaller values of the force, and so leaving the experiment
for longer may result in complete recovery of the structure.
The force of 3 mN acting against the contraction indicates that the shape change was small, and it
was not possible to measure the strain in order to compare with other LCE actuators. However, it
was demonstrated that the polymer P-3-M1(82)-COOH(18) was responsive to UV irradiation at
room temperature, and so appropriate for further investigation of its properties with respect to
actuation and processing.

2.3. Conclusions
A two-step method for functionalising a PS-b-PMVS-b-PS triblock copolymer backbone with a
photoresponsive mesogen was developed, where the backbone can be synthesised using
conventional living anionic polymerisation to give excellent control over the Mn and so give the
desired physical properties. Post-polymerisation modification was then carried out by first
attaching a linking group using a thiol-ene click reaction, before coupling the mesogen through a
mild ester or amide forming reaction to introduce stimuli responsive properties. This method
allowed for variation in the number of alkyl units in the linking group as well as the bond type
with the mesogen. Polymers based on P-5, containing the longer linking group, were isolated in
lower yields than those based on P-3. This, combined with the fact that 5-mercaptopentanoic acid
is not available commercially, made them unsuitable for meeting the target of increasing the yield
of polymer for gram-scale processing.
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Modifications of the linking group did not appear to have a significant effect on the thermal
stability of the polymers, with all variations starting to show degradation around 200 °C by TGA.
It was, however, shown by DSC to modify both the Tg and Tiso of the resulting LCEs, with the
increased hydrogen bonding from amide bonds demonstrated to result in a significant increase in
both transition temperatures. Conversion of residual carboxylic acid groups to methyl esters
acted to reduce the Tg of the PMVS block, but also resulted in LCEs where no isotropic transition
was observed, suggesting that the presence of some hydrogen bonding is beneficial for the
responsive properties of the final LCEs. The structure of the LCE therefore has a direct influence
on its suitability for use as a room temperature actuator, with esters giving superior results to
amides.
A film of P-3-M1(82)-COOH(18) was aligned manually, and shown to contract in responsive to
UV light, with a force of 3.3 mN required to maintain a constant tensile stress of 25.7 kPa on the
film. This result confirms that the developed synthetic route was suitable for obtaining a
responsive LCE, with yields at each stage of the mesogen attachment greater than 80%. This
represents a significant improvement on the limiting value of 30% reported previously.14

2.4. Experimental
2.4.1. Materials and Methods
Hexamethylcyclotrisiloxane (D3) and 1,3,5-trimethylcyclotrisiloxane (V3) were purchased from
abcr, 4-butoxyaniline (97%) was purchased from Santa Cruz Biotechnology, 3-aminophenol
(98%) and thiourea (99%) were purchased from Acros and di-tert-butyl dicarbonate (97+%) was
purchased from Alfa Aesar. All other reagents were purchased from Sigma.
Styrene, V3, dichloromethylvinylsilane and chloro(dimethyl)vinylsilane were dried with CaH2
under nitrogen overnight, and then vacuum distilled. D3 was dissolved in hexane and dried with
CaH2 under nitrogen overnight, before recrystallisation at -65 °C. The obtained crystals were
further purified by sublimation. Tetrahydrofuran (THF) for anionic polymerisation and thiol-ene
reactions was purified by distillation from sodium/benzophenone. THF and CH 2Cl2 used in
mesogen coupling reactions were purified using a Grubbs-type solvent purification system. 2,2′azobis(2-methylpropionitrile) (AIBN) was recrystallised from methanol prior to use. All other
reagents were used as received.
Photoirradiation experiments were carried out with a 125W mercury lamp (Photochemical
Reactors Ltd.) in an ethylene glycol/water bath at room temperature.
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1H

NMR spectra were recorded using a Jeol Eclipse 400 MHz or Varian VNMR 400 MHz

spectrometer. 13C NMR spectra were recorded using a Varian VNMR 400 MHz or Bruker Avance
III HD 500 MHz Cryo spectrometer.
Molecular weights of homopolymers and polydispersity index (PDI) of all polymers were obtained
by gel permeation chromatography (GPC) using a Viscotek VE 2001 Triple-Detector GPC equipped
with an automatic sampler, a pump, an injector, an inline degasser, a column oven (30 °C),
styrene/divinylbenzene columns, a VE 3580 refractometer, a four-capillary differential
viscometer and a 90° angle laser and low angle laser (7°) light scattering detector (VE 3210 & VE
270). THF, stabilised with 0.025% butylated hydroxytoluene (Fisher), was used as the eluent at a
flow rate of 1.0 mL min−1. Conventional calibration GPC was performed on a Viscotek RI Max,
using a flow rate of 1.0 mL min−1 of THF with 0.1 wt% [n-Bu4N]Br and calibrated monodisperse
polystyrene standards from Aldrich. Molecular weights of block copolymers were calculated from
the absolute molecular weight of the first block, as determined by multi-detection GPC, and the
block ratio as determined by 1H NMR spectroscopy.
Accurate mass of M2 and its intermediates was obtained by electrospray ionisation mass
spectrometry using a Bruker Daltronics MicrO TOF II spectrometer.
Differential Scanning Calorimetry (DSC) experiments were carried out with a TA Instruments
Q100. Samples were weighed into an aluminium pan and cycled three times between -50 and 150
°C under a nitrogen atmosphere, with measurements taken on both the heating and cooling cycles
using a heating/cooling rate of 10 °C per minute.
Thermogravimetric analysis (TGA) was carried out using a TA Q500 under a nitrogen atmosphere.
Samples were heated from room temperature to 800 °C with a ramp rate of 10 °C per minute.
Dynamic Light Scattering (DLS) experiments were carried out using a Malvern Zetasizer Nano. A
2 mg ml-1 solution of the polymer was made in THF, and 10 runs of 8 measurements each were
made at 25 °C using a glass cuvette.
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2.4.2. Synthetic Procedures
2.4.2.1. Mesogen Synthesis
M1: The synthetic route to M1 was modified from the literature.13 A solvent mixture of
poly(ethylene glycol), average mol. wt. 200 g mol-1 (PEG 200)/1,4-dioxane/deionised water
(90/45/15 mL) was cooled in an ice bath before addition of 5.2 mL HCl (37%) and 5.0 g (0.0303
mol) of 4-butoxyaniline. A solution of 2.30 g (0.0333 mol) NaNO2 (98%) in 10 mL water was then
added dropwise and the solution stirred at 5 °C for 1 hour.
A further 150 mL of the PEG 200/1,4-dioxane/deionised water solvent was prepared and to this
was added 10.0 g (0.0909 mol) of resorcinol (99%) and 1.33 g (0.0333 mol) of NaOH. The second
solution was combined with the first and stirred for a further 15 minutes at 5 °C before allowing
to reach room temperature. 350 mL deionised water was then added, and the solution made
slightly acidic by the dropwise addition of HCl (37%), which led to precipitation of a brown solid.
This solid was collected by filtration and washed with deionised water, before drying under
vacuum with P2O5 for 16 hours to yield I-M1 (7.13 g, 0.025 mol, 82%).

Figure 2-31. Structure of I-M1 with labelling used in 1H NMR spectroscopy assignments.

I-M1: 1H NMR (400 MHz, chloroform-d) δ 13.68 (s, 1H, OH), 7.74 (dd, J = 18.6, 8.8 Hz, 3H, Ar
3+4+5), 6.98 (d, J = 8.9 Hz, 2H, Ar 1+2), 6.52 (dd, J = 8.7, 2.5 Hz, 1H, Ar 6), 6.41 (d, J = 2.5 Hz, 1H,
Ar 7), 4.03 (t, J = 6.5 Hz, 2H, OCH2), 1.80 (q overlapping, J = 14.6, 6.5 Hz, 2H, n-butyl), 1.51 (h
overlapping, J = 7.5 Hz, 2H, n-butyl), 0.99 (t, J = 7.4 Hz, 3H, n-butyl).
I-M1 (6.90 g, 0.0241 mol) was dissolved in a Schlenk flask with 165 mL of dry CH2Cl2 under
nitrogen, to which 5.97 g (0.0289 mol) of N,N’-dicyclohexylcarbodiimide (DCC, 99%), 0.43 g
(0.0029 mol) of 4-pyrrolidinopyridine (98%) and 4.68 g (0.0241 mol) of 4-butoxybenzoic acid
(98%) were added. The flask was sealed and left to stir at room temperature for 36 hours. The
solution was washed with 200 mL water, 200 mL 5% v/v acetic acid and a further 200 mL water
before separating the organic phase and drying with Na2SO4. The solvent was then removed by
rotary evaporation and the product recrystallised from toluene/ethanol. The recrystallisation was
repeated once more and the product M1 collected by filtration as an orange powder (7.15 g,
0.0155 mol, 64%).
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Figure 2-32. Structure of M1 with labelling used in 1H NMR spectroscopy assignments.

M1: 1H NMR (400 MHz, chloroform-d) δ 13.26 (s, 1H, OH), 8.19 – 8.05 (m, 2H, Ar 8+9), 7.91 (d, J =
8.6 Hz, 1H, Ar 5), 7.87 – 7.79 (m, 2H, Ar 3+4), 7.05 – 6.95 (m, 4H, Ar 1+2+10+11), 6.93 (dd, J = 8.6,
2.4 Hz, 1H, Ar 6), 6.88 (d, J = 2.4 Hz, 1H, Ar 7), 4.06 (td, J = 6.5, 2.5 Hz, 4H, OCH2), 1.81 (p, J = 14.4,
6.6 Hz, 4H, n-butyl), 1.60 – 1.45 (m overlapping, 4H, n-butyl), 1.00 (t, J = 7.4 Hz, 6H, n-butyl).

M1-Allyl: To add an allyl group to M1, 0.75 g (0.0016 mol) was added to a round bottomed flask
and dissolved in 15 mL of acetone. To this was added 0.45 g (0.0033 mol) of K 2CO3 and 0.42 mL
(0.0049 mol) of allyl bromide (97%). The flask was equipped with a condenser and the solution
heated to reflux for 24 hours, when the solution was allowed to cool to room temperature before
filtering off insoluble impurities and removal of the solvent. The product was recrystallised from
a mixture of toluene and ethanol and dried at 40 °C under vacuum to yield 0.553 g (68%) of orange
crystals.

Figure 2-33. Structure of M1-Allyl with labelling used in 1H NMR spectroscopy assignments.

M1-Allyl: 1H NMR (400 MHz, Chloroform-d) δ 8.21 – 8.07 (m, 2H, Ar 8+9), 7.96 – 7.86 (m, 2H, Ar
3+4), 7.74 (d, J = 8.8 Hz, 1H, Ar 5), 7.05 – 6.93 (m, 5H, Ar 1+2+10+11+6), 6.88 (dd, J = 8.8, 2.3 Hz,
1H, Ar 7), 6.14 (ddd, J = 17.1, 10.4, 5.2 Hz, 1H, Vinyl CH), 5.51 (dd, J = 17.3, 1.5 Hz, 1H, Vinyl CH2),
5.33 (dd, J = 10.5, 1.4 Hz, 1H, Vinyl CH2), 4.90 – 4.66 (m, 2H, CH-CH2), 4.05 (q, J = 6.5 Hz, 4H, OCH2),
1.81 (ddq, J = 12.2, 6.5, 3.4, 2.9 Hz, 4H, n-butyl), 1.60 – 1.42 (m, 4H, n-butyl), 1.00 (td, J = 7.4, 1.1
Hz, 6H, n-butyl).
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M1-Thiol: 0.5 g (0.001 mol) of M1-Allyl was dissolved in 25 mL dry toluene with 1.2 mL (0.010
mol) 1,4-butanedithiol (97%) and 0.082 g (0.0005 mol) of AIBN. The solution was degassed by
three freeze-pump-thaw cycles before heating at 70 °C for 5 hours. The solvent was removed and
the residue was purified by silica gel column chromatography, first washing with a 1:9 mixture of
ethyl acetate:hexane, before collecting the product which eluted with a 4:6 mixture of the same
solvents. After removal of solvent, the viscous liquid was dried under vacuum and
recrystallisation attempted from CH2Cl2 and cyclohexane. The product was obtained as a dark red,
viscous liquid, which from 1H NMR spectroscopy appears to have undergone cleavage of the azogroup.

Figure 2-34. Structure of M1-Thiol with labelling used in 1H NMR spectroscopy assignments.

M1-Thiol: 1H NMR (400 MHz, Chloroform-d) δ 8.10 (d, J = 9.0 Hz, 2H, aromatic 8+9), 6.95 (d, J =
9.0 Hz, 2H, aromatic 10+11), 6.64 (dd, J = 13.7, 1.5 Hz, 3H, aromatic 5+6+7), 4.10 – 3.82 (m, 4H,
OCH2), 3.55 – 3.41 (m, 2H, NH2), 2.64 – 2.42 (m, 2H), 1.91 – 1.60 (m, 8H, alkyl), 1.51 (dq, J = 14.9,
7.5 Hz, 4H, alkyl), 1.10 – 0.85 (m, 5H, alkyl).

M2: An amine functionalised analogue of M1, namely M2, was synthesised using a modified
literature method.13 3-aminophenol was first protected by dissolving 11.00 g (0.101 mol) in 210
mL THF with 26.45 g (0.121 mol) of di-tert-butyl dicarbonate. The solution was heated at reflux
for 15 hours before removal of the solvent under vacuum to give a yellow oil. The oil was diluted
with ethyl acetate and washed three times with 200 mL deionised water, before separating the
organic phase and drying with Na2SO4. The solid product was recrystallised from hexane by the
addition of 25 mL CH2Cl2 and storing at -20 °C for 16 hours. After filtration and washing with cold
hexane the product was recrystallised once more to yield white crystals (17.00 g, 0.081 mol, 80%).
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Figure 2-35. Structure of 3-aminophenol-Boc with labelling used in 1H NMR spectroscopy assignments.

3-aminophenol-Boc: 1H NMR (400 MHz, acetone-d6) δ 8.27 (s, 1H, NH), 8.21 (s, 1H, OH), 7.20 (s,
1H, Ar 4), 7.06 (t, J = 8.0 Hz, 1H, Ar 2), 6.96 (d, J = 7.4 Hz, 1H, Ar 3), 6.47 (dd, J = 8.0, 2.3 Hz, 1H, Ar
1), 1.47 (s, 9H, butyl).
A solvent mixture of 150 mL of PEG 200/1,4-dioxane/deionised water (90/45/15 mL) was cooled
in an ice bath before addition of 5.2 mL (0.0607 mol) HCl (37%) and 5.0 g (0.0303 mol) of 4butoxyaniline. A solution of 2.30 g (0.0333 mol) NaNO2 in 10 mL of water was then added
dropwise and the solution stirred at 5 °C for 1 hour.
A further 150 mL of the PEG 200/1,4-dioxane/deionised water solvent was prepared and to this
was added 17.0 g (0.081 mol) of 3-aminophenol-Boc and 1.87 g (0.0333 mol) of KOH. The second
solution was combined with the first and stirred for a further 15 minutes before being allowed to
reach room temperature. Next, 350 mL deionised water was added, and the solution made slightly
acidic by the dropwise addition of HCl (37%), which led to precipitation of a brown solid. This was
collected by filtration and washed with deionised water, then dried under vacuum with P2O5 for
16 hours to give the product I-M2-Boc as a dark yellow powder (10.12 g, 0.0262 mol, 87%).

Figure 2-36. Structure of I-M2-Boc with labelling used in 1H NMR spectroscopy assignments.

I-M2-Boc: 1H NMR (400 MHz, chloroform-d) δ 9.70 (s, 1H, NH), 7.88 (d, J = 2.7 Hz, 1H, Ar 7), 7.82
– 7.71 (m, 3H, Ar 3+4+5), 7.02 – 6.95 (m, 2H, Ar 1+2), 6.57 (dd, J = 8.8, 2.7 Hz, 1H, Ar 6), 6.32 (s,
1H, OH), 4.03 (t, J = 6.5 Hz, 2H, OCH2), 1.89 – 1.68 (m overlapping, 2H, n-butyl), 1.59 – 1.44 (m
overlapping, 11H, n-butyl + Boc butyl), 0.98 (t, J = 7.4 Hz, 3H).
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13C{1H}

NMR (101 MHz, chloroform-d) δ 161.20, 159.36, 152.88, 146.49, 137.56, 133.46, 124.01,

123.78, 114.80, 109.95, 104.57, 80.99, 68.06, 31.22, 28.35, 19.21, 13.83.
Accurate mass ESI: 408.1898 g mol-1 (M+Na)+, calculated 408.1899 g mol-1.

10.12 g (0.0262 mol) of I-M2-Boc was dissolved in a Schlenk flask with 200 mL dry CH2Cl2 under
nitrogen, and 6.50 g (0.0315 mol) of DCC, 0.47 g (0.0032 mol) of 4-pyrrolidinopyridine and 5.10 g
(0.0262 mol) of 4-butoxybenzoic acid were added. The flask was sealed and left to stir at room
temperature for 36 hours. The solution was washed with 200 mL water, 200 mL 5% v/v acetic
acid and a further 200 mL water before drying the organic phase with Na2SO4. The solvent was
then removed by rotary evaporation and the product recrystallised from toluene/ethanol. The
recrystallisation was repeated once more and the product M2-Boc collected as a yellow powder
by filtration (10.56 g, 0.0188 mol, 72%).

Figure 2-37. Structure of M2-Boc with labelling used in 1H NMR spectroscopy assignments.

M2-Boc: 1H NMR (400 MHz, chloroform-d) δ 9.39 (s, 1H, NH), 8.30 (d, J = 2.2 Hz, 1H, Ar 7), 8.13
(d, J = 8.9 Hz, 2H, Ar 10+11), 7.85 (dd, J = 8.9, 5.3 Hz, 3H, Ar 3+4+5), 7.02 (d, J = 9.0 Hz, 2H, Ar 1+2),
6.96 (dd, J = 8.8, 2.9 Hz, 3H, Ar 6+8+9), 4.06 (td, J = 6.5, 2.6 Hz, 4H, OCH2), 1.89 – 1.74 (m, 4H, nbutyl), 1.59 – 1.45 (m overlapping, 13H, n-butyl + Boc butyl), 1.00 (t, J = 7.4 Hz, 6H, n-butyl).
13C{1H}

NMR (101 MHz, chloroform-d) δ 164.58, 163.58, 160.93, 153.51, 146.95, 143.91, 135.11,

132.29, 127.98, 123.82, 121.42, 114.70, 114.29, 111.15, 109.26, 77.31, 76.99, 68.00, 31.25, 31.12,
19.22, 19.18, 13.84, 13.81.
Accurate mass ESI: 562.2912 g mol-1 (M+H)+, calculated 562.2917 g mol-1.

To remove the protecting group, 4.0 g (0.00712 mol) of M2-Boc was dissolved in 20 mL CH2Cl2
and then cooled in an ice bath, before dropwise addition of 10 mL trifluoroacetic acid (TFA). The
solution was allowed to reach room temperature whilst stirring for 1 hour, before dilution with
chloroform and removal of solvent and TFA under vacuum. The remaining solid was dissolved in
CH2Cl2 and washed twice with a saturated aqueous NaHCO3 solution, and once with deionised
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water, then dried with Na2SO4. The product M2 was recrystallised from toluene/ethanol and dried
under vacuum at 40 °C to give a yellow powder (2.50 g, 0.0054 mol, 77%).

Figure 2-38. Structure of M2-Boc with labelling used in 1H NMR spectroscopy assignments.

M2: 1H NMR (400 MHz, chloroform-d) δ 8.13 (d, J = 8.8 Hz, 2H, Ar 10+11), 7.81 (dd, J = 8.8, 4.9 Hz,
3H, Ar 3+4+5), 6.98 (dd, J = 8.9, 4.5 Hz, 4H, Ar 6+7+8+9), 6.65 (d, J = 8.3 Hz, 2H, Ar 1+2), 5.88 (s,
2H, NH2), 4.05 (q, J = 6.3 Hz, 4H, OCH2), 1.89 – 1.74 (m, 4H, n-butyl), 1.62 – 1.45 (m overlapping,
4H, n-butyl), 1.00 (t, J = 7.4 Hz, 6H, n-butyl).
13C{1H}

NMR (101 MHz, chloroform-d) δ 164.54, 163.56, 161.83, 153.82, 152.40, 146.56, 137.37,

136.48, 132.34, 124.58, 121.40, 121.31, 115.73, 114.84, 114.25, 111.84, 80.90, 77.31, 76.99, 68.12,
67.98, 31.20, 31.14, 28.32, 19.21, 19.19, 13.83.
Accurate mass ESI: 462.23873 g mol-1 (M+H)+, calculated 462.2393 g mol-1.

2.4.2.2. Polymer Backbone Synthesis
PS-b-PMVS-b-PS: The polystyrene-b-poly(methylvinylsiloxane)-b-polystyrene (PS-b-PMVS-bPS) triblock copolymer was synthesised using living anionic polymerisation by a method adapted
from the literature.10 In this procedure a small amount of hexamethylcyclotrisiloxane (D3) was
added

after

the

styrene

polymerisation

step

and

before

the

1,3,5-trivinyl-1,3,5-

trimethylcyclotrisiloxane (V3) monomer. All glassware was dried at 200 °C prior to use, and all
manipulations carried out under a nitrogen atmosphere in a glovebox, with the exception of the
final termination step with dichloromethylvinylsilane which was carried out under nitrogen on a
Schlenk line. Aliquots were taken before the addition of D3, V3 and the termination step for analysis
by GPC and NMR spectroscopy.
A round bottom flask was equipped with a magnetic stirrer bar and 4.50 g (0.043 mol) styrene
was added with 150 mL of dry THF. The solution was stirred in a cold well immersed in a dry
ice/ethanol bath. The polymerisation was initiated by the addition of 0.25 mL (0.00035 mol) secBuLi (1.4M in hexanes), which resulted in the colourless solution becoming orange. After 1 hour
of stirring, 0.11 g (0.0005 mol) of D3 in 1.1 mL dry THF was added and after a further 10 minutes
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the flask was removed from the cold well and allowed to reach room temperature over 35
minutes, resulting in fading of the orange colouration. On the addition of 4.77 g (0.0185 mol) of V3
the solution became colourless and was stirred for a further 2 hours before transferring to a
Schlenk tube which was sealed and removed from the glove box. The polymerisation was
terminated under nitrogen with 17.4 μL (0.00013 mol) of dichloromethylvinylsilane and left to
stir for 16 hours. The solution was concentrated by removal of THF under vacuum and the
polymer precipitated into methanol. Two further precipitations were carried out before drying
the product under vacuum at 40 °C to give a white powder (7.72 g).
Aliquot 1, PS: 1H NMR (400 MHz, chloroform-d) δ 7.04 (s, 3H, Ar styrene), 6.56 (s, 2H, Ar styrene),
1.83 (s, 1H, CH styrene), 1.41 (s, 2 H, CH2 styrene).
GPC Analysis: Mn = 13,776 g mol-1 (PDI = 2.25).
Aliquot 2, PS-b-PDMS: 1H NMR (400 MHz, chloroform-d) δ 7.07 (s, 3H, Ar styrene), 6.56 (s, 2H,
Ar styrene), 1.83 (s, 1H, CH styrene), 1.41 (s, 2H, CH2 styrene), 0.13 (s, 6H, CH3 PDMS).
GPC Analysis: Mn = 13,006 g mol-1 (PDI = 2.36). NMR Integration: Mn = 14,100 g mol-1.
Aliquot 3, PS-b-PDMS-b-PMVS: 1H NMR (400 MHz, chloroform-d) δ 7.08 (s, 3H, Ar styrene), 6.57
(s, 2H, Ar styrene), 5.75-6.03 (m, 3H, vinyl PMVS), 1.83 (s, 1H, CH styrene), 1.42 (s, 2H, CH2
styrene), 0.18 (s, 3H, CH3 PMVS), 0.07 (s, 6H, CH3 PDMS).
GPC Analysis: Mn = 20,722 g mol-1 (PDI = 1.75). NMR Integration: Mn = 27,000 g mol-1.
Aliquot 4, PS-b-PMVS-b-PS: 1H NMR (400 MHz, chloroform-d) δ 7.07 (s, 3H, Ar styrene), 6.56 (s,
2H, Ar styrene), 5.75-6.02 (m, 3H, vinyl PMVS), 1.85 (s, 1H, CH styrene), 1.41 (s, 2H, CH2 styrene),
0.14 (s, 3H, CH3 PMVS), 0.06 (s, 6H, CH3 PDMS).
13C{1H}

NMR (126 MHz, chloroform-d) δ 136.73, 133.09, 127.96, 127.86, 127.42, 125.64, 40.43,

40.36, -0.57.
GPC Analysis: Mn = 25,565 g mol-1 (PDI = 1.90). NMR Integration: Mn = 50,000 g mol-1.

PMVS: 0.021 g of D3 (0.000094 mol) in 0.2 mL dry THF was added to a greaseless Schlenk tube,
before the addition of 30 mL of dry THF. The polymerisation was initiated by the addition of 28.7
μL (0.000045 mol) of n-BuLi (1.6 M in hexanes) at room temperature. The solution was stirred for
3 hours before the addition of 1 g (0.0039 mol) of V3. The reaction was stirred for a further 3 hours
before termination with 0.06 mL (0.00045 mol) of dichloromethylvinylsilane, which was allowed
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to stir for 16 hours. The solution was then concentrated, and the product obtained by precipitation
from THF into methanol two times. The product PMVS was obtained as a viscous liquid (0.444 g).
PMVS: 1H NMR (400 MHz, Chloroform-d) δ 6.07 – 5.69 (m, 3H, vinyl), 0.14 (s, 3H, CH3 PMVS), 0.08
– 0.03 (m, 6H, CH3 PDMS).
13C{1H}

NMR (101 MHz, chloroform-d) δ 136.71, 133.07, -0.60.

GPC Analysis: Mn = 18,500 g mol-1 (PDI = 1.37).

2.4.2.3. Linking Group Attachment
Photoinitiated thiol-ene click reaction
P-3: A carboxylic acid terminated side chain was added to the vinyl group of PMVS using a UVinitiated thiol-ene click reaction (Figure 2-13). In a typical experiment, 0.50 g of PS-b-PMVS-b-PS
(2.5 mmol vinyl) was added to 5 mL of dry THF in a greaseless Schlenk tube with the photoinitiator
2,2-dimethoxy-2-phenylacetophenone (DMPA, 99%). An excess of 3-mercaptopropionic acid
(99%) (0.67 mL, 7.65 mmol) was added and the flask sealed under nitrogen. The tube was then
fixed approximately 3 cm from the UV lamp and irradiated at room temperature for 2.5 hours. The
polymer was precipitated three times from THF into hexane and dried at 40 °C under vacuum to
give the product as a soft, white solid (0.66 g, 86%).

Figure 2-39. Structure of P-3 with labelling used in 1H NMR spectroscopy assignments.

P-3: 1H NMR (400 MHz, acetone-d6) δ = 7.2 (s, 3H, Ar styrene), 6.5 (s, 2H, Ar styrene), 2.75 (m, 6H,
side chain 2+3+4), 1.95 (s, 1H, CH styrene), 1.60 (s, 2H, CH2 styrene), 1.0 (t, J = 16.0, 8.2 Hz, 2H,
side chain 1), 0.25 (s, 3H, CH3 PMVS). Peak for methyl groups on PDMS not observed.
13C{1H}

NMR (126 MHz, acetone-d6) δ 172.99, 128.04, 127.67, 125.68, 40.55, 34.24, 26.58, 26.18,

18.21, -0.44.
GPC Analysis: Mn = 18,300 g mol-1 (PDI = 1.75). NMR Integration: Mn = 77,000 g mol-1.
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P-5: Using a procedure adapted from the literature,31 1.75 g (0.00987 mol) of 5-bromovaleric acid
(97%) was added to 1.10 g (0.0145 mol) of thiourea in 20 mL ethanol and heated to reflux with
stirring for 16 hours under nitrogen. The solution was allowed to cool, and the solvent removed
by rotary evaporation, before addition of 20 mL of 7.5 M NaOH in deionised water. The solution
was heated at 90 °C under nitrogen for 16 hours, and then allowed to cool to room temperature
before cooling further in an ice bath. 2M H2SO4 was slowly added with stirring until a pH of around
1 was obtained. The product was extracted from the solution by washing twice with 150 mL
CH2Cl2 and the organic phase dried using Na2SO4. The solution was filtered, and the solvent was
removed to give the product as a pale-yellow oil. No further purification was carried out prior to
the thiol-ene click reaction.
5-mercaptopentanoic acid: 1H NMR (400 MHz, chloroform-d) δ 2.53 (q, J = 7.1 Hz, 2H, SH-CH2),
2.36 (t, J = 7.2 Hz, 2H, CH2-COOH), 1.80 – 1.57 (m, 4H, CH2), 1.34 (t, J = 7.9 Hz, 1H, SH).

0.50 g of PS-b-PMVS-b-PS (2.5 mmol vinyl) was added to 5 mL of dry THF in a greaseless Schlenk
tube with the photoinitiator DMPA. An excess of 5-mercaptopentanoic acid (0.70 mL, 5.7 mmol)
was added and the flask sealed under nitrogen. The tube was then fixed approximately 3 cm from
the UV lamp and irradiated at room temperature for 2.5 hours. The polymer was precipitated
three times from THF into hexane, then dried at 40 °C under vacuum to give the product as a soft,
white solid (0.77 g, 95%).

Figure 2-40. Structure of P-5 with labelling used in 1H NMR spectroscopy assignments.

P-5: 1H NMR (400 MHz, acetone-d6) δ 7.11 (s, 3H, Ar styrene) 6.68 (s, 2H, Ar styrene), 2.65 (dt, J =
25.7, 7.6 Hz, 4H, side chain 2+3), 2.36 (t, J = 7.1 Hz, 2H, side chain 6), 1.93 (s, 1H, CH styrene), 1.71
(ddt, J = 21.8, 15.4, 6.9 Hz, 4H, side chain 4+5), 1.01 (m, 2H, side chain 1), 0.27 (s, 3H, CH3 PMVS).
Peak for methyl groups on PDMS not observed.
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13C{1H}

NMR (126 MHz, acetone-d6) δ 174.56, 128.03, 127.62, 127.48, 125.71, 125.56, 40.49,

33.17, 31.30, 26.15, 24.17, 18.33, -0.38.
GPC Analysis: Mn = 15,628 g mol-1 (PDI = 1.79). NMR Integration: Mn = 84,000 g mol-1.

PMVS-3: To add the linking group, 0.357 g (0.004 mol vinyl) of PMVS was dissolved in 4 mL of
dry THF in a glovebox before addition of DMPA and 1.3 mL (0.0149 mol) of 3-mercaptopropionic
acid. The tube was sealed and fixed approximately 3 cm from the UV lamp and irradiated for 2.5
hours before precipitation of the product from THF into hexane three times to yield 0.734 g (86%)
of PMVS-3 as a viscous, yellow liquid.

Figure 2-41. Structure of PMVS-3 with labelling used in 1H NMR spectroscopy assignments.

PMVS-3: 1H NMR (400 MHz, Acetone-d6) δ 2.98 – 2.48 (m, 6H, side chain 2+3+4), 1.12 – 0.86 (m,
2H, side chain 1), 0.25 (s, 1H, CH3 PMVS). Peak for methyl groups on PDMS not observed.
13C{1H}

NMR (126 MHz, acetone-d6) δ 173.01, 34.26, 26.58, 26.17, 18.20, -0.44.

GPC Analysis: Not detectable by GPC. Monomodal by DLS. NMR Integration: Mn = 44,200 g mol-1.

Temperature initiated thiol-ene click reaction
P*-3(AIBN): 0.6 g (0.00276 mol of vinyl) of PS-b-PMVS-b-PS* was dissolved in 30 mL dry toluene.
To this was added 1.2 mL (0.0138 mol) of 3-mercaptopropionic acid and 0.225 g (0.00137 mol)
of AIBN. The solution was degassed with three freeze-pump-thaw cycles before heating to 70 °C
for 5 hours. The solvent was removed by rotary evaporation before redissolving the residue in
THF and precipitating into hexane twice, methanol once and then once more into hexane. The
product was obtained as a soft white solid and dried under vacuum at 40 °C to give 0.603 g (68%).
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Figure 2-42. Structure of P*-3(AIBN) with labelling used in 1H NMR spectroscopy assignments.

P*-3(AIBN): 1H NMR (400 MHz, Acetone-d6) δ 7.03 (s, 3H, Ar styrene), 6.62 (s, 2H, Ar styrene),
2.90 – 2.58 (m, 6H, side chain 2+3+4), 1.97 (s, 1H, CH styrene), 1.61 (s, 2H, CH2 styrene), 1.09 –
0.96 (m, 2H, side chain 1), 0.28 (s, 3H, methyl). Peak for methyl groups on PDMS not observed.
13C{1H}

NMR (126 MHz, acetone-d6) δ 173.15, 128.16, 128.03, 125.68, 40.22, 34.32, 26.60, 26.17,

18.21, -0.43.
GPC Analysis: Mn = 46,180 g mol-1 (PDI = 1.01). NMR Integration: Mn = 62,800 g mol-1.

Conversion of carboxylic acid to NHS ester
P-3-NHS: 0.238 g (0.00079 mol vinyl groups) of P-3 was dissolved in 15 mL of THF under
nitrogen. To this solution, 0.289 g (0.00251 mol) of N-hydroxysuccinimide (NHS, 98%), 0.061 g
(0.00050 mol) of DMAP (99%) and 0.518 g (0.00251 mol) of DCC was added and the flask sealed
before allowing to stir for 60 hours at room temperature. The product was obtained by
precipitating three times from THF into hexane, before drying under vacuum at 40 °C (0.178 g,
57%).
P-3-NHS: 1H NMR (400 MHz, Chloroform-d) δ 8.38 (d, 2H, DMAP), 7.05 (s, 3H, Ar styrene), 6.72
(d, 2H, DMAP), 6.58 (s, 1H, Ar styrene), 3.20 (s, 3H, DMAP), 3.00 – 2.72 (m, 6H, alkyl linking group
overlapping), 2.66 (s, 4H, NHS overlapping), 1.85 (s, 1H, styrene overlapping), 1.50 – 1.13 (m, 2H,
styrene overlapping), 1.02 – 0.77 (m, 2H, linking group overlapping), 0.17 (s, 3H, CH3 PMVS). Peaks
from DCC and DCU overlap in the region 1-3 ppm.
GPC Analysis: Mn = 45,884 g mol-1 (PDI = 1.73). NMR Integration: No clear separation of peaks for
calculation.
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2.4.2.4. Mesogen Attachment
Displacement of NHS Ester with M2
0.416 g (0.00070 mol vinyl) of P-3-NHS was dissolved in 80 mL THF with 0.956 g (0.0021 mol)
of M2 and stirred at room temperature for 16 hours. The solution was concentrated before
precipitation of the product into methanol. The precipitation was repeated two times, and the
resulting orange solid dried under vacuum at 40 °C. From the 1H NMR spectroscopy it was
apparent the NHS group was displaced by methanol on precipitation, and so that no mesogen
attachment had occurred.
1H

NMR (400 MHz, Chloroform-d) δ 8.13 (d, J = 8.9 Hz, 2H, Ar M2), 7.81 (dd, J = 9.0, 4.3 Hz, 3H, Ar

M2), 7.07 (s, 3H, Ar styrene), 6.97 (dd, J = 8.9, 4.5 Hz, 5H, Ar M2), 6.69 – 6.61 (m, 1H, Ar M2), 6.53
(s, 1H, Ar styrene), 4.14 – 3.97 (m, 4H, OCH2), 3.48 (s, 3H, OCH3), 3.01 – 2.74 (m, 6H, linking group),
2.72 – 2.52 (m, 4H, NHS), 2.02 (s, 1H, styrene overlapping), 1.87 – 1.74 (m, 4H, alkyl M2), 1.52 (dq,
J = 14.8, 7.4 Hz, 4H, alkyl M2), 1.43 (s, 2H, styrene overlapping), 0.99 (t, J = 7.4 Hz, 6H, alkyl M2),
0.92 (d, J = 10.0 Hz, 2H, linking group), 0.17 (s, 3H, CH3 PMVS).

Coupling of M1/M2 to P-3/P-5 by a Carbodiimide Mediated Reaction
In a typical reaction, 0.35g of P-3 or P-5 (1.16 mmol vinyl) was dissolved in 35 mL of dry CH2Cl2
under nitrogen. To this solution, 0.80g (1.74 mmol) of M1 or 0.83g (1.74 mmol) of M2 was added,
followed by 0.29 g N,N′-dicyclohexylcarbodiimide (DCC) (1.39 mmol) and 0.017g (0.14 mmol)
DMAP. The flask was sealed and allowed to stir for 60 hours at room temperature.
The polymer was isolated by first filtering off insoluble impurities and washing with cold CH 2Cl2,
before removal of the solvent under vacuum and precipitating five times from toluene into
methanol. The product was obtained as a soft, orange/brown solid and dried under vacuum at 40
°C. The yield and percentage conversion of carboxylic acid to mesogen varied depending on the
length of the side chain and the choice of mesogen - these results are summarised in Table 2-8. It
was not possible to obtain a pure sample of the product of the reaction between P-5 and M2 by
this method, with 1H NMR suggesting very low (if any) coupling of the mesogen to the carboxylic
acid. The solid that was obtained was insoluble, and so further characterisation was not possible.

96

Chapter 2
Table 2-8. Yield and % conversion for 0.35 g scale reactions.
Polymer

Mass (g)

Yield (%)

% Conversion COOH*

P-3-M1(82)-COOH(18)

0.66

85

82

P-3-M2(80)-COOH(20)

0.60

78

80

P-5-M1(86)-COOH(14)

0.59

46

86

*Calculated from relative ratio of peaks for OCH2 from mesogen and alkyl protons from linking group
in 1H NMR spectra

P-3-M1(65)-COOH(35): 2.35 g of P-3 (0.00767 mol vinyl) was dissolved in 135 mL dry CH2Cl2,
before the addition of 5.334 g (0.0115 mol) of M1, 1.905 g (0.00923 mol) of DCC and 0.113 g
(0.000925 mol) of DMAP. The procedure used for the 0.35 g scale reaction was followed, with the
product obtained as a soft, orange/brown solid and dried under vacuum at 40 °C to give 3.691 g
(80%).

Figure 2-43. Structure of P-3-M1(82)-COOH(18) and P-3-M1(65)-COOH(35) (E=O). Structure of P-3M2(80)-COOH(20) (E=NH) with labelling used in 1H NMR spectroscopy assignments.

P-3-M1(82)-COOH(18): 1H NMR (400 MHz, chloroform-d) δ 7.97-6.81 (m, 11H, Ar mesogen),
7.07 (s, 3H, Ar styrene), 6.58 (s, 2H, Ar styrene), 3.86 (s, 4H, OCH2 mesogen), 2.85-2.59 (m, 6H,
side chain 2+3+4), 1.67 (s, 5H, n-butyl + CH styrene), 1.41 (s, 6H, n-butyl + CH2 styrene), 0.90 (s,
8H, n-butyl + side chain 1), 0.06 (s, 6H, CH3 PMVS). Peak for methyl groups on PDMS not observed.
13C{1H}

NMR (126 MHz, chloroform-d) δ 170.16, 164.38, 163.72, 161.87, 154.03, 153.79, 152.89,

148.87, 146.86, 144.33, 141.54, 135.38, 133.50, 132.39, 128.04, 127.96, 127.91, 125.65, 125.61,
124.96, 123.99, 121.19, 120.93, 119.83, 117.88, 116.89, 115.07, 114.69, 114.37, 113.74, 111.18,
68.05, 40.70, 40.40, 40.25, 34.53, 31.14, 29.71, 26.77, 26.63, 19.21, 18.21, 13.84, 1.03, -0.00.
GPC Analysis: Mn = 36,468 g mol-1 (PDI = 1.89). NMR Integration: Mn = 170,000 g mol-1.
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P-3-M1(65)-COOH(35): 1H NMR (400 MHz, chloroform-d) δ 7.99-6.48 (m, 11H, Ar mesogen),
6.85 (s, 3H, Ar styrene), 6.57 (s, 2H, Ar styrene), 4.06 (s, 4H, OCH2), 2.87 – 2.36 (m, 6H, side chain
2+3+4), 1.69 (s, 5H, n-butyl and styrene), 1.42 (s, 4H, n-butyl and styrene), 0.90 (s, 8H, n-butyl and
side chain 1), 0.10 (s, 6H, CH3 PMVS). Peak for methyl groups on PDMS not observed.
13C{1H}

NMR (126 MHz, chloroform-d) δ 170.30, 164.38, 163.72, 161.87, 154.04, 153.79, 152.90,

148.88, 146.93, 144.33, 135.38, 133.50, 132.39, 128.23, 128.02, 127.96, 127.67, 127.42, 125.64,
125.48, 124.98, 123.99, 121.19, 117.92, 116.93, 115.07, 114.37, 113.74, 111.18, 68.16, 68.05,
40.59, 40.36, 34.53, 31.21, 31.14, 26.80, 26.63, 26.46, 19.21, 18.16, 13.84, 1.03, 0.01.
GPC Analysis: Mn = 43,271 g mol-1 (PDI = 1.98). NMR Integration: Mn = 150,750 g mol-1.

P-3-M2(80)-COOH(20): 1H NMR (400 MHz, chloroform-d) δ 9.96 (s, 1H, NH), 8.40-6.55 (m, 11H,
Ar mesogen), 7.08 (s, 3H, Ar styrene), 6.55 (s, 2H, Ar styrene), 3.92 (m, 4H, OCH2 mesogen), 2.842.61 (m, 6H, side chain 2+3+4), 1.85-1.26 (m, 11H, n-butyl + CH-CH2 styrene), 0.94 (m, 8H, n-butyl
+ side chain 1), 0.07 (s, 6H, CH3 PMVS). Peak for methyl groups on PDMS not observed.
13C{1H}

(126 MHz, chloroform-d) δ 136.45, 132.31, 128.04, 125.53, 124.67, 114.73, 114.16, 67.98,

40.30, 31.15, 30.32, 29.33, 27.22, 25.62, 19.18, 18.25, 13.86, 1.03, -0.05.
GPC Analysis: Mn = 32,858 g mol-1 (PDI = 1.77). NMR Integration: Mn = 167,500 g mol-1.

Figure 2-44. Structure of P-5-M1-(86)-COOH(14) with labelling used for
assignments.

98

1H

NMR spectroscopy

Chapter 2
P-5-M1(86)-COOH(14): 1H NMR (400 MHz, chloroform-d) δ 8.01-6.56 (m, 11H, Ar mesogen),
7.08 (s, 3H, Ar styrene), 6.56 (s, 2H, Ar styrene), 3.91 (s, 4H, OCH2 mesogen), 2.52 (s, 6H, side chain
2+3+6), 1.80-1.42 (m, 9H, n-butyl + CH styrene + side chain 4+5), 0.90 (m, 8H, n-butyl + side chain
1), 0.10 (s, 6H, CH3 PMVS). Peak for methyl groups on PDMS not observed.
13C{1H}

NMR (126 MHz, chloroform-d) δ 171.61, 164.38, 163.71, 161.87, 154.03, 153.79, 152.93,

149.05, 146.96, 144.33, 141.78, 135.38, 133.50, 132.39, 128.02, 127.64, 127.52, 125.63, 124.93,
121.19, 120.98, 119.81, 116.90, 115.06, 114.36, 113.74, 111.18, 68.16, 68.05, 40.56, 40.35, 33.60,
31.74, 31.14, 29.79, 29.66, 28.93, 28.79, 26.57, 24.22, 24.01, 19.21, 18.32, 13.84, 1.03, -0.03.
GPC Analysis: Mn = 30,951 g mol-1 (PDI = 1.94). NMR Integration: Mn = 181,700 g mol-1.

P-5 with M2: 1H NMR (400 MHz, chloroform-d) δ 8.13 (d, J = 9.1 Hz, 2H, Ar mesogen 10+11), 7.85
– 7.77 (m, 3H, Ar mesogen 3+4+5), 6.97 (dd, J = 7.6, 5.9 Hz, 4H, Ar mesogen 6+7+8+9), 6.65 (d, J =
9.9 Hz, 2H, Ar mesogen 1+2), 5.88 (s, 1H, NH), 4.05 (q, J = 6.4 Hz, 4H, OCH2), 1.86 – 1.75 (m, 4H, nbutyl), 1.55 – 1.48 (m, 4H, n-butyl), 1.04 – 0.95 (m, 6H, n-butyl), 0.07 (s, 6H, CH3 PMVS). Peak for
methyl groups on PDMS not observed.
These peaks corresponded to a mixture of unreacted P-5 and M2.

Coupling of M1 to PMVS-3 by a Carbodiimide Mediated Reaction
PMVS-3-M1(84)-COOH(16): 0.32 g (0.00168 mol of vinyl) of PMVS-3 was dissolved in 15 mL of
dry THF before the addition of 1.159 g (0.00251 mol) of M1, 0.414 g (0.00201 mol) of DCC and
0.025 g (0.000205 mol) of DMAP. The solution was sealed under nitrogen and allowed to stir for
60 hours at room temperature. Solid impurities were then removed by filtration and the product
obtained by successive precipitations from toluene into methanol before drying under vacuum at
40 °C to give 0.320 g (33 %).
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Figure 2-45. Structure of PMVS-3-M1(84)-COOH(16) with labelling used for 1H NMR spectroscopy
assignments.

PMVS-3-M1(84)-COOH(16): 1H NMR (400 MHz, Chloroform-d) δ 7.94 (s, 2H, Ar mesogen), 7.66
(s, 3H, Ar mesogen), 7.04 (s, 2H, Ar mesogen), 6.78 (s, 4H, Ar mesogen), 3.82 (s, 4H, OCH2), 2.97 –
2.42 (m, 6H, side chain 2+3+4), 1.79 – 1.48 (m, 4H, alkyl mesogen), 1.37 (m, 4H, alkyl mesogen),
1.01 – 0.73 (m, 6H, alkyl mesogen), 0.06 (s, 6H, CH3 PMVS). Peak for methyl groups on PDMS not
observed.
13C{1H}

NMR (126 MHz, chloroform-d) δ 170.08, 163.90, 163.53, 161.90, 154.03, 153.79, 152.86,

148.91, 146.80, 141.50, 135.38, 133.50, 132.39, 132.25, 124.91, 123.99, 120.95, 119.74, 117.75,
116.82, 115.07, 114.60, 114.24, 113.74, 111.18, 67.91, 34.51, 31.10, 26.76, 26.62, 19.15, 18.17,
13.83, 1.03, -0.02.
GPC Analysis: Mn = 43,509 g mol-1 (PDI = 2.68). NMR Integration: Mn = 133,500 g mol-1.

Conversion of Carboxylic Acid Groups to Methyl Esters
P-3-COOMe: 0.3 g (0.000992 mol of vinyl) of P-3 was dissolved in 15 mL of dry CH2Cl2 before the
addition of 0.016 g (0.000123 mol) of DMAP, 0.12 mL (0.00296 mol) of methanol and 0.246 g
(0.00119 mol) of DCC. The flask was sealed and the solution stirred under nitrogen for 60 hours
before filtering off solid impurities and washing with CH2Cl2. The polymer was precipitated three
times from THF into methanol and once from THF into hexane, before the white solid was dried
under vacuum at 40 °C (0.152 g, 48%).
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Figure 2-46. Structure of P-3-COOMe with labelling used for 1H NMR spectroscopy assignments.

P-3-COOMe: 1H NMR (400 MHz, Chloroform-d) δ 7.05 (s, 3H, Ar styrene), 6.57 (s, 1H, Ar styrene),
3.69 (s, 3H, OCH3), 2.79 (t, J = 7.4 Hz, 2H, side chain 4), 2.59 (q, J = 9.5, 8.4 Hz, 4H, side chain 2 and
3), 1.85 (s, 1H, CH styrene), 1.36 (s, 2H, CH2 styrene), 0.95 – 0.80 (m, 2H, side chain 1), 0.15 (s, 3H,
CH3 methyl). Peak for methyl groups on PDMS not observed.
13C{1H}

NMR (126 MHz, chloroform-d) δ 172.31, 128.03, 127.64, 125.64, 51.77, 40.57, 40.35,

34.55, 26.88, 26.49, 18.19, -0.01.
GPC Analysis: Mn = 38,788 g mol-1 (PDI = 1.64). NMR Integration: Mn = 80,600 g mol-1.

P*-3(AIBN)-COOMe: 0.3 g (0.000942 mol of vinyl) of P*-3(AIBN) was dissolved in 20 mL of dry
CH2Cl2 before the addition of 0.1 mL (0.00247 mol) of methanol, 0.233 g (0.00113 mol) of DCC and
0.014 g (0.000115 mol) of DMAP. The solution was sealed under nitrogen and allowed to stir for
60 hours. Solid impurities were removed by filtration and the product obtained by precipitation
from THF into methanol and then hexane, to obtain a soft, white solid which was dried under
vacuum at 40 °C to give 0.216 g (69%).

Figure 2-47. Structure of P*-3(AIBN)-COOMe with labelling used for 1H NMR spectroscopy assignments.
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P*-3(AIBN)-COOMe: 1H NMR (400 MHz, Chloroform-d) δ 7.22 – 6.81 (s, 3H, Ar styrene), 6.52 (s,
2H, Ar styrene), 3.69 (s, 3H, OCH3), 2.79 (t, J = 7.0 Hz, 1H, side chain 4), 2.60 (q, J = 9.4, 8.4 Hz, 4H,
side chain 2+3), 1.88 (s, 1H, CH styrene), 1.41 (s, 2H, CH2 styrene), 1.02 – 0.74 (m, 2H, side chain
1), 0.15 (s, 3H, methyl). Peak for methyl groups on PDMS not observed.
13C{1H}

NMR (126 MHz, chloroform-d) δ 172.31, 128.04, 127.65, 125.65, 51.77, 40.37, 34.54,

26.88, 26.48, 18.20, 1.03, -0.02.
GPC Analysis: Mn = 33,476 g mol-1 (PDI = 1.76). NMR Integration: Mn = 65,500 g mol-1.

P-3-M1(65)-COOMe(35): 0.9 g of P-3-M1(65)-COOH(35) was dissolved in 50 mL of dry CH2Cl2,
before the addition of 0.411 g (0.00199 mol) of DCC, 0.1 mL (0.00247 mol) of methanol and 0.024
g (0.000196 mol) of DMAP. The solution was sealed under nitrogen and allowed to stir at room
temperature for 60 hours. Solid impurities were removed by filtration before precipitation of the
polymer from toluene into methanol three times. The product was dried under vacuum at 40 °C
to give 0.760 g (80%) of the orange polymer.

Figure 2-48. Structure of P-3-M1(65)-COOMe(35) with labelling used for 1H NMR spectroscopy
assignments.

P-3-M1(65)-COOMe(35): 1H NMR (400 MHz, Chloroform-d) δ 8.02-6.85 (11H, Ar mesogen), 7.07
(s, 3H, Ar styrene), 6.57 (s, 2H, Ar styrene), 3.91 (s, 4H, OCH2), 3.58 (s, 3H, OCH3), 3.00 – 2.41 (m,
6H, side chain 2+3+4), 1.71 (s, 5H, n-butyl and styrene), 1.43 (6, 4H, n-butyl and styrene), 0.92 (s,
8H, n-butyl and side chain 1), 0.12 (s, 6H, CH3 PMVS). Peak for methyl groups on PDMS not
observed.
13C{1H}

NMR (126 MHz, chloroform-d) δ 172.27, 170.10, 164.01, 163.72, 161.99, 152.92, 148.91,

146.86, 145.35, 141.54, 132.50, 132.30, 128.27, 128.04, 127.95, 127.67, 127.42, 127.30, 125.65,
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125.47, 124.94, 120.97, 119.85, 117.90, 116.89, 115.07, 114.68, 114.32, 67.97, 51.68, 40.62, 40.60,
40.35, 34.54, 31.11, 26.80, 26.65, 26.43, 25.33, 19.18, 18.19, 13.84, 1.33, 0.74, -0.01.
GPC Analysis: Mn = 33,476 g mol-1 (PDI = 2.07). NMR Integration: Mn = 152,000 g mol-1.

P*-3(AIBN)-M1-COOMe: 2.31 g (0.00679 mol of vinyl) of P*-3(AIBN) was dissolved in 125 mL
of dry CH2Cl2 with 4.084 g (0.00883 mol) of M1, 1.682 g (0.00815 mol) of DCC and 0.099 g
(0.000810 mol) of DMAP. The solution was sealed under nitrogen and stirred at room
temperature for 60 hours. Solid impurities were removed by filtration and precipitation of the
product was attempted from toluene into methanol. Precipitation did not lead to effective
separation of the product and M1, and so the unpurified solid was used for the subsequent
synthetic step.
3.526 g of the mixture of polymeric product and M1 was dissolved in 125 mL of dry CH2Cl2, before
the addition of 0.35 mL (0.0087 mol) of methanol, 1.404 g (0.0068 mol) of DCC and 0.083 g
(0.00068 mol) of DMAP. The solution was sealed under nitrogen and stirred at room temperature
for 60 hours. The resulting solution did not filter, and so solid impurities were removed by
centrifuge before removal of the solvent by rotary evaporation. The product was precipitated
from toluene into methanol five times to remove excess M1, with the resulting polymer obtained
as a soft, orange solid before drying under vacuum at 40 °C to give 0.838 g.

Figure 2-49. Structure of P*-3(AIBN)-M1-COOMe with labelling used for
assignments.
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P*-3(AIBN)-M1-COOMe: 1H NMR (400 MHz, Chloroform-d) δ 13.26 (s, unattached M1), 8.22 –
8.09 (m, unattached (sharp) and attached (broad, low intensity) M1), 7.97 – 7.72 (m, unattached
(sharp) and attached (broad, low intensity) M1), 7.17 – 6.85 (m, 3H, Ar styrene + attached
mesogen), 6.58 (s, 2H, Ar styrene), 4.12 – 3.90 (m, unattached (sharp) and attached (broad, low
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intensity) M1), 3.81 – 3.61 (m, OCH3), 3.48 (s, 0H), 3.23 – 2.39 (m, linking group alkyls), 2.04 –
1.65 (m, styrene alkyls, mesogen alkyls), 1.63 – 1.19 (m, styrene+mesogen+linking group alkyls),
1.09 – 0.78 (m, 3H, CH3 PMVS).
GPC Analysis: Mn = 40,620 g mol-1 (PDI = 1.76). NMR Integration: Weak peaks from PMVS block
prevent calculation of mesogen loading and so molecular weight.

2.4.3. UV Response
A thin film of P-3-M1(82)-COOH(18) was prepared by solvent casting from toluene before
annealing at 120°C for 2 hours. The film was then stretched uniaxially at 120 °C before allowing
to cool to promote alignment of the LC component. A strip was cut from the film with the direction
of alignment along its long axis, then adhered to two end tabs to give a sample with gauge length
of 13.6 mm and a thickness of 0.1 mm.
The end tabs were loaded in a Diastron LEX820 tensile tester with 20 N load cell. The test machine
was set to maintain a target stress of 25.7 kPa by controlling the tensile force exerted on the film.
The end tabs pulled apart at a rate of 0.2 mm s-1 to meet this condition and the data collected at
220 ms interval for the 420 second duration of the experiment. A 100W UV lamp (Hoenle
UVACube 100 with mercury bulb, main peak 365 nm) was fixed 3 cm above the film and switched
on for 60 second intervals and off for 120 second intervals. When the UV lamp was switched off a
visible light source was turned on to promote isomerisation of the mesogen. The force required
to maintain a constant stress was recorded and plotted against time. The experimental setup is
shown in Figure 2-50. During experiments this was covered with an opaque box to block the UV
light.

Figure 2-50. Experimental setup used for UV response test.
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Chapter 3: Effect of Tensile Strain on the Morphology of
Thermoplastic Liquid Crystal Elastomers
3.1. Introduction
In Chapter 2 it was shown that the liquid crystal (LC) functionalised triblock copolymers
P-3-M1(82)-COOH(18) and P-3-M1(65)-COOH(35) had glass and isotropic transition
temperatures (Tg and Tiso, respectively) appropriate for use as UV-responsive room temperature
actuators. Whilst the thermal properties are important in determining their suitability as
actuators, there are other structural factors to consider. Typically, liquid crystal elastomers (LCEs)
require covalent crosslinking for reversible actuation, so as to recover the initial, undeformed
state on removal of an applied stress.1 However, in the case of the P-3-M1(x)-COOH(y) polymers
the triblock copolymer backbone is designed to act as a thermoplastic elastomer, which means
that the reversible actuation is reliant on the microphase separated morphology adopted by the
polystyrene (PS) and poly(methylvinylsiloxane) (PMVS) blocks at room temperature. Generally, a
spherical arrangement of the hard blocks (PS in this case) in a matrix of the soft block (PMVS) is
required to physically crosslink the chains and for elastomeric behaviour to be observed.2
Therefore, if the M1 functionalised polymers have a volume fraction and interaction parameter
that favours this morphology they are highly likely to demonstrate elastomeric behaviour.
As well as forming a thermoplastic elastomer, it is also necessary to induce a LC monodomain for
macroscopic shape change to occur. It was demonstrated by Petr et al. that stretching a film of
their thermoplastic LCE whilst heated above the Tiso was sufficient to obtain a reversible
contraction of 3.3% when irradiated with UV light at room temperature.3 However, no further
insight was presented as to the nanoscale origin of the actuation, which was triggered on
isomerisation of the azobenzene group present in the mesogen. The level of order within a LC
mesophase can be identified for smectic mesophases using Wide-Angle X-ray Scattering (WAXS)
to obtain peaks characteristic of the spacing between layers.4–6 Nematic mesophases such as those
found in P-3-M1(x)-COOH(y), however, demonstrate a much lower level of long-range order than
smectics and so it is not possible to directly probe the LC mesophase for the thermoplastic LCEs
synthesised in Chapter 2 by this method.
Similar methods of inducing alignment in LCEs to that utilised by Petr et al. have been adopted for
Covalent Adaptable Networks (CANs), where the polymer was first heated to a temperature where
covalent bonds could exchange before stretching and cooling to freeze-in the deformed state.7–9 It
has been shown that for side-chain LCPs the rod-like mesogen preferentially orients parallel to
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the polymer backbone due to the flexible, side-on linking group.10 For the triblock copolymers
reported in Chapter 2, it is likely that manually deforming the film whilst heated above the glass
transition temperature of both blocks will lead to changes in the microphase separated
morphology. Therefore, whilst it is not possible to directly probe the level of order within the
nematic mesophase, it is possible to observe the effect of an applied tensile force on the
morphology of the triblock copolymer backbone through SAXS.
It has been shown that for sphere-forming block copolymer systems shear forces, such as those
encountered by applying uniaxial tension, increase the level of orientational order between
spherical domains.11,12 This can be determined from the 2D scattering pattern, with isotropic
samples resulting in a circular pattern with equal intensity at all points on the circle and
anisotropic structures resulting in areas of higher or lower intensity (Figure 3-1).13 SAXS would
therefore be useful not only to determine whether a thermoplastic elastomer has been
synthesised, but also for characterisation of the level of alignment of the domains achieved by
stretching the polymer film. This could then be extended to different processing methods which
apply tensile strain to the polymer, for example melt extrusion (to be discussed in Chapter 4) and
electrospinning (to be discussed in Chapter 5).

Figure 3-1. Characteristic 2D SAXS scattering pattern for systems with varying levels of orientational order.
Reproduced from Reference 13.

High temperature SAXS would offer further insight. The presence of a nematic mesophase can be
inferred from its effect on the microphase separated morphology of block copolymers. The
unfavourable increase in free energy associated with mixing an ordered LC mesophase with a
random-coil polymer chain can result in phase transitions shifting to higher temperatures,
including the order-disorder transition (TODT).14 Evidence of a microphase separated morphology
at high temperatures is therefore consistent with the presence of a nematic mesophase. If a change
in morphology can be detected at temperatures above the Tiso, it would also be a good indication
that the thermoplastic LCEs have the desired responsive properties for use as actuators.
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The aim of the following work was therefore to understand the morphology adopted by the LCEs
described in Chapter 2 at room temperature and to determine what effect, if any, the application
of a tensile force had. The room temperature morphology was predicted and characterised for
films of P-3, P-3-M1(65)-COOH(35), P-3-M1(82)-COOH(18) and P-3-M2(80)-COOH(20) using
a combination of SAXS and Transmission Electron Microscopy (TEM). TEM was used to confirm
the presence of the predicted morphology and approximate dimensions of individual domains,
whilst SAXS was utilised to determine the bulk morphology, including the average size and
spacing between domains.
The effect of stretching the polymer film on the morphology was then investigated, both at room
temperature and on heating above the Tiso using variable temperature SAXS (VT-SAXS), to
determine whether a detectable change in the domains could be observed. Finally, mechanical
measurements were made on a film of the stretched polymer whilst irradiating using UV to
determine whether the change in morphology of the triblock copolymer backbone could be linked
to photoactuation of the film.

3.2. Results and Discussion
3.2.1. Theoretical Volume Fraction
In order to predict the microphase segregated morphology adopted by the thermoplastic LCEs, a
value for the Flory-Huggins Interaction Parameter, χ, was calculated using Equation 3.1 (where 𝛿𝑖
is the solubility parameter of block i). It was also necessary to calculate the molar volume (VM,i)
for the PS and PMVS blocks both before and after functionalisation. This was carried out for PS-bPMVS-b-PS, P-3, P-3-M1(65)-COOH(35) and P-3-M1(82)-COOH(18). No further calculations
were made for P-3-M2(80)-COOH(20) as the level of LC loading is expected to have a greater
impact on the properties than the identity of the mesogen (M1 or M2), which would have a
marginal effect on the VM.
𝜒𝐻 =

𝑉𝑀
(𝛿 − 𝛿𝐵𝐵 )2
𝑅𝑇 𝐴𝐴

3.1

It has been shown that 𝑉𝑀,𝑖 can be calculated from the sum of the contributions from each atom in
the polymer repeat unit, with results obtained in this manner showing good agreement with those
found experimentally at a given temperature.15 The molar volume for each homopolymer can
therefore be calculated according to Equation 3.2, Where 𝑉𝑥 is the volume contribution per atom,
𝑥.
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3.2

𝑉𝑀,𝑖 (298𝐾) = ∑ 𝑉𝑥 (298𝐾)
𝑖

To account for contraction the in atomic volume due to bonding interactions, the van der Waals
volume (𝑉𝑊,𝐴 ) is used. For amorphous polymers this value has a linear relationship with the molar
volume, where VM = 1.6VW,A, which allows for estimation of the molar volume of structural
subunits from experimentally derived values of VW,A.15 For a block copolymer comprised of blocks
i and j, a total molar volume, VM, that accounts for the molar volume of each block can be expressed
according to Equation 3.3, assuming that each block has an approximately equal degree of
polymerisation.
3.3

1

𝑉𝑀 = (𝑉𝑀,𝑖 𝑉𝑀,𝑗 )2

For the triblock copolymers described in Chapter 2, the molar volume of the repeat unit can be
calculated using data tabulated by van Krevelen for common organic structural groups, as no
experimental values are quoted in the literature.15 To account for the mixture of linking groups
terminated with either a mesogen or carboxylic acid group in P-3-M1(82)-COOH(18) and P-3M1(65)-COOH(35), the molar volume was first calculated for both PMVS repeat units either fully
terminated with carboxylic acid (PMVS-COOH) or with M1 (PMVS-M1), and then weighted
according to the percentage of each in the final polymer. The resulting values for VM are given in
Table 3-1, with the structural groups used and their individual contributions listed in Appendix B.
Table 3-1. Calculated molar volume for all repeat units in PS-b-PMVS-b-PS, P-3, P-3-M1(65)-COOH(35)
and P-3-M1(82)-COOH(18). *From reference 15.
VM,i (cm3 mol-1)

Repeat Unit
PMVS-M1

570.5

PMVS-COOH

162.5

PMVS-M1(82)-COOH(18)

497.1

PMVS-M1(65)-COOH(35)

427.1

PMVS

83.9

PS

99.0*
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The molar volume of the polystyrene repeat unit was obtained from the literature as 99.0 cm3
mol-1.15 This allowed for calculation of VM for the block copolymers using Equation 3.3, and also
the fPS for each polymer using Equation 3.4. The microphase segregated morphology adopted by
the triblock copolymers could then be predicted after calculating χN using Equation 3.1. The
degree of polymerisation for a triblock copolymer is equivalent to 2N,16 therefore a value of N=262
was used for all polymers based on the backbone described in Section 2.2.2.1. Values for the
solubility parameter for polystyrene and polydimethylsiloxane (PDMS) are given in the literature
as 17.8 and 15.3 MPa1/2 respectively.17 Calculated values of VM, fPS, χN and the corresponding
predicted morphologies are listed in Table 3-2.
𝑓𝑖 =

𝑉𝑀,𝑖
∑ 𝑉𝑀,𝑖

3.4

Table 3-2. Calculated VM, fPS and χN for PS-b-PMVS-b-PS, P-3, P-3-M1(65)-COOH(35) and P-3-M1(82)COOH(18) and the predicted microphase segregated morphology for each.
Polymer
PS-b-PMVS-b-PS

VM (cm3 mol-1)

fPS

χN

Predicted Morphology

91.2

0.55

60

Lamellar

P-3

126.9

0.38

84

Lamellar

P-3-M1(82)-COOH(18)

221.8

0.17

151

Spherical/Cylindrical*

P-3-M1(65)-COOH(35)

205.6

0.20

121

Spherical/Cylindrical*

*Values for fPS in strong segregation limit on borderline between spherical and cylindrical regions.

The calculated values listed in Table 3-2 can only be considered as estimates, as in the calculation
of χ the solubility parameter for PDMS was used to represent the midblock, but this will not
account for any difference in the interaction parameter caused by functionalisation with the
linking group or the mesogen. Secondly, the relationship given in Equation 3.1 holds only for
polymers in which dispersive (van der Waals) interactions dominate, however, it is expected that
hydrogen bonding will have a significant effect that is not accounted for in this model.18 This will
have an impact on values for χN calculated for the LC-functionalised polymers, and in particular
for P-3 which contains a large number of carboxylic acid groups. Hydrogen bonding can act to
decrease χ to the extent that negative values are measured,18 and so the values in Table 3-2 may
over-estimate the actual value of χN. However, despite these limitations the lamellar morphology
predicted for PS-b-PMVS-b-PS was confirmed experimentally by Petr et al.3, suggesting that the
results of the calculations are valid. The morphologies predicted for P-3-M1(82)-COOH(18) and
P-3-M1(65)-COOH(35) suggested that they have a suitable composition for forming a
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thermoplastic elastomer, and so samples were prepared for TEM and SAXS to confirm which was
present.

3.2.2. Room Temperature Morphology
Films of the polymers P-3, P-3-M1(82)-COOH(18), P-3-M1(65)-COOH(35) and P-3-M2(80)COOH(20) were cast from a toluene solution and annealed for 2 hours at 120 °C. For P-3-M1(82)COOH(18) and P-3-M1(65)-COOH(35), one of the films was also uniaxially stretched whilst
heated above the Tiso to promote the formation of a LC monodomain. Thin sections were cut from
the films using a microtome and collected on copper grids for TEM.

3.2.2.1. P-3
The azimuthal integration of the SAXS data obtained for P-3 (Figure 3-2) showed no discernible
peaks, which indicated an amorphous morphology with no long-range order present. It was
shown by Petr et al. that the unfunctionalised PS-b-PMVS-b-PS triblock copolymer adopted a
lamellar morphology,3 and this structure was predicted for P-3 from volume fraction calculations.
It can therefore be proposed that the introduction of hydrogen bonding due to the addition of the
carboxylic acid-terminated linking group to the PMVS block has decreased χ to the extent that at
room temperature the polymer was below the critical value for microphase segregation to occur,18
and so in the disordered region of the phase diagram. However, the structure seen by TEM in
Figure 3-3 does not suggest the expected homogeneous mixed phase of PS and PMVS was present.
This, combined with the predicted lamellar microstructure from the molar volume of the PS block
suggests incomplete annealing of the film had occurred. This would mean that at the time
annealing was stopped, the domains were still evolving with long-range order yet to be
established.
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Figure 3-2. Background subtracted room temperature SAXS data for P-3 after azimuthal integration
showing no clear peaks suggesting a disordered morphology. Inset – 2D SAXS pattern showing no rings
indicative of long-range order.

Figure 3-3. Representative TEM image for P-3 showing no microphase separation between the PS and
PMVS blocks. The relatively large features suggest that the block copolymer is not homogeneous at room
temperature.
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3.2.2.2. P-3-M1(82)-COOH(18) and P-3-M2(80)-COOH(20)
On the attachment of the mesogen (either M1 or M2) to the linking group on P-3, and with no
further alignment processes carried out, both the SAXS and TEM results indicated that microphase
separation of the PS and PMVS blocks had occurred. The 2D scattering patterns obtained
suggested that the film of P-3-M1(82)-COOH(18) (Figure 3-4) had some level of anisotropy
present, evident from the increased regions of intensity in the equatorial direction and slight
elliptical nature. In contrast, P-3-M2(80)-COOH(20) (Figure 3-5) resulted in an isotropic, circular
scattering pattern which displayed equal intensity at all points. Neither film was stretched or
deformed in order to promote an anisotropic structure, and so the increased anisotropy observed
for P-3-M1(82)-COOH(18) most likely arose as a result of drying effects during the film
preparation, or from sample loading for the SAXS measurement. For both polymers the azimuthal
integration resulted in a plot with two peaks: a broad peak at higher q values arising from the
form factor, F(q), denoted by qF, and a more defined peak at lower q values, characteristic of the
structure factor, S(q), denoted by q*.

Intensity (a.u.)

101

q*

100

qF
-1

10

10-2

10-3
0.00
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0.50

0.75

1.00

-1
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Figure 3-4. Background subtracted room temperature SAXS data for P-3-M1(82)-COOH(18) after
azimuthal integration. The q* peak at 0.174 nm-1 corresponds to an average inter-sphere spacing of 36.1
nm, whilst the qF peak around 0.43 nm-1 corresponds to an average sphere radius of 15 nm. Inset – 2D SAXS
pattern showing slightly anisotropic scattering.

114

Chapter 3

10-7

q*

Intensity (a.u.)

10-8

qF

10-9

10-10

10-11

0.00

0.25

0.50

0.75

1.00

q (nm-1)

Figure 3-5. Background subtracted room temperature SAXS data for P-3-M2(80)-COOH(20) after
azimuthal integration. The q* peak at 0.181 nm-1 corresponds to an average inter-sphere spacing of 34.8
nm, whilst the qF peak around 0.46 nm-1 corresponds to an average sphere radius of 14 nm. Inset – 2D SAXS
pattern showing isotropic scattering.

The broad qF peaks are characteristic of the spherical form factor19,20 and arise due to intra-sphere
interference from atoms within the domains.21 This peak indicated that a spherical morphology
was present for both materials, where the spheres had an average radius of 15 nm for P-3M1(82)-COOH(18) and 14 nm for P-3-M2(80)-COOH(20) (due to the broad nature of the
spherical form factor peak the value of the average radius of the spheres was calculated to two
significant figures). The sharper q* peak arises due to inter-sphere interference,19,21 which allows
for determination of the average spacing between the centres of two neighbouring domains. The
peak maximum in reciprocal space was measured to four decimal places, and then converted to a
value in real space using Equation 3.5. This gave values of 36.1 nm for P-3-M1(82)-COOH(18)
and 34.8 nm for P-3-M2(80)-COOH(20), confirming that the identity of the mesogen had
negligible effect on the microphase separation of the PS and PMVS blocks.
𝑑=

2𝜋
𝑞

3.5

Neither peak in the two sets of SAXS data had a shoulder or higher order reflection, which suggests
that a relatively disordered arrangement of domains was adopted as opposed to a well-ordered
lattice (i.e. body centred or face centred cubic) or a hexagonally close packed (HCP) cylindrical
morphology. Without higher order reflections it is not possible to distinguish between spherical
and cylindrical morphologies from the SAXS data only, however, it can be suggested that for both
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polymers the PS chains form spheres with an average radius around 14-15 nm, which are
arranged with an average separation of 35-36 nm between their centres in a matrix of the PMVS
chains.
The spherical morphology suggested by SAXS was confirmed by TEM, with representative images
for P-3-M1(82)-COOH(18) and P-3-M2(80)-COOH(20) given in Figure 3-6 and Figure 3-7,
respectively. In both cases the lighter regions correspond to the PS block and the darker regions
to the more electron-rich, LC-functionalised PMVS block. Measurement of the radius of the PS
spheres from these images gave values close to the 14 nm determined by SAXS, although the action
of microtoming the films acted to distort the domains from perfect spheres. The sample
preparation also led to wrinkles in the surface of the film which caused regions of increased or
decreased brightness due to the non-uniform height of the sample which, when combined with
the soft edges to the PS domains, made measurement of the inter-sphere spacing from these
images problematic. Nevertheless, values around 35 nm between the centres of adjacent spheres
could be measured throughout the image. The spherical domains were seen for all samples with
no apparent evidence of cylinders, for example areas of HCP packing or side-on cylinders, which
is in agreement with the lack of higher order reflections in the SAXS data.

Figure 3-6. Representative TEM image for P-3-M1(82)-COOH(18) showing disordered spheres of PS in a
darker matrix of the LC-functionalised PMVS.
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Figure 3-7. Representative TEM image for P-3-M2(80)-COOH(20) showing disordered spheres of PS in a
darker matrix of the LC-functionalised PMVS.

3.2.2.3. P-3-M1(65)-COOH(35)
A scaled-up functionalisation of P-3 with M1 was carried out which afforded P-3-M1(65)COOH(35) (Section 2.2.4.4.). Whilst the lower level of mesogen loading was not predicted to result
in a different morphology to that seen for P-3-M1(82)-COOH(18), further SAXS experiments
were carried out on a film of this polymer as the microphase separated morphology is critical to
the elastomeric properties of the LCE. As expected, the undeformed sample gave results indicative
of an isotropic structure, with the azimuthal integration of the SAXS data given in Figure 3-8. As
before, two peaks were seen. However, in this case they were located at values equivalent to q*
and 2q*. This ratio can be characteristic of a lamellar microstructure, although the calculated
volume fraction for the PS block of 0.20 is too low for this morphology to be expected. A reflection
at 2q* can also arise due to a cylindrical microstructure, however, further peaks would again be
expected, with the HCP structure expected to result in a peak at √3q*.13 The fact that no further
reflections are seen in the SAXS data, combined with the values for the volume fraction of the PS
block, suggests that the second peak instead arises due to the spherical form factor, with the radius
of the spheres increasing relative to P-3-M1(82)-COOH(18) due to the increased volume fraction
of the PS block. It is therefore most likely that P-3-M1(65)-COOH(35) consists of spheres of PS in
a matrix of PMVS with an average radius of 20 nm and an average inter-sphere distance of 39.8
nm. Without TEM images this remains a suggested structure, but from the data available and the
TEM images for P-3-M1(82)-COOH(18), is the most likely scenario.
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Figure 3-8. Background subtracted room temperature SAXS data for P-3-M1(65)-COOH(35) after
azimuthal integration. The q* peak at 0.158 nm-1 corresponds to an average inter-sphere spacing of 39.8
nm, whilst the qF peak around 0.31 nm-1 corresponds to an average sphere radius of 20 nm. Inset – 2D SAXS
pattern showing isotropic scattering.

Using the calculated interaction parameter and volume fraction it was predicted that these LCfunctionalised polymers would microphase segregate to form either body-centred-cubic (BCC)
spheres or a hexagonally packed cylindrical morphology. The above results confirm that P-3M1(82)-COOH(18) and P-3-M1(65)-COOH(35) adopt the spherical morphology required for
thermoplastic elastomers, as well as having values for the Tg and Tiso in the appropriate range for
room temperature actuation. Stretching of LCE films has been demonstrated to align the LC
component to afford responsive materials,3,7 and so the effect of tensile forces on the microphase
morphology was investigated for these polymers to identify whether processing using shear is a
viable method for obtaining actuating structures.

3.2.2.4. Manually Aligned P-3-M1(82)-COOH(18)
To determine what effect, if any, mechanical alignment of the polymer had on its morphology, a
film of P-3-M1(82)-COOH(18) was annealed at 120 °C for two hours before manually stretching
along its length and allowing to cool. In all SAXS experiments the aligned film was fixed such that
its long axis (and so the alignment) was oriented along the 0° direction as defined in Figure 3-9.
The elliptical nature of the 2D SAXS result suggests that the sample has an anisotropic structure,
with a reduction in inter-sphere spacing occurring in the 90° direction and an increase in the 0°
direction, whilst the broad regions of increased intensity suggest that the PS domains are
polydisperse and not strongly oriented.
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Figure 3-9. Definition of 0° and 90° directions used for anisotropic integrations of SAXS results for P-3M1(82)-COOH(18).

A strongly elliptical response, with a significant contraction in reciprocal space along the direction
of the tensile stretch, has been reported previously for a thermoplastic polyurethane elastomer.22
When uniaxial tension is applied to a block copolymer with a spherical morphology there are two
potential deformations that can occur, as illustrated in Figure 3-10. In the first, both the hard and
soft domains deform equally (affine deformation). In this scenario, an elliptical scattering pattern
with equal intensity in all directions is expected. In the second case, the spherical domains change
their position relative to each other, but their shapes remain undeformed. A model which
combined the anisotropic scattering from the positions of the spheres in the lattice and the
isotropic scattering arising from the undeformed spheres was reported by Blundell et al. and was
shown to replicate the elliptical scattering with increased intensity in the meridional direction.22
This deformation would be expected to occur for P-3-M1(82)-COOH(18) as the hard PS spheres
will have a greater resistance to deformation than the soft PMVS block. The aligned films of LCfunctionalised PS-b-PMVS-b-PS can therefore be treated as a continuous soft phase of PMVS
containing hard, undeformed PS particulates.

Figure 3-10. Distribution of spherical hard domains in a soft phase for (a) undeformed polymer, (b) after
deformation of both phases and (c) after deformation of soft phase only.
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A model for the affine deformation of the PMVS block with hard PS particles based on that
reported by Blundell et al. was created and used to fit the experimental data collected for P-3M1(82)-COOH(18), with the results for the radius of the PS domains and the inter-sphere spacing
presented in Table 3-3. It was also possible to calculate the strain applied to the film, presented as
the draw ratio, with an increase from 1.10 for the unstretched film to 1.41 for the stretched film
observed. The increased level of deformation in the stretched film was confirmed by the increase
in the d-spacing.

Table 3-3. Results for model fit and experimental SAXS results for comparison.
Sample
Unstretched
P-3-M1(82)-COOH(18)

PS Radius (nm)
12.70 ± 0.02

31.40 ± 0.02

15

36.1

12.06 ± 0.02

32.39 ± 0.06

14

32-47

SAXS
Stretched
P-3-M1(82)-COOH(18)

d-spacing (nm)

SAXS

Draw Ratio
1.10

1.41

The model replicated the 2D scattering result both in terms of the shape (spherical or elliptical)
and also the intensity for both samples (Figure 3-11), suggesting that it captured the internal
structure of the two films, although the intensity in the vertical direction was greater for the
experimental data than the results of the model.

Figure 3-11. Comparison of model results with experimental data for (A) undeformed and (B) deformed
films of P-3-M1(82)-COOH(18).
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The proposed deformation mechanism was also supported by TEM, with a representative image
given in Figure 3-12. The PS domains, although faint, appear to be circular and not elongated
(some deformation is expected from microtoming). Regions of linearly-aligned domains are also
apparent, suggesting that the spheres had rearranged relative to one another in the soft PMVS
phase. This alignment was not strong, with the trend limited to relatively small regions before the
preferred direction appeared to change.

Figure 3-12. Representative TEM image for aligned P-3-M1(82)-COOH(18) showing spheres of PS in a
darker matrix of LC-functionalised PMVS.

Given the anisotropy of the scattering, it was not appropriate to average the data over the full
azimuthal range. The film was stretched uniaxially above the Tg of both the PMVS and PS blocks
and the Tiso, which would be expected to increase the average centre-to-centre spacing between
spherical domains along the direction of stretch, with a corresponding contraction occurring
perpendicular to it. The SAXS data was therefore re-integrated first in the 0 ° (-5 to 5°) and then
the 90° (85 to 95°) direction (as defined in Figure 3-9), with the results given in Figure 3-13.
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Figure 3-13. Background subtracted room temperature SAXS data for aligned P-3-M1(82)-COOH(18)
after integrating around the 0° or 90° direction. The q* peak for the 0° direction at 0.123 nm-1 corresponds
to an average spacing of 51.9 nm, and that in the 90° direction at 0.217 nm-1 corresponds to an average
inter-sphere spacing of 29.0 nm.

The film was aligned such that the direction of stretch was along the 0° direction, with the plot
obtained by integrating in this direction featuring a peak that corresponded to a spacing of 51.9
nm. In the 90° direction an average spacing of 29.0 nm was measured which, when compared with
the equilibrium spacing of 36 nm, indicated that the stretching process acted to reduce the spacing
between deformed spheres perpendicular to the stretch and increase it along the stretch
direction. A broad shoulder was observed on the q* peak in the 0° direction around 0.2 nm-1, which
is the value expected for the √3𝑞 ∗ peak seen for an HCP arrangement. This suggests that the
overall level of order of the spherical PS domains had increased in the direction of the stretch.
With this information it is expected that the stretched film should demonstrate responsive
behaviour, whether to irradiation with UV or by heating through Tiso, the action of drawing out the
PS spheres should also act to align the PMVS chains and so increase the anisotropy of the nematic
mesophase (which will align parallel to the PMVS chain)10 such that switching between the
nematic and isotropic states should have a non-negligible impact on the conformation of the
surrounding polymer chains.
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3.2.2.5. Manually Aligned P-3-M1(65)-COOH(35)
As with P-3-M1(82)-COOH(18), a film of P-3-M1(65)-COOH(35) was stretched along its length
whilst heated above the Tiso in order to promote alignment of the LC mesophase. This resulted in
a slightly elliptical detector image, with increased intensity in the 130° direction, as seen in Figure
3-14. From this image it would appear that the level of alignment achieved in this film was lower
than that seen for P-3-M1(82)-COOH(18) due to the relatively wide ellipse.

Figure 3-14. Definition of 40° and 130° directions used for anisotropic integrations of SAXS results for P3-M1(65)-COOH(35).

The broad nature of the features on the azimuthal plot, combined with the elliptical detector
image, suggests an anisotropic structure was obtained and so the data was integrated over the
apparent direction of alignment (130° as determined by the detector image, integrated from 125130°) and in the perpendicular direction (40°, integrated from 35-45°). This resulted in two plots
which were not as strongly separated as those seen for P-3-M1(82)-COOH(18), confirming the
lower level of alignment achieved, but which still demonstrated a clear difference in the intersphere spacings in the two perpendicular directions (Figure 3-15).
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Figure 3-15. Background subtracted room temperature SAXS data for aligned P-3-M1(65)-COOH(35)
after integrating around the 40° or 130° direction. The q* peak for the 40° direction at 0.150 nm-1
corresponds to an average inter-sphere spacing of 42.5 nm, and that in the 130° direction at 0.165 nm-1
corresponds to an average inter-sphere spacing of 38.1 nm. The qF peaks around 0.37 nm-1 in the 40° and
0.31 nm-1 in the 130° direction indicate an average sphere radius of 17 and 20 nm respectively.

In the 130° direction the q* peak had shifted to give an inter-sphere spacing of 42.5 nm, which
was greater than that measured for the as-cast film. The spherical form factor peak showed a
reduced intensity and was shifted towards higher q values, indicating an average sphere radius
around 17 nm. This was smaller than that seen for the as-cast film, which would not be expected
along the direction of stretch. However, it has been shown that the level of alignment was
relatively low in this sample, and so the spheres are only weakly oriented along a common
direction. Integrating over just 10° of the 2D SAXS scattering result will therefore capture
contributions from a small sample size, with the weak nature of this peak confirming a broad
distribution of values for the radius.
In the 40° direction the average inter-sphere spacing had shifted to 38.1 nm, slightly smaller than
for the as-cast film. The spherical form factor peak was again broad and centred around values of
q indicative of a 20 nm radius. The deformation therefore had little effect on the shape of the PS
domains in this direction. This result confirmed that both P-3-M1(82)-COOH(18) and P-3M1(65)-COOH(35) adopt the spherical morphology required for elastomeric behaviour,
although it was shown that the manual alignment technique did not result in reproducible levels
of alignment. The microphase separated morphology adopted by both polymers was next
investigated on heating through the Tiso in order to identify whether either demonstrated a shapechange on switching between the nematic and isotropic states.
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3.2.3. Effect of Isotropic Transition on Polymer Morphology
Actuation in this polymeric system arises on switching between the ordered nematic mesophase
and disordered isotropic state of the mesogenic groups attached to the PMVS block. This can be
achieved through either irradiation with UV light with a wavelength of 365 nm, or by heating
through the Tiso (measured to be 118 °C for P-3-M1(82)-COOH(18) and 99 °C for P-3-M1(65)COOH(35) by DSC). This process would be expected to affect the morphology of the polymer by
changing the packing of polymer chains within the PMVS domains and may potentially trigger an
order-disorder transition on attainment of an isotropic state.23,24 The microphase separation
above the Tiso was therefore probed using VT-SAXS. In these experiments a film of the aligned
polymer was heated to 80 °C and allowed to equilibrate before cycling twice between 80 and 150
°C, with measurements taken on both the heating and cooling cycles. A heating rate of 10 °C per
minute was used, with one heating cycle taking 7 minutes. The kinetics of switching for a
comparable thermoplastic LCE at room temperature were shown to be fast, with a total of 6
seconds required for contraction to occur on irradiation with UV light and 2 seconds for recovery
back to the nematic state.3 It is therefore expected that any change in morphology should be
captured within the experimental timeframe.

3.2.3.1. Manually Aligned P-3-M1(82)-COOH(18)
The reduced data obtained from an azimuthal integration of the 2D SAXS result at the beginning
and end of the two experimental cycles for P-3-M1(82)-COOH(18) are shown in Figure 3-16. At
80 °C the shoulder on the q* peak was still resolved as at room temperature, but on heating
through Tiso for the first time the intensity of this peak decreased, indicating a decreased level of
long-range order present in the polymer. However, the intensity of this peak remained significant
on each cycle, which suggests that the microphase segregated morphology was maintained. This
implies that the TODT for this polymer is higher than 150 °C, although the overall low level of order
adopted by the PS spheres would make unambiguous identification of the order-disorder
transition by SAXS difficult.
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Figure 3-16. Background subtracted VT-SAXS data for aligned P-3-M1(82)-COOH(18) taken after
equilibrating at 80 °C, then heating to 150 °C and cooling to 80 °C for two cycles. The q* peak retains a shift
towards increased spacing after heating through Tiso, suggesting that the anisotropic structure obtained by
stretching remains to some extent after two heating cycles.

The broad nature of the q* peak for each measurement after the first heating cycle, particularly in
the case of the measurements taken at 80 °C, suggests an anisotropic morphology still existed at
all temperatures and so the data was re-integrated along the 0° and 90° directions as in Section
3.2.2.4. These results are given in Figure 3-17, focussing only on the q* peak for clarity as no
change was evident in the spherical form factor peak, as shown in Figure 3-16. When integrating
in the 0° direction the intensity of the q* peak decreased on heating through Tiso and then
increased slightly on cooling back to 80 °C. This suggested that the alignment achieved by the
stretching process was gradually reduced once the isotropic state was reached, with the nematic
mesophase reforming to some extent on cooling back below Tiso. The spacing between PS spheres
remained greater than that seen for the as-cast film, suggesting that the anisotropy had not been
fully lost, but the spacing and intensity decreased towards the equilibrium value with each heating
cycle. This behaviour is expected for high molecular weight LCPs adopting a spherical
morphology,23 and it would therefore be expected that the undeformed morphology would be
regained by heating the sample to a higher temperature or for a longer period of time than that
encountered during this experiment.
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Figure 3-17. Background subtracted VT-SAXS data for aligned P-3-M1(82)-COOH(18) after integrating
around the 0° or 90° direction only. The two peaks remain separated, with the intensity of the 0° direction
peak decreasing with increasing numbers of heating/cooling cycles indicating a decrease in the level of
long-range order in the sample.

The values for the peaks in reciprocal space in both directions and their corresponding d-spacings
are listed in Table 3-4, from which it is apparent that on heating from 80 to 150 °C for the first
time the spacing along the 0° direction decreased (as did the intensity) and in the 90° direction it
increased (with a slight increase in intensity). This suggests that on heating above the Tiso the
mesogenic groups become more disordered as expected, and so distorted the alignment of the
surrounding PMVS chains. This resulted in a contraction along the direction of the stretch as the
aligned chains adopted a more coil-like structure, and a resulting expansion in the perpendicular
direction to conserve volume.
The trend in the 0° direction repeated with each cycle, with the inter-sphere spacing decreasing
on heating and increasing on cooling. This suggests that a significant level of the induced
anisotropy remained despite twice heating above Tiso. In the 90° direction, however, after heating
through Tiso once the spacing also decreased on heating and increased on cooling. This is opposite
to the expected trend, and instead suggests that on reforming the nematic mesophase after the
first heating/cooling cycle, a portion of the LC domains re-oriented along the 90° direction.
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Table 3-4. Locations of peaks for VT-SAXS on aligned P-3-M1(82)-COOH(18) from integrating in the 0°
and 90 ° directions, and the corresponding spacing size.
0°

90°
q (nm-1)

d-spacing (nm)

q (nm-1)

d-spacing (nm)

80 °C – 1

0.121

51.9

0.206

31.5

150 °C – 1

0.127

49.5

0.192

32.7

80 °C – 2

0.122

51.5

0.184

34.1

150 °C – 2

0.127

49.5

0.192

32.7

80 °C – 3

0.126

49.9

0.184

34.1

For both peaks the measured changes in spacings were small, suggesting that the film was only
weakly aligned, which is in agreement with the low order indicated by TEM. The level of alignment
was quantified by calculating the Herman orientation parameter, f(H), for the PS domains in each
frame captured during the variable temperature experiment. This figure indicates the degree of
orientation with respect to some starting angle by integrating the intensity, I, at azimuthal angle,
ϕ, over π/2 radians and is calculated using Equation 3.6:
3〈𝑐𝑜𝑠 2 𝜙〉 − 1
𝑓(𝐻) =
2

3.6

𝜋

where

〈𝑐𝑜𝑠 2

𝜙〉 =

𝑖= ⁄
∑𝑖=𝑜 2 𝐼𝑖 𝑐𝑜𝑠2 𝜙𝑖 𝑠𝑖𝑛𝜙𝑖
𝜋

𝑖= ⁄
∑𝑖=𝑜 2 𝐼𝑖 𝑠𝑖𝑛𝜙𝑖

An orientation parameter of 1 would therefore indicate perfect alignment along the starting angle,
whilst one of 0 would indicate an isotropic structure and a value of -0.5 indicates perfect alignment
perpendicular to the starting direction. Example 2D SAXS results used for the analysis and the
starting direction for the integration are shown in Figure 3-18. The integration measured the
intensity, I, recorded at each azimuthal angle, ϕ, and therefore the orientation parameter was
obtained for the alignment of the PS domains relative to the 0° direction. The orientation
parameter will therefore not measure the alignment within the nematic mesophase directly, but
it is expected that the mesophase will align parallel to the PMVS chains and so the direction of
stretch. It was shown in Section 3.2.2.4. that the PS domains align along the direction of the stretch,
and so the orientation parameter offers some insight into the overall order of the system.
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Figure 3-18. Background subtracted 2D SAXS results for aligned P-3-M1(82)-COOH(18) at 80 °C (left) and
150 °C (right). Dashed line indicates 0° direction used for Herman orientation parameter calculation.

For the aligned film of P-3-M1(82)-COOH(18) the orientation parameter was calculated starting
from the direction with the most intense scattering, 0°. From Figure 3-19 it can be seen that f(H)
was relatively constant from 80 to 100 °C, where it started to decrease as the temperature passed
through Tiso at 120 °C and then reached a minimum around 140 °C. On cooling back to 80 °C, f(H)
increased again on passing through Tiso and the trend repeated on the second heating/cooling
cycle.
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Figure 3-19. Calculated values for the Herman orientation parameter for aligned P-3-M1(82)-COOH(18)
on heating (filled) and cooling (unfilled). A decrease in f(H) is seen centred around Tiso of 120 °C for heating
cycles and an increase on cooling cycles, suggesting the nematic mesophase is lost on heating but reforms
to some extent on cooling.
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As with the intensity of the 0° peak in the VT-SAXS data, it was clear that after heating through Tiso
for the first time the original level of order was not regained, with the value of f(H) dropping from
0.11 to around 0.08 as no deformation was applied at elevated temperatures in order to reproduce
the more aligned starting state. Another important contributor to the loss of order was that the
PS domains were repeatedly heated above the measured Tg of 96 °C, and so at 150 °C would not
be acting as the ‘hard’ block of glassy domains required to fix the order of the softer PMVS block,
which increased the overall mobility of the polymer chains. The low magnitude of f(H) is expected
as from the SAXS results it was apparent that the triblock copolymer remained microphase
separated at 150 °C, therefore, when the film was stretched the polymer chains were being aligned
in a relatively inflexible matrix reinforced by the PS domains which would not allow for significant
deformations to occur.

3.2.3.2. Manually Aligned P-3-M1(65)-COOH(35)
By inspection of the 2D SAXS results and the results of the integration in the 40 and 130° directions
(Figure 3-15) it was concluded that the level of order achieved in the film of P-3-M1(65)COOH(35) was lower than that seen for P-3-M1(82)-COOH(18). On integrating the 2D results
of the VT-SAXS experiments in these directions only, the peaks representative of the inter-sphere
spacing did not show a large decrease in intensity on heating above Tiso, which suggests that the
polymer was below the TODT at 150 °C. The two peaks measured for the inter-sphere spacing did
not demonstrate a clear separation, with the locations of the peaks in reciprocal space and their
corresponding spacing values given in Table 3-5.

Table 3-5. Locations of peaks for VT-SAXS on aligned P-3-M1(65)-COOH(35) from integrating in the 40°
and 130° directions, and the corresponding spacing.
40°

130°

q (nm-1)

d-spacing (nm)

q (nm-1)

d-spacing (nm)

80 °C – 1

0.161

39.1

0.145

42.5

150 °C – 1

0.160

39.4

0.152

41.4

80 °C – 2

0.162

38.8

0.154

40.7

150 °C – 2

0.159

39.4

0.152

41.4

80 °C – 3

0.162

38.8

0.153

40.7
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In the 130° direction there was a clear decrease in intensity of the q* peak on heating through Tiso
as the spacing in this direction returned towards that seen in the as-cast state (Figure 3-20). The
spacing decreased further on cooling back through the Tiso, and from then on the spacing increased
on heating and decreased on cooling. This trend indicated that the low level of order was lost after
heating through Tiso once, as the polymer then demonstrated an isotropic response to heating and
cooling. These results provide a contrast to those seen for P-3-M1(82)-COOH(18), where the
increased level of alignment meant that the anisotropic response of the LCE was retained (albeit
to a considerably lesser extent) after two heating cycles.
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Figure 3-20. Background subtracted VT-SAXS data for aligned P-3-M1(65)-COOH(35) after integrating
around the 130° direction. After heating through Tiso the intensity of the q* peak decreases, and the spacing
shifts towards larger values in reciprocal space. The change in spacing then follows the trends expected of
an isotropic structure. The arrow indicates the location of spherical form factor peak, which increases in
intensity with each cycle.

In the 40° direction there was an initial increase in the spacing between spheres on heating from
80-150 °C (Figure 3-21). On cooling the intensity of the q* peak increased and the spacing shifted
to slightly smaller values. From then on, the spacing increased on heating and reduced on cooling,
with values approaching that of the equilibrium state. The fact that this response was seen in both
directions after heating through Tiso for the first time confirms that the level of long-range order
in the sample was reduced to the extent that the material displayed essentially isotropic
behaviour.
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Figure 3-21. Background subtracted VT-SAXS data for aligned P-3-M1(65)-COOH(35) after integrating
around the 40° direction. After heating through Tiso the intensity of the q* peak decreases, and the spacing
shifts towards larger values in reciprocal space. The change in spacing then follows the trends expected of
an isotropic material.

The Herman orientation parameter was calculated for P-3-M1(65)-COOH(35) over π/2 radians
using Equation 3.6. This measurement was only made for the results of the first heating and
cooling cycle, as after this isotropic behaviour was observed. The integration was started from the
low intensity 40° direction in order to avoid interference by scattering from the beamstop, with
the starting direction and example 2D SAXS results given in Figure 3-22.

Figure 3-22. Background subtracted 2D SAXS results for aligned P-3-M1(65)-COOH(35) at 80 °C (left) and
150 °C (right). Dashed line indicates 40° direction used for Herman orientation parameter calculation.
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The resulting plot of f(H) with temperature is given in Figure 3-23, where the trend in calculated
orientation parameter with temperature was inverted with respect to that seen in Figure 3-19 as
the alignment occurred perpendicular to the starting direction. On the first heating cycle a
decrease in the orientation parameter was clear, however, the values of f(H) obtained after the
first heating cycle did not trend towards zero, suggesting that they were offset, potentially due to
the overall low level of alignment in the sample. For this reason, the trend presented by the results
should remain valid, but the overall low order of PS spheres mean it is not meaningful to quote a
value for the orientation parameter.
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Figure 3-23. Calculated values for the Herman orientation parameter for aligned P-3-M1(65)-COOH(35)
on heating (filled) and cooling (unfilled). A decrease in f(H) is seen starting from 85 °C and increasing in rate
from the Tiso of 99 °C for the first heating cycle. After this cycle it was apparent that the material adopted an
isotropic structure.

Importantly, the decrease in f(H) started at a lower temperature than that seen for P-3-M1(82)COOH(18), with the onset occurring around 85 °C, compared with 100 °C. Both polymers are
based on the same PS-b-PMVS-b-PS triblock copolymer backbone, and so if the change in
orientation parameter was due to heating above the Tg of the PS block it would be expected that
the transition would occur over the same temperature range. The fact that it appears to shift with
the Tiso suggests that it is the nematic-isotropic transition driving the change in order, and so
confirms the responsive nature of these LCEs.
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3.3. Conclusions
Using a combination of SAXS and TEM it was shown that the LC-functionalised triblock
copolymers adopt the predicted spherical morphology required for use as thermoplastic
elastomers. In all cases the PS spheres demonstrated low long-range order, even for the manually
aligned samples, and this was confirmed by the relatively low orientation parameter calculated
for the stretched film of P-3-M1(82)-COOH(18) of 0.11. The anisotropic microphase structure of
the deformed films was confirmed by integrating the 2D SAXS results in the direction of the stretch
and perpendicular to it, with the tensile deformation demonstrated to increase the inter-sphere
spacing along the stretch direction and to reduce it in the perpendicular direction. The SAXS data
could be fit using a model combining an affine deformation of the PMVS block with hard,
undeformed spheres of PS. Much weaker alignment was seen for P-3-M1(65)-COOH(35) than for
P-3-M1(82)-COOH(18), which demonstrates the limitations of the crude manual alignment
method employed, which is inherently incapable of producing reproducible levels of alignment.
Despite the weak long-range order present for the PS domains, it was demonstrated that films of
P-3-M1(82)-COOH(18) showed a measurable response to both heating through the Tiso and
triggering the transition to the disordered isotropic LC state by irradiation with UV light (Chapter
2). This confirmed that measurement of the level of order present between the PS domains could
be used to approximate the level of order within the nematic mesophase. It is expected that the
stronger the alignment, the stronger its response to UV irradiation or heating would be, and so in
order to produce a more effective actuator alternative processing methods that induce high shear
forces on the material in a liquid-like state would be highly beneficial in order to maximise the
shape-changing response. For this reason, the suitability of these polymers for processing by melt
extrusion (Chapter 4) and from solution by electrospinning (Chapter 5) will be determined.

3.4. Experimental
3.4.1. Sample Preparation
Thin films of P-3, P-3-M1(82)-COOH(18), P-3-M1(65)-COOH(35) and P-3-M2(80)-COOH(20)
were prepared by solvent casting from toluene before annealing at 120°C for 2 hours. A second
film of P-3-M1(82)-COOH(18) and P-3-M1(65)-COOH(35) was also stretched uniaxially whilst
at 120 °C before allowing to cool to promote alignment of the LC component.
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3.4.2. SAXS
Room temperature SAXS experiments for P-3-M1(82)-COOH(18) without alignment were
carried out using a Ganesha SAXS/WAXS instrument (Xenocs) at room temperature, using a Cu Kα
source (1.5406Å) over a Q-range of 0.001 < Q < 0.7 Å−1 and an exposure time of 1800 seconds.
Data were visualized and reduced using SAXSGUI. Scattering patterns were normalised against
the transmitted beam intensity and corrected for background scattering.
All other polymers, and the VT-SAXS experiments, were carried out at beamline I22 at the
Diamond Light Source with a wavelength of 1 Å and using a Pilatus P3-2M detector with a Linkam
DSC heating stage. Sample films were sandwiched between Kapton in a DSC pan. Room
temperature experiments were carried out at 30 °C. One frame was captured after 200
milliseconds wait time with an exposure time of 1 second. For variable temperature experiments
the film was first heated to 80 °C and allowed to equilibrate, before ramping between 80-150 °C
at a rate of 10 °C per minute for two full heating/cooling cycles. For all data collected, results were
processed using DAWN to generate the reduced data. First the background frame collected for a
pan containing only Kapton was subtracted followed by an azimuthal integration. The reduced
data was then normalised against the transmitted beam intensity and multiplied by the scaling
factor to give results as absolute intensity. For samples showing anisotropy, the data was also
integrated over 10° centred on the alignment direction of the sample and the direction
perpendicular to alignment.
Peak values in reciprocal space were calculated to four decimal places from the reduced data as
local maxima using Origin 9.1 and rounded to 3 significant figures. For broad form factor peaks
with no clear maximum the value was quoted to 2 significant figures.
Data were fit to a model describing affine deformation with hard particles by Professor Robert
Richardson at the University of Bristol. Data was fitted with Porod constant = 0 and an interface
thickness of 1, with further parameters given in Table 3-6.

Table 3-6. Parameters obtained from fitting of SAXS data for stretched and unstretched P-3-M1(82)COOH(18).
Number
of
points

Standard
Deviation
(nm-1)

PDI of
Radius

Tilt Direction
(°)

P-3-M1(82)-COOH(18)
Stretch

31,725

10.3

1.02

-8.7

1.27

P-3-M1(82)-COOH(18)
No stretch

31,725

8.3

1.03

-10.8

0.77

Sample
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3.4.3. TEM
TEM images were taken by Dr Jean-Charles Eloi at the University of Bristol.
Annealed films as prepared for SAXS measurements were adhered to epoxy stubs before
sectioning using a microtome. The sections were floated on water and collected on copper grids
(Agar Scientific, mesh 400). Films were imaged using a Jeol 1400 TEM operating at 120 kV and
equipped with a Gatan digital camera. Radius of spheres and spacings were measured using
ImageJ.
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Chapter 4: Rheology of Thermoplastic Liquid Crystal
Elastomers for Melt Processing
4.1. Introduction
Extrusion is a common processing technique for thermoplastic polymers, in which the material is
heated to form a homogeneous melt and then forced through a shaped die in order to obtain the
desired cross section. For the liquid crystal elastomers (LCEs) synthesised in Chapter 2, the high
shear encountered during extrusion would be expected not only to shape the polymer, but also to
align the liquid crystal (LC) component and form a nematic monodomain, and in doing so remove
the need for a separate alignment step. Extrusion has previously been used to align a
thermoplastic LCE which consisted of a soft and deformable main-chain liquid crystal polymer
(LCP) midblock capped by two terphenyl moieties. After extrusion, an aligned fibre of the polymer
was capable of a reversible contraction on heating through the isotropic transition temperature,
Tiso, with a maximum strain of 500% being measured.1 In order for melt extrusion to be a viable
processing method, it is necessary that the polymer forms a liquid-like melt below the onset of
thermal decomposition. For thermoplastic LCEs it is also necessary to consider the two key
transition temperatures that determine the melt behaviour of the polymer, namely the orderdisorder transition temperature (TODT) and the Tiso.
Block copolymers are processable by melt extrusion when heated above the TODT, when the
microphase segregation between blocks is lost and the polymer exists as a homogeneous, liquidlike melt. Below the TODT block copolymers behave as filled polymers (systems mixed with hard
particles), and so an elastic-like response to applied shear is seen.2 The TODT can be determined
experimentally by Variable Temperature Small Angle X-Ray Scattering (VT-SAXS), where the
homogeneous state can be detected by the decrease in intensity and broadening of any peak
characteristic of the self-assembled morphology, as well through the reduction in intensity of any
higher order reflections.3–5 Whilst this technique can be effective for highly ordered systems, it
was shown in Chapter 3 that the LCEs in this work adopt a disordered spherical morphology, and
so no higher order reflections were present in the SAXS data. This makes unambiguous
identification of the TODT problematic, and so an alternative method using Small Amplitude
Oscillatory Shear (SAOS) rheology was employed. Han and Kim demonstrated that a log-log plot
of the storage modulus (G’) against the loss modulus (G’’) could be used to detect the TODT by
identifying the point at which the material’s response to applied shear becomes independent of
temperature.2 They also calculated that in the homogeneous state the plot should have a gradient
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of 2 in the terminal (low frequency) region, giving another characteristic feature of the transition
that is identifiable by SAOS.
The Tiso is also important, as below this temperature LCEs are expected to demonstrate behaviour
similar to filled polymers, with aligned domains acting like nanoscale reinforcing components. On
heating to the isotropic phase the polymer behaves as a liquid-like, random-coil polymer, and so
this transition can be identified using the SAOS technique developed by Han and Kim for detecting
TODT.6 The VT-SAXS results from Chapter 3 suggested that a microphase segregated structure was
still present at temperatures above the Tiso due to stabilisation of the nematic mesophase by the
curvature of the spherical PS domains, which acted to raise the TODT above the Tiso. This effect was
reported for literature examples of stabilised side-chain LC block copolymers, where it was shown
that for block ratios resulting in spherical morphologies the TODT was shifted to values greater than
the Tiso. However, neither paper investigated the rheological behaviour of these materials in order
to confirm whether a liquid-like response was eventually obtained above the TODT.7,8
Therefore, in order to determine the suitability of the LCEs described in Chapter 2 for processing
by extrusion from a melt, SAOS measurements were carried out to measure the complex viscosity
(𝜂 ∗ ) and shear modulus (G*) at several temperatures and across a range of frequencies. The
rheological behaviour of side-chain thermoplastic LCEs has not been reported, and so
experiments were conducted to isolate the effects of the microphase segregation of the triblock
copolymer from those of the nematic mesophase. These results were compared against the
standard 3D printing materials acrylonitrile-butadiene-styrene (ABS), polylactic acid (PLA) and
thermoplastic polyurethane (TPU) (Figure 4-1) in order to identify the desired characteristics for
effective processing.

Figure 4-1. Structures of the standard 3D printing materials PLA, ABS and TPU.
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4.2. Discussion and Results
4.2.1. Rheology of Standard Materials
To determine if the LCEs were suitable for processing by melt extrusion, measurements of the
viscosity and shear moduli by SAOS were carried out for PS-b-PMVS-b-PS, P-3, P-3-M1(65)COOH(35) and P-3-M2(80)-COOH(20). These results were compared with those measured for
the standard 3D printing materials PLA, ABS and TPU in order to identify characteristics of
materials suitable for processing in this manner. For the standard materials, disks with a diameter
of 15 mm and a thickness of 1 mm were prepared by 3D printing, whilst for the experimental
polymers disks with a diameter of 15 mm and a thickness of approximately 1 mm were prepared
in a polydimethylsiloxane (PDMS) mould from toluene solution.
To ensure that no plastic deformation occurs when measuring G* and η* it is necessary to take
measurements with a strain small enough that it does not lead to permanent deformation of the
polymer structure. This strain range is known as the linear viscoelastic (LVE) region and is
detected by first carrying out an amplitude sweep at a constant temperature and frequency, with
the limiting strain value occurring when values for G’, G’’ or η* leave a plateau region and show a
dependence on strain amplitude. Amplitude sweep experiments were carried out for all materials
between strains of 0.01-100% (except for TPU where a range of 0.01-1% was used). The limiting
value of the strain was then used in the frequency sweep experiments, where the frequency of the
oscillation was varied between 1-100 radians per second for isothermal measurements.

4.2.1.1. Amplitude Sweeps
The recommended extrusion temperatures for printing the standard 3D printing materials were
given as 190-230 °C (PLA),9 240 °C (ABS)10 and 225-235 °C (TPU).11 These materials were chosen
in order to provide a comparison with the experimental polymers, and so to determine whether
they demonstrated suitable melt behaviour for extrusion. Therefore, these temperature ranges
were used to determine the experimental temperature range. The LVE region was identified from
plots of strain against the storage and loss modulus (Figure 4-2). The limiting value was taken as
the largest strain where G’ was independent of applied strain, with the results listed in Table 4-1.
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Figure 4-2. Amplitude sweep results for ABS, PLA and TPU for determination of the LVE region.

Table 4-1. Amplitude sweep results for standard materials and temperature range for frequency sweeps.
Polymer

Amplitude Sweep
Temperature (°C)

Limiting LVE
Region Strain (%)

Frequency Sweep
Temperature Range (°C)

ABS

200

5

200-250

PLA

170

10

170-220

TPU

200

0.1

200-250

Inspection of the plots of the amplitude sweeps exposed a difference between the properties of
the conventional thermoplastics, ABS and PLA, and those of the thermoplastic elastomer, TPU. For
a non-crosslinked polymer in a liquid like melt, as encountered under extrusion conditions, it is
expected that G’’ would be greater than G’. This was the case for both ABS and PLA, however, for
the TPU in the LVE region the inverse relationship was seen. It is known that the material will
extrude, as the disk itself was prepared by 3D printing from a melt, and so this trend may be a
feature of thermoplastic elastomers under these experimental conditions that has no bearing on
the suitability for melt processing.
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Confirmation that the chosen strain values were within the LVE region was obtained by
generating Lissajous plots of stress against strain (Figure 4-3) for each material. The strictly
sinusoidal response obtained at the chosen strain is demonstrated by the elliptical shape of these
plots, with the area enclosed by the ellipse characteristic of the energy dissipated by the material
during the experiment. A purely elastic response would therefore generate a straight line with an
area equal to zero, and a purely viscous response a circle, with viscoelastic materials giving
ellipses angled at 45°, as observed.
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Figure 4-3. Lissajous diagrams generated for ABS, PLA and TPU at strains of 5, 10 and 0.1% respectively,
which confirm measurements were taken within the LVE region.

4.2.1.2. Frequency Sweeps
For all polymers the complex viscosity (η*), storage modulus (G’) and loss modulus (G’’) were
measured over a range of angular frequencies (ω) at several fixed temperatures (Table 4-1). With
respect to their viscosities, the standard materials show slightly different responses to one
another (Figure 4-4). In all cases the polymer was less viscous at higher temperatures, an expected
result as the chains become more mobile with increased thermal motion, and both ABS and the
TPU demonstrated shear thinning behaviour at all temperatures. However, PLA when heated
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above 190 °C appeared to show no dependence on ω, demonstrating Newtonian behaviour and
indicating a plateau in the viscosity. This difference arises due to the relative flexibility of the PLA
backbone compared with ABS and TPU, with the chain able to reach the minimum viscosity for a
given temperature at lower deformation frequency than the stiffer, harder to deform, aromaticcontaining polymers.
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Figure 4-4. Frequency sweep results for the change in viscosity of ABS, PLA and TPU with increasing
angular frequency.
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Trends in the shear moduli as measured by the frequency sweep can be used to determine the
physical properties of the polymers under increasing levels of shear stress by indicating the
relative contribution from the elastic (G’) and viscous (G’’) part. For liquid-like viscoelastic
polymer melts it is expected that at low frequency G’’ will be greater than G’ until some frequency
is reached where a crossover occurs and the inverse relationship holds.12
For all three standard materials this trend is observed (Figure 4-5), including for the TPU which
had G’ greater than G’’ in the amplitude sweep, confirming that this material formed the expected
liquid-like melt under the conditions of the frequency sweep. The location of the crossover gives
further information about the structure of each polymer as the transition from liquid to solid-like
behaviour occurs when the motion of the polymer chains is slower than the timescale of the
experiment, and so an increasingly elastic-like response is seen as the frequency of the oscillation
is increased as less energy can be dissipated through transfer to neighbouring chains. The
crossover is therefore dependent not only on the temperature, but also the nature of the polymer
backbone. ABS and TPU are relatively stiff polymers due to the rigid polystyrene and diphenyl
blocks respectively (Figure 4-1), and this is expressed by the lower frequencies required for
crossover to elastic-dominated behaviour to occur with respect to the flexible PLA chain. For PLA
the transition occurs at frequencies higher than those reached during the experiment and so
crossover is only seen at the lowest temperature measured, when the chains are at their least
mobile.
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Figure 4-5. Frequency sweep results for the change in shear modulus of ABS, PLA and TPU with
increasing angular frequency at selected temperatures.
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These results for the standard materials give several examples of the properties required by the
LCE in order to be suitable for melt extrusion under the experimental conditions chosen for this
study. A broad range of viscosities was measured, however, the key feature that the standard
materials have in common is that G’’ is greater than G’ over a wide range of ω at the recommended
printing temperatures during the frequency sweep. The results also show the impact the flexibility
of the polymer backbone has on the melt properties. The experimental triblock copolymers
contain

a

relatively

rigid

polystyrene

(PS)

block

and

a

relatively

flexible

poly(methylvinylsiloxane) (PMVS) block, and so it is unknown which will have the greater impact
on the overall rheological properties.

4.2.2. Rheology of Thermoplastic Liquid Crystal Elastomers
From the materials synthesised in Chapter 2, SAOS experiments were first carried out on disks of
PS-b-PMVS-b-PS, P-3, P-3-M1(65)-COOH(35) and P-3-M2(80)-COOH(20). Temperature
ranges for these experiments were determined from the results of the Differential Scanning
Calorimetry (DSC) and Thermogravimetric Analysis (TGA) experiments described in Section 2.2.6.
The starting temperature was chosen to be approximately 20 °C above the highest temperature
transition measured by DSC, where the LC domain was expected to be isotropic and both the PS
and PMVS domains above their glass transition temperature (Tg). The final temperature was fixed
at 180 °C in order to minimise effects due to thermal degradation. This was especially important
as whilst TGA and DSC measurements were taken under a nitrogen atmosphere, it was not
possible to carry out the rheological measurements under an inert atmosphere with the
equipment available. P-3 and P-3-M2(80)-COOH(20) were shown to have higher transition
temperatures and so experiments were carried out in the range 140-200 °C.

4.2.2.1. Amplitude Sweeps
Amplitude sweeps were carried out as described in Section 4.2.1.1 to determine the limiting strain
value for the LVE region as the largest value of G’ where no dependence on the applied strain was
observed (Figure 4-6). The results are summarised in Table 4-2 along with the temperature range
used for the subsequent frequency sweep experiments. For all four polymers the values for G’
were greater than those for G’’ in the LVE region which, when combined with the results for the
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TPU, suggest that this is a characteristic feature for thermoplastic elastomers under these
experimental conditions.
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Figure 4-6. Results of amplitude sweeps for PS-b-PMVS-b-PS, P-3, P-3-M1(65)-COOH(35) and P-3M2(80)-COOH(20).

Table 4-2. Amplitude sweep results for LCE polymers and temperature ranges for frequency sweeps.

Polymer

Amplitude Sweep
Temperature (°C)

Limiting LVE
Region Strain
(%)

Frequency Sweep
Temperature Range
(°C)

PS-b-PMVS-b-PS

120

3

120-180

P-3

140

10

140-200

P-3-M1(65)-COOH(35)

120

10

120-180

P-3-M2(80)-COOH(20)

140

10

140-200
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Lissajous diagrams were again generated, and their elliptical shapes confirmed that the chosen
strain values were within the LVE range (Figure 4-7). For all cases apart from PS-b-PMVS-b-PS
the ellipses were narrow, indicating a strong contribution from the elastic component. This was
different to the results seen for the three standard materials, including the TPU, and suggests that
these materials will demonstrate a significantly different response to the frequency sweep
experiment.
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Figure 4-7. Lissajous diagrams for PS-b-PMVS-b-PS, P-3, P-3-M1(65)-COOH(35) and P-3-M2(80)COOH(20) at 3, 10, 10 and 10% strain respectively.

4.2.2.2. Frequency Sweeps
Frequency sweeps were carried out for all samples in the temperature ranges given in Table 4-2.
With respect to the viscosity, a clear distinction can be made between the results for the polymers
with and without liquid crystal functionalisation. For PS-b-PMVS-b-PS and P-3 a standard
relationship was seen, whereby the viscosity of the material decreased with increasing
temperature and shear (Figure 4-8 and Figure 4-9 respectively). For a given shear rate PS-bPMVS-b-PS demonstrated a noticeable decrease in viscosity at all temperatures, whereas P-3 had
a much weaker temperature dependence, especially under high shear conditions.
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Figure 4-8. Variation in complex viscosity with angular frequency (left) and temperature (right) for PS-bPMVS-b-PS.
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Figure 4-9. Variation in complex viscosity with angular frequency (left) and temperature (right) for P-3.

In contrast, for the two LC-functionalised polymers P-3-M1(65)-COOH(35) and P-3-M2(80)COOH(20) the viscosity increased with increasing temperature (Figure 4-10 and Figure 4-11
respectively) . This is a characteristic feature of liquid crystalline polymers with a nematic
mesophase present, and is due to the increased resistance to flow on transitioning from a state
where the mesogen is well aligned (nematic) to one where there are more entanglements
(isotropic).13 Neither polymer demonstrated the considerable decrease in viscosity that could be
interpreted as reaching the fully isotropic state, suggesting that they remained biphasic
throughout the experiment.
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Figure 4-10. Variation in complex viscosity with angular frequency (left) and temperature (right) for P-3M1(65)-COOH(35).
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Figure 4-11. Variation in complex viscosity with angular frequency (left) and temperature (right) for P-3M2(80)-COOH(20).

Whilst this trend is to be expected for P-3-M2(80)-COOH(20), where the Tiso was not detected
below 200 °C by DSC, for P-3-M1(65)-OH(35) the result is surprising. The lowest temperature
rheological measurements were taken at was 120 °C, which is above the Tiso of 99.4 °C, as
measured by DSC, and it was therefore expected that the PMVS block would be isotropic at all
temperatures investigated. This result suggests the presence of a shear-induced nematic
mesophase, which is maintained due to the continued deformation experienced during the
frequency sweep.
The formation of a shear-induced nematic mesophase was a positive result with respect to
combining the alignment and processing stages of manufacturing responsive LCEs, however, the
results for the shear moduli presented a significant problem. For PS-b-PMVS-b-PS the polymer
formed a liquid-like melt with the expected crossover from viscous to elastic-dominated
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behaviour observed at all temperatures, as shown in Figure 4-12. This crossover occurred at low
frequency and shifted to higher frequencies as the temperature was increased, with the viscous
component dominating from low to high frequency conditions between 150-180 °C. However,
once the linking group was introduced in P-3, P-3-M1(65)-COOH(35) and P-3-M2(80)COOH(20) the polymers demonstrated behaviour typical of a crosslinked or filled material. At all
frequencies and at all temperatures investigated G’ was greater than G’’ (Figure 4-13) which
means that none of the samples formed a homogeneous, liquid-like melt in the temperature range
explored.
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Figure 4-12. Frequency sweep results for the change in shear modulus of PS-b-PMVS-b-PS with
increasing angular frequency at selected temperatures.
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Figure 4-13. Frequency sweep results for the change in shear modulus of P-3, P-3-M1(65)-COOH(35)
and P-3-M2(80)-COOH(20) with increasing angular frequency at selected temperatures.
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For both LC-functionalised polymers this result is perhaps not surprising, as it was demonstrated
that a nematic mesophase was present in both, which would act in a similar manner to a nanoscale
filler particle by introducing heterogeneity to the polymer structure. However, P-3 contains no
liquid crystalline group and so its behaviour cannot be explained by this theory. It was shown by
SAXS and TEM that P-3 did not form an ordered microphase separated structure at room
temperature, and so the elastic-like behaviour may be a result of the strongly repulsive
interactions between the non-polar PS block and the polar carboxylic acid groups present in the
PMVS block. This likely resulted in the TODT of the block copolymer shifting to a higher
temperature, which can be confirmed by replotting the results of the frequency sweep using the
method developed by Han and Kim,2 as discussed in the following section.

4.2.2.3. Investigation of TODT
It has been shown that block copolymers below the TODT will behave as filled polymers, which
would result in the trend observed for the shear moduli for PS-b-PMVS-b-PS functionalised with
the linking group or mesogen (neglecting the contribution from the nematic mesophase). If the
polymer’s microstructure is homogeneous (i.e. above the TODT), values for G’ and G’’ will have no
temperature dependence when plotted against each other, as is demonstrated for ABS in Figure
4-14.
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Figure 4-14. Plot of G’ against G’’ for ABS. The lack of temperature dependence indicates the polymer is
above the TODT.
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The triblock copolymer backbone was the only novel material to show liquid-like melt behaviour,
and as expected a plot of G’ against G’’ showed excellent overlap and no temperature dependence,
suggesting that the TODT had been exceeded and that the PS and PMVS blocks were fully mixed at
all temperatures and frequencies measured (Figure 4-15). However, the expected gradient of 2 in
the terminal region was not seen for either ABS or PS-b-PMVS-b-PS. This may arise due to the
relatively high molecular weights shifting the terminal region to a frequency too low to measure,
or due to the polydispersity of the polymer samples.14 Nonetheless, both materials displayed
liquid-like behaviour in the temperature range measured and no temperature dependence was
seen, and so it appears likely these materials were above the TODT despite the gradient of the
terminal region.
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Figure 4-15. Plot of G’ against G’’ for PS-b-PMVS-b-PS. The lack of temperature dependence indicates the
polymer is above the TODT.

The origin of the elastic-like behaviour seen in the functionalised block copolymers becomes clear
when plotting G’ against G’’ for P-3 and P-3-M1(65)-COOH(35) (Figure 4-16). A strong
temperature dependence was seen for both samples, implying that the PS and PMVS blocks were
unable to mix in either case at any temperature or frequency measured. For P-3 some overlap was
observed at low frequencies (low values of G’ and G’’), especially at temperatures between 150180 °C, but was lost at high frequencies and above 180 °C. The plot of shear moduli against angular
frequency for P-3 (Figure 4-13) showed that the values for G’ and G’’ approached each other with
increasing temperature at low frequency, suggesting that if this experiment was continued to
higher temperature a liquid-like melt might be obtained.
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Figure 4-16. G’ against G’’ for P-3 and P-3-M1(65)-COOH(35). Both polymers displayed a strong
temperature dependence, and so are below the TODT at all temperatures measured.

In the case of P-3-M1(65)-COOH(35) there was no overlap seen at any temperature or frequency
measured, suggesting that the microphase segregation of the PS and PMVS blocks persisted
despite the shear deformation which would be expected to disrupt any internal structure.2 This is
most likely driven by the presence of the nematic mesophase, which is stabilised by spherical
interfaces,7 but which would be expected to eventually become isotropic under high temperature
and shear conditions.6
The microphase structure of an AB diblock copolymer is strongly dependent on the interactions
between the A and B blocks (as characterised by the Flory-Huggins interaction parameter, χ), and
the molecular weight and volume fraction of each. The addition of the linking group therefore
increased the repulsion between the PS and PMVS blocks, most likely due to hydrogen bonding
interactions between the carboxylic acid groups present which has been shown to decrease χ,15
which in turn raised the TODT of the triblock copolymer from below 120 °C to above 200 °C. For
the LCEs this is the temperature where thermal degradation was first detected by TGA (Section
2.2.6.), and so it was not possible to simply increase the temperature of the experiments in order
to try and obtain a liquid-like melt. Therefore, in order to try and increase the compatibility
between the PS and PMVS blocks (and so lower the TODT) the polymers P-3 and P-3-M1(65)COOH(35) were modified to convert the carboxylic acid groups to methyl esters and so remove
any effect due to hydrogen bonding interactions. This afforded polymers P-3-COOMe and P-3M1(65)-COOMe(35) (Section 2.2.5). To isolate the role of the stabilisation of the nematic
mesophase by the spherical PS domains on the microphase segregated morphology behaviour of
the LCE, a PMVS homopolymer was synthesised and functionalised with M1 to yield PMVS-3M1(84)-COOH(16) (Section 2.2.4.3.). A final potential contributor to the elastic-like behaviour
would be undesired cross-linking occurring during the thiol-ene click reaction. This was
investigated by functionalising the PMVS block of the triblock copolymer with the thermally
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activated initiator 2,2′-azobis(2-methylpropionitrile) (AIBN) rather than using a UV-activated
initiator, to obtain P*-3(AIBN), which was further functionalised to give P*-3(AIBN)-COOMe and
P*-3(AIBN)-M1-COOMe.

4.2.3. Impact of Polymer Modifications on Melt Behaviour
From the materials synthesised in Chapter 2, SAOS experiments were carried out on disks of P*3(AIBN), P-3-COOMe, P*-3(AIBN)-COOMe, P-3-M1(65)-COOMe(35), P*-3(AIBN)-M1-COOMe
and PMVS-3-M1(84)-COOH(16). Disks with a diameter of 15 mm and approximate thickness of
1 mm (0.1 mm for PMVS-3-M1(86)-COOH(14)) were cast from toluene in a PDMS mould. For all
materials, the LVE region was first established by an amplitude sweep from 0.01-100% strain,
before frequency sweeps were carried out between 1-100 radians per second in a material
appropriate temperature range. The starting temperature was chosen as being approximately 20
°C above the highest temperature transition seen by DSC (where the LC domains are expected to
be isotropic and both the PS and PMVS are above their Tg) and the final temperature fixed at 180
°C to minimise the effects of thermal degradation.

4.2.3.1. Amplitude Sweeps
Amplitude sweeps were carried out on each of the modified polymers to determine the limiting
strain value of the LVE region. The results are given in Table 4-3, as well as the temperature ranges
used for the subsequent frequency sweep experiments. In each case G’ was greater than G’’ and
Lissajous diagrams were elliptical (see Appendix C).

Table 4-3. Amplitude sweep results for modified polymers.
Amplitude
Sweep
Temperature
(°C)

Limiting LVE
Region Strain (%)

P-3-COOMe

120

0.2

120-180

P-3-M1(65)-COOMe(35)

120

1

120-180

P*-3(AIBN)

120

5

120-180

P*-3(AIBN)-COOMe

120

5

120-180

P*-3(AIBN)-M1-COOMe

120

3

120-180

PMVS-3-M1(84)-COOH(16)

130

5

130-180

Polymer
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In order to simplify the identification of the effect of each structural change on the viscoelastic
properties of the polymers, the results for the frequency sweeps will first be discussed for the
polymers with no LC functionalisation followed by the triblock copolymers with M1 attached and
finally for the PMVS homopolymer with M1 attached.

4.2.3.2. Thermally Initiated Thiol-Ene Click Reaction
For P*-3(AIBN) the values of G’ and G’’ at a given temperature were much closer at low angular
frequency than was seen for P-3, with the viscous component greater than the elastic from 150180 °C (Figure 4-18). This trend was only seen over a small angular frequency range (1-2 radians
per second), with G’ dominating again for the majority of the frequency sweep. This suggests that
the side-chain functionalised polymer is relatively conformationally inflexible compared with the
linear polymers given as standard materials, an effect which would arise due to hydrogen bonding
between chains preventing the motion necessary for dissipation of deformation energy.
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Figure 4-17. Frequency sweep results for the change in shear modulus of P*-3(AIBN) with increasing
angular frequency at selected temperatures.

The crossover from liquid to elastic-like behaviour was not observed for P-3, where at low angular
frequency it appeared that a crossover might occur at temperatures greater than 180 °C (Figure
4-13). It cannot be concluded that this difference in behaviour arises solely from the change in
synthesis method however, as P*-3(AIBN) was synthesised from a triblock copolymer backbone
with a lower number average molecular weight than that used for P-3, and so it would be expected
that transitions dependent on the conformational flexibility of the polymer chains would shift
towards lower temperatures for this material.
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To determine whether the TODT was exceeded for P*-3(AIBN), G’ was plotted against G’’ (Figure 418). A strong temperature dependence was apparent at temperatures between 120-140 °C, before
overlap occurred between 140-160 °C. This coincided with the transition from solid-like to liquidlike behaviour seen in the plot of the shear moduli against angular frequency and suggests that
the TODT had been exceeded. Above 160 °C, however, the plot of G’ against G’’ again demonstrated
a temperature dependence. At these temperatures liquid-like behaviour was seen in the low
frequency region, which suggests that some further structural change had occurred. It is expected
that the carboxylic acid functionality will have a significant effect on the properties of this
polymer, and so it may be that the formation and disruption of hydrogen bonding interactions and
the resulting impact this had on the microphase segregation resulted in complex rheological
behaviour. In order to remove this effect, and to ascertain whether a significant difference in
properties is seen by utilising a thermally activated rather than UV activated thiol-ene click
reaction, experiments were repeated for samples of P-3 and P*-3(AIBN) where the carboxylic
acid groups were converted to methyl esters.
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Figure 4-18. Plot of G’ against G’’ for P*-3(AIBN). The strong temperature dependence indicates the
polymer is above the TODT between 120-150 °C, before temperature independence is observed from 150160 °C suggesting that the PS and PMVS blocks are mixing. Above 160 °C the curve is strongly temperature
dependent again, suggesting that the structure is heterogeneous.

4.2.3.3. Conversion of Carboxylic Acid Groups to Methyl Esters
The plot of viscosity with increasing temperature at constant frequency for P-3 (Figure 4-9)
showed no temperature dependence, suggesting that the polymer structure was constant across
the temperature range measured. This is consistent with the results presented in Chapter 3, where
it was shown that at room temperature this polymer did not form a microphase segregated
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morphology. The viscosity of P-3-COOMe on the other hand demonstrated a clear temperature
dependence, decreasing with increasing temperature at all frequencies tested (Figure 4-19). This
result suggests that on conversion of the carboxylic acid groups to the non-hydrogen bond
forming methyl ester group it was possible for microphase segregation of the PS and PMVS blocks
to occur, with the blocks becoming increasingly mixed with increasing temperature, resulting in
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Figure 4-19. Variation in complex viscosity with temperature for P-3-COOMe.

This trend was also apparent for P*-3(AIBN) and P*-3(AIBN)-COOMe (Figure 4-20). Converting
the carboxylic acid groups to methyl esters lead to a clear decrease in viscosity with increasing
temperature and confirms that hydrogen bonding has a strong influence on the microphase
structure of this polymer, even under the highest shear stress and at temperatures far above the
Tg for both the PMVS and PS blocks.
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Figure 4-20. Variation in complex viscosity with temperature for P*-3(AIBN) and P*-3(AIBN)-COOMe.
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The effect of conversion of the carboxylic acid groups to methyl esters was also apparent from
plots of G’ against G’’ for both P-3-COOMe and P*-3(AIBN)-COOMe. From Figure 4-21 it is clear
that no temperature dependence was observed for P-3-COOMe, with some deviations from the
trend observed at higher temperatures which may be due to the onset of thermal degradation of
the sample. For P*-3(AIBN)-COOMe good overlap was again seen between curves at all
temperatures until 170 °C, where a deviation occurred. This temperature coincides with the
transition from temperature independent to dependent behaviour observed in the same plot for
P*-3(AIBN) (Figure 4-18). The overlap was stronger in this case but suggests that at high
temperature this material undergoes some change in structure, which rules out hydrogen bonding
as the origin of this transition.
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Figure 4-21. Plot of G’ against G’’ for P-3-COOMe (left) and P*-3(AIBN)-COOMe (right). Both polymers
give temperature independent results suggesting that they are above the TODT. However, P*-3(AIBN)COOMe appears to return to temperature dependent behaviour from 170 °C.

The results of the frequency sweeps for P-3-COOMe and P*-3(AIBN)-COOMe confirm that the
removal of hydrogen bond forming groups from the triblock copolymer can be used to lower the
TODT, a result which may prove useful in obtaining an LCE with the desired melt properties for
extrusion. However, plots of the shear moduli against angular frequency indicated that mixing of
the PS and PMVS blocks was not sufficient for P-3-COOMe to form a liquid-like melt. The elastic
component dominated the viscous component at all temperatures and frequencies measured with
the curves approximately parallel to each other, indicating that any crossover would occur at very
low frequencies, outside the range of the rheometer (Figure 4-22).
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Figure 4-22. Frequency sweep results for the change in shear modulus of P-3-COOMe with increasing
angular frequency at selected temperatures.

For triblock copolymers such as P-3-COOMe, it is expected that heating above the TODT should be
sufficient for a liquid-like state to be achieved. For this to not be the case, it would suggest that
either the polymer backbone is sufficiently conformationally inflexible that elastic-like behaviour
is observed from very low frequencies, or that some level of crosslinking or inter-chain interaction
is present in the PMVS block. The latter could have arisen during the thiol-ene click reaction if
bonds were formed between radical-initiated vinyl groups. For this reason, P*-3(AIBN) was
synthesised to determine whether using a slower attachment reaction had any effect on the melt
properties. From the plots of the shear moduli against angular frequency given in Figure 4-18 and
Figure 4-23 for both P*-3(AIBN) and P*-3(AIBN)-COOMe respectively, it would appear that this
could be the case, although the effect of the reduced molecular weight of P*-3(AIBN) should not
be ignored.
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Figure 4-23. Frequency sweep results for the change in shear modulus of P*-3(AIBN)-COOMe with
increasing angular frequency.

In Figure 4-23, G’’ was greater than G’ at low frequencies from 160 °C, until a crossover to elasticlike behaviour was observed. This crossover occurred between 2-5 radians per second, depending
on the temperature of the experiment, and so the viscous state persisted to higher frequencies
than those measured for P*-3(AIBN) (Figure 4-17). It was expected that on conversion of the
carboxylic acid groups to yield P*-3(AIBN)-COOMe a more flexible polymer network would form
than observed for P*-3(AIBN) due to the removal of hydrogen bonding interactions, and so this
result confirms that the relatively high molecular weight and inflexible architecture of these
polymers contribute to the solid-like response.
From 170-180 °C a second crossover was also observed. This is the temperature range where
plots of G’ against G’’ for both P*-3(AIBN) and P*-3(AIBN)-COOMe demonstrated a return to
temperature dependent behaviour. There is no clear separation between G’ and G’’ for any of the
measurements in Figure 4-23, and so it appears that under these experimental conditions the
polymer was close to a transition, and that the structure fluctuated between the homogeneous
and heterogeneous states.
From the results obtained for the polymers before and after conversion of the carboxylic acid
groups to methyl esters it can concluded that the hydrogen bonding present in P-3 and P*3(AIBN) acts to prevent mixing of the PS and PMVS blocks, raising the TODT to temperatures
significantly higher than that seen for PS-b-PMVS-b-PS. The resulting block copolymers displayed
behaviour typical of cross-linked or filled polymers at temperatures below the TODT, which
explains the origin of the elastic behaviour seen previously for P-3. Converting the carboxylic acid
groups to methyl esters acted to lower TODT back to below 120 °C for P-3-COOMe and P*-3(AIBN)COOMe, allowing the PS and PMVS block microstructure to become disordered. This mixing was
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not sufficient for liquid-like melt behaviour to be seen in the desired frequency range for P-3COOMe, however, suggesting that the stiffness of this polymer chain favours elastic behaviour
under these shear conditions. P*-3(AIBN)-COOMe appeared to demonstrate viscous like
behaviour at high ω, but neither the elastic nor the viscous response clearly dominated the other
over the full frequency range measured. Nevertheless, it was demonstrated that with the correct
functionality it was possible to exceed the TODT under some shear conditions and form a liquidlike melt, although only at relatively low shear.

4.2.3.4. Conversion of Residual Carboxylic Acid Groups to Methyl Esters for Liquid
Crystal Elastomers
The influence of hydrogen bonding on the microphase segregation of the PS and PMVS blocks of
the LC-functionalised triblock copolymers was apparent from comparison of the plots of G’ against
G’’ for P-3-M1(65)-COOH(35) (Figure 4-16) and P-3-M1(65)-COOMe(35) (Figure 4-24). No
temperature dependence was observed between 120-160 °C for the methyl ester polymer,
suggesting that in this temperature range the triblock copolymer was above the TODT. From 160180 °C, however, the ratio of the two moduli became temperature dependent again. This suggests
a change in the microstructure of the polymer occurred, where the microphase separation
transition (MST) resulted in a structure where the PS and PMVS domains were segregated.
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Figure 4-24. Plot of G’ against G’’ for P-3-M1(65)-COOMe(35). From 120-140 °C the curves are
independent of temperature. However, from 150 °C they become temperature dependent which suggests that a
change in the polymer microstructure has occurred, raising the TODT. Filled symbols indicate an isotropic state
whereas unfilled symbols indicate a nematic state.
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The origin of the change in trend became apparent on inspection of the variation in the viscosity
with angular frequency and temperature (Figure 4-25). For both plots a change in gradient was
detected at 160 °C. The viscosity initially decreased with temperature, until reaching 160 °C where
it started to increase, which was especially apparent at low frequencies. No Tiso was detected by
DSC for this polymer, suggesting that the LC-containing PMVS block was isotropic in the as-cast
polymer disk. Therefore, it appears that at 160 °C a shear-induced nematic mesophase was
formed, which would explain the increase in viscosity seen from this temperature forward and
also the apparent MST seen in Figure 4-24. It has been shown that for asymmetric block
copolymers that form spheres in a matrix of the LC block, as in this case, the nematic mesophase
acts to stabilise the microphase segregated state, with the microstructure observed at
temperatures considerably higher than the Tiso.7 This work however did not demonstrate a
switching of behaviour between the two states occurring due to applied shear and elevated
temperatures.
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Figure 4-25. Variation in complex viscosity with angular frequency (left) and temperature (right) for P-3M1(65)-COOMe(35). Filled symbols indicate an isotropic state whereas unfilled symbols indicate a
nematic state.

The plot of G’ and G’’ against angular frequency demonstrated no obvious difference between
these two states (Figure 4-26). An elastic-like response was seen at all temperatures and
frequencies, both before and after the nematic behaviour was evident. By calculating the
difference between the values for G’ and G’’ at ω=1 and ω=100 at fixed temperatures, it was seen
that in the isotropic state the two curves were converging with increasing temperature, then
started to diverge once the transition occurred. This suggests that liquid-like behaviour might be
possible for this polymer before formation of the nematic mesophase, but at very low values of ω
or at temperatures outside the thermally stable range of the polymer. This is similar to the results
seen for P-3-COOMe and suggests that the relatively high molecular weight of the polymer and
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the stiffness imparted by the PS blocks may be detrimental to achieving the desired liquid-like
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Figure 4-26. Frequency sweep results for the change in shear modulus of P-3-M1(65)-COOMe(35) with
increasing angular frequency.

Considering that viscous behaviour was measured for P*-3(AIBN), a portion of this polymer was
functionalised with M1 before converting the carboxylic acid functionality to methyl esters to give
P*-3(AIBN)-M1-COOMe. This polymer also did not have a Tiso detectable by DSC in the as-cast
state, which suggests that on conversion of the carboxylic acid to a methyl ester the resulting
reduction in the Tg of the PMVS block to temperatures significantly lower than room temperature
prevented the highly mobile PMVS chains from supporting an ordered nematic state.
The results for the viscosity obtained from the frequency sweep on this polymer again suggest the
formation of a shear-induced nematic mesophase, albeit one that formed at lower temperatures
than observed for P-3-M1(65)-COOH(35). In this case the onset of nematic-like behaviour could
be detected from 140 °C (Figure 4-27), which is likely due to P*-3(AIBN) having a lower Tg than
P-3 and so the polymer chains being more deformable (and so easier to align by applied shear) at
lower temperatures.
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Figure 4-27. Variation in complex viscosity with angular frequency (left) and temperature (right) for P*3(AIBN)-M1-COOMe. Filled symbols indicate an isotropic state whereas unfilled symbols indicate a
nematic state.

The overlap between curves in the plot of G’ against G’’ was much weaker for P*-3(AIBN)-M1COOMe than for P-3-M1(65)-COOMe(35) at low temperature (Figure 4-28), which suggests that
in this temperature range there was sufficient nematic character that the blocks were unable to
mix. At 180 °C the material was clearly still below the TODT, again suggesting that the induced
nematic mesophase prevented the formation of a homogeneous melt.
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Figure 4-28. Plot of G’ against G’’ for P*-3(AIBN)-M1-COOMe. The strong temperature dependence
suggests that the polymer is above TODT at all temperatures measured.

The plot of the shear moduli against angular frequency demonstrated elastic-like behaviour at all
temperatures and angular frequencies measured. This result suggests that the nature of the
linking group attachment step is not the limiting factor in forming a liquid-like melt, with both the
photoinitiator and AIBN resulting in LCEs that demonstrate elastic properties. The apparent
phase transition from an isotropic to nematic state appears to have a greater influence on the
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microstructure, with the nematic mesophase acting to stabilise microphase segregation of the PS
and PMVS blocks due to the energy penalty associated with mixing the highly aligned nematic with
the disordered PS block, therefore acting like a nanoscale filler. It would appear that this effect,
combined with the relatively stiff and high molecular weight triblock copolymer backbone, acted
to maintain microphase segregation of the blocks in the stable temperature range of the LCEs and

Shear Modulus (Pa)

under the shear conditions accessible by the rheometer.
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Figure 4-29. Frequency sweep results for the change in shear modulus of P*-3(AIBN)-M1-COOMe with
increasing angular frequency.

To confirm that a shear-induced nematic mesophase was formed in P*-3(AIBN)-M1-COOMe,
which then induced the MST to occur from a homogeneous state, DSC experiments were carried
out for a piece of the disk used in the rheology experiment. Three cyclic measurements were
carried out, with the first heating cycle expected to erase the thermal history of the sample and
reproducible data collected on the second and third cycles. Two features were observed in the
resulting thermogram: a second order transition that corresponded to the Tg of the PMVS block at
-13.2 °C and a first order transition at 95 °C, which was taken as being the nematic to isotropic
transition (Figure 4-30). The persistence of this peak after heating above Tiso suggests that the
shear-induced structure of the polymer was maintained under these experimental conditions and
confirms that once the mesophase is induced in the polymer, it is stabilised by the microphase
segregation of the PS and PMVS blocks.
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Figure 4-30. DSC results for P-3-M1(65)-COOMe(35) taken on heating (lower) and cooling (upper).
Samples were obtained before (dashed) and after (solid) rheological measurements. Only the sheared
rheology sample gave a peak corresponding to the nematic-isotropic transition at 95 °C.

These results for P-3-M1(65)-COOMe(35) and P*-3(AIBN)-M1-COOMe therefore suggest that
the presence of the nematic mesophase acts to prevent mixing of the PS and PMVS blocks by
stabilising the spherical microphase segregated structure and so inhibits the formation of a
homogeneous, liquid-like melt. Literature examples of side-chain LCPs have demonstrated that
liquid-like properties can be obtained at high enough shear,8 and so in order to understand the
effect of the LC block without considering interactions with the PS blocks, a PMVS homopolymer
was synthesised and functionalised with M1.

4.2.3.5. Comparison of Liquid-Crystal Functionalised PMVS Homopolymer with
Triblock Copolymer
Further insight into the mechanism preventing liquid-like flow of the LCE was be obtained by
studying the shear response of PMVS-3-M1(86)-COOH(14). Results were limited to three
temperatures as during the experiment the sheared melt flowed from beneath the top plate of the
rheometer, meaning that the higher temperature measurements were taken on an unevenly filled
bottom plate. This is also the source of the deviation from trend seen for all results at 150 °C.
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Results for G’ and G’’ with increasing angular frequency are given in Figure 4-31. The polymer
displays significantly different properties to those seen for the LCEs based on the triblock
copolymer backbone, with an elastic response observed at low frequencies and a liquid-like
response at high frequencies. This confirms that without the PS domains it is possible for the LCfunctionalised PMVS block to form a liquid-like melt. Unlike the standard response observed for
ABS, PLA and TPU, however, the plot of G’ and G’’ against increasing ω initially demonstrated a
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Figure 4-31. Frequency sweep results for the change in shear modulus of PMVS-3-M1(84)-COOH(16)
with increasing angular frequency at selected temperatures.

The low shear measurements were taken at a temperature above the Tiso where it was expected
that the LC would exist in an isotropic state with no nematic domains present. If this was the case,
the LCP would behave as an uncrosslinked, random-coil polymer, with liquid-like behaviour seen
much like that for the standard materials and PS-b-PMVS-b-PS. However, from the results for the
viscosity given in Figure 4-32 it would appear that even at low shear the deformation was
sufficient to form a shear-induced nematic mesophase in the highly flexible PMVS homopolymer.
This resulted in a continuous decrease in viscosity and shear modulus as the polymer chains
become more aligned, and so less entangled.
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Figure 4-32. Variation in complex viscosity with temperature for PMVS-3-M1(84)-COOH(16).

A sharp decrease in viscosity and G’ was seen for values of ω between 1-3 rad s-1, and then from
3-11 rad s-1 the rate of the decrease in viscosity appeared to slow and G’ was approximately
constant. This elastic-like behaviour at low shear when heated above the Tiso (and so in a region
where the material is expected to show liquid-like behaviour) has been reported for other sidechain liquid crystal polymers (SCLCPs).16–18
In these literature examples it was claimed that the alignment of mesogenic groups lead to the
formation of a shear-induced nematic mesophase, although some disagreement existed as to
whether this resulted in solid-like18 or gel-like19,20 behaviour. In either case, G’ was greater than
G’’ under low strain and low angular frequency conditions, such as those encountered for
measurements on PMVS-3-M1(86)-COOH(14). This low-shear elastic-like behaviour was shown
to be dependent on interactions with the rheometer plates and the gap distance,21 with the
measurements for PMVS-3-M1(86)-COOH(14) taken on a disk with thickness around 0.1 mm,
well within the sub-millimetre range where this effect has been observed.21 The explanation for
the elastic-like behaviour above the Tiso was proposed to be the polymer architecture, with the
side-chain mesogen acting as interconnects between chains and the level of elastic behaviour
dependent on the amount of interdigitation possible.18 It can therefore be proposed that for
PMVS-3-M1(86)-COOH(14) between ω = 3-11 rad s-1 the nematic mesophase was sufficiently
aligned that interdigitation of the side chains could occur, resulting in the elastic-like behaviour
and a change in gradient of the decrease in viscosity with time, until the shear reached a value
between 11-100 rad s-1 where the ordered state was disrupted and so became increasingly
isotropic. At high shear the viscosity started to converge for all temperatures measured and the
material displayed more typical viscoelastic behaviour.
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In literature examples with polyacrylates the effect persisted to temperatures 100 °C higher than
the measured Tg, and up to 14 °C higher than the Tiso, although no measurements were taken at
higher temperatures in this case due to potential thermal degradation of the polymer.18 Due to the
breakdown of the sample it is not known to what temperature this effect could be detected for
PMVS-3-M1(86)-COOH(14), but a clear plateau was apparent for the measurement taken at 140
°C, which is 117 °C above the Tg and 11 °C above the Tiso as measured by DSC.
These results confirm that without the PS block a PMVS homopolymer functionalised with M1 and
carboxylic acid groups is capable of forming a liquid-like melt in its stable temperature range
through the disruption of an induced nematic mesophase. The dual effect of stabilising the
ordered nematic mesophase and increasing the molecular weight (and so the rigidity) of the
triblock copolymer seen on introduction of the PS blocks therefore explain the elastic-like
response seen for P-3-M1(65)-COOH(35) and P-3-M1(65)-COOMe(35) (as well as the AIBN
equivalents).

4.2.3.6. Elastic Behaviour in P-3-M1(65)-COOMe(35) Above TODT
Whilst it was shown that the nematic mesophase appears to prevent mixing of the PS and PMVS
blocks in the LCEs by stabilisation of the spherical morphology, this does not explain the elastic
behaviour seen for P-3-M1(65)-COOMe(35) above the TODT and before the nematic mesophase
was induced. In this case the elastic-like behaviour was likely due to the relatively high molecular
weight and stiffness of the polymer chain, as suggested for P-3-COOMe, with the low-shear
elastic-like behaviour reported for the homopolymer potentially offering a further explanation.
Whilst low-shear elastic behaviour has not been investigated for side-chain triblock copolymers
or at temperatures so far above the Tiso, it may be that interdigitation of the bulky side chains and
the resulting intermolecular interactions produced a physical network which contributed to the
elastic-like properties.
A further explanation could be found in work which demonstrated that on heating highly
asymmetric block copolymers which adopt a body centred cubic (bcc) spherical morphology to
temperatures around the TODT, a disordered micellar morphology can be accessed between the
ordered bcc and homogeneous state.3,4,8 This phase adopts a liquid-like structure, with no longrange order, and was identified both on heating and cooling through a decrease in the G’ and
viscosity due to softening of the sphere-forming lattice. The aggregates acted as filler particles and
so resulted in elastic-like behaviour. In the case of P-3-M1(65)-COOMe(35) a similar
microstructure could be obtained but would not result in an obvious change in G’ or η due to the
disordered nature of the undeformed lattice occupied by the spherical PS domains.
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4.3. Conclusions
The rheological behaviour of the side-chain liquid crystal triblock copolymer was shown to be
complex, and to have a strong dependence on the temperature and functionality present on the
PMVS block, and so the microphase structure adopted by the triblock copolymer. The
functionalisation of the triblock copolymer with a linking group and then either M1 or M2 resulted
in block copolymers that were not suited for processing by melt extrusion.
It was likely that carboxylic acid functionality prevented mixing of the PS and PMVS domains in
the stable temperature range of the LCEs. Conversion of the carboxylic acid to a methyl ester acted
to lower the TODT back to a temperature where the LC-functionalised polymers were stable and
SAOS experiments on these samples confirmed that initially the PS and PMVS blocks were able to
mix. However, elastic behaviour was still observed – potentially due to the high molecular weight
of the polymer and interactions between side-chains. On formation of a shear-induced nematic
mesophase the TODT was raised back above the thermally stable range of the polymer. This shear
induced nematic mesophase was shown to persist for multiple cycles of heating above the Tiso by
DSC and so it appears that the resulting segregated microstructure was stable and had a high
barrier to mixing once formed.
The stabilising effect of the nematic mesophase was confirmed by results obtained for the PMVS
homopolymer functionalised with M1. At low shear elastic-like behaviour was seen, potentially
due to interdigitation of the aligned side-chains, but at angular frequencies above 11 rad s-1 the
polymer became increasingly isotropic and viscous behaviour was observed. This suggests the
stabilisation of the nematic mesophase by the microphase segregation in the triblock copolymer
prevents liquid-like melt formation which, combined with the increased molecular weight with
PS blocks present, prevents melt extrusion of the LCEs.
In order for extrusion to be a viable processing for these materials, further studies should be
carried out to identify whether reduction of the molecular weight of the PS-b-PMVS-b-PS block
copolymer backbone results in a LCE with sufficient conformational flexibility that liquid-like
behaviour can be observed. The LC-functionalised PMVS homopolymer demonstrated suitable
rheological behaviour under shear and should therefore be suitable for extrusion, however, the
lack of PS blocks will limit the mechanical properties of the polymer and may result in undesired
thermal creep due to the relatively low Tg.
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4.4. Experimental
Samples of the experimental polymers were prepared as 15 mm diameter disks by casting from
toluene in a PDMS mould, with a target thickness of approximately 1 mm. Standard material
samples were prepared using commercially available filaments of polylactic acid (PLA)
(Natureworks 4043D, natural colour), acrylonitrile butadiene styrene (ABS) (Reprapper Tech.
Ltd., natural colour) and a thermoplastic polyurethane (TPU) (Ninjaflex by Ninjatek, clear colour).
Disks were printed with a diameter of 15 mm and a thickness of 1 mm.

4.4.1. Rheology
Rheology was carried out on an Anton Paar MCR302 rotational rheometer with a 15 mm diameter
parallel plate geometry and heated using an electric Peltier in air. Temperatures were measured
with an accuracy of ±0.2 °C.

4.4.1.1. Procedure
The sample was located centrally on the bottom plate of the rheometer and aligned with the top
geometry before decreasing the gap size manually and heating to the test temperature. The
sample was held for five minutes to ensure equilibration and then the experimental gap size was
set automatically by bringing the plates together until a normal force of 0.25 N was measured to
ensure contact between the sample and upper geometry before starting the experiment
(amplitude or frequency sweep). This normal force control was maintained throughout the
experiments, with the gap size automatically adjusted where necessary.

4.4.1.2. Amplitude Sweep
For each sample an amplitude sweep was first carried out at a constant frequency of 10 rad s-1 and
a fixed temperature (sample dependent). The strain amplitude was varied on a logarithmic scale
from 0.01-100% with 10 measurements made per decade to give 41 data points in total. The strain
to be used for the frequency measurement was identified as the largest strain within the linear
viscoelastic region where G’ was independent of the applied strain.
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4.4.1.3. Frequency Sweep
Each frequency sweep was carried out at a fixed temperature and strain. Measurements were
taken after the amplitude sweep with an oscillating frequency on a logarithmic scale from 1-100
rad/s with 10 measurements made per decade to give 21 data points in total at each temperature.
When measurements were taken for multiple temperatures the sample was heated after each
experiment to the next target temperature at a rate of 2 °C per minute and held for 5 minutes to
ensure equilibration of the structure before performing the next frequency sweep measurement.

4.4.2. Differential Scanning Calorimetry
DSC experiments were carried out with a TA Instruments Q100. Samples were weighed into an
aluminium pan and cycled three times between -50 and 150 °C under a nitrogen atmosphere, with
measurements taken on both the heating and cooling cycles using a heating/cooling rate of 10 °C
per minute.
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Chapter 5: Suitability of P-3-M1(65)-COOH(35) for
Processing by Electrospinning
5.1. Introduction
It was shown in Chapter 4 that the thermoplastic liquid crystal elastomers (LCEs), including P-3M1(65)-COOH(35), were not suitable for melt processing due to a combination of the stabilising
effect of the nematic mesophase on the microphase separation of the polystyrene (PS) and
poly(methylvinylsiloxane) (PMVS) blocks and the high molecular weight. These resulted in
elastic-like behaviour throughout the stable temperature range. However, the high molecular
weight (and so viscosity) is beneficial for processing from solution and makes this polymer a
viable candidate for electrospinning. Solution processing methods are well suited for the
formation of polymeric fibres, where the action of drawing a fibre is expected to align the LC
mesophase along the long axis, with the resulting fibres having a high surface area to volume ratio.
This property makes fibres obtained by electrospinning attractive for applications as stimuliresponsive actuators.1
Responsive fibres of liquid crystal polymers (LCPs) and LCEs have previously been produced from
polymer solutions. For LCPs both a custom microfluidic setup2 and electrospinning3,4 have been
shown to result in smooth fibres with small diameters (30-33 µm for the microfluidic setup and
0.5-2.0 µm by electrospinning).2–4 It was demonstrated that the level of LC alignment was
dependent on the diameter of the fibres, with smaller diameters resulting in stronger
mesophases,3 and so it is expected that electrospinning of LCEs should result in well-aligned fibres
that could be used as mats or bundles for actuation.
To obtain continuous, defect free fibres rather than droplets it is important to consider the balance
between the surface tension (which will act to reduce surface area through the formation of
droplets) and of the surface charge (where repulsion of electrostatic charges will act to elongate
the jet and so form fibres). Therefore, the viscosity, charge density and surface tension of the
polymer solution all have a strong effect on the fibre morphology. Smooth fibres can also be
achieved by the incorporation of additives to the spinning solution, for example, through the
addition of salts it is possible to modify the charge density and the addition of high molecular
weight polymers such as polyethylene oxide (PEO) increase interactions between the polymer
and the solvent, and so increase the viscosity of the solution favouring smooth fibre formation.7
The diameter of the fibre can be controlled by adjustment of experimental parameters such as the
feed rate, electric field and the gap between the spinneret and the collector, as well as by the
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solution concentration.7 The concentration has been shown to have a large effect on the diameter
of the fibres, with increasing concentration resulting in more chain entanglements and so a
polymer structure which is better able to resist the stretching applied as the jet travels towards
the collector.8 The effect of the electric field is smaller, but will act to control the shape of the
solution drop at the nozzle and the velocity at which the jet travels. The voltage will also determine
the stability of the jet, with a threshold value required for a fibre to form but too high a voltage
resulting in droplet formation.8,9
Only one example of electrospinning a pure main-chain LCE has been reported to date, with
crosslinking introduced during the spinning processes by irradiation of the jet with UV light.5 For
electrospinning to be successful the polymer must have a high enough molecular weight, and so
viscoelastic character, that entanglements can form between chains and the fibre can extend with
the jet during the spinning process and overcome the competing effect of forming beads due to
Rayleigh instabilties.6 Electrospinning has been shown to be possible for LCEs with a molecular
weight of 44,000 g mol-1,5 and so P-3-M1(65)-COOH(35) with a molecular weight of 150,000 g
mol-1 was expected to form continuous fibres.
Therefore, the aim of the work reported herein was to determine the suitability of P-3-M1(65)COOH(35) for electrospinning and to attempt to produce the first example of an electrospun sidechain thermoplastic LCE fibre. This was achieved by first manually drawing fibres from a viscous
solution, with their morphology and level of order identified by Small Angle X-Ray Scattering
(SAXS). Electrospinning experiments were then carried out, with the solution concentration and
solvent surface tension varied in order to obtain continuous fibres. It was also attempted to obtain
aligned arrays of fibres through the choice of fibre collector. The successful formation of LC
monodomains was confirmed by Polarised Optical Microscopy (POM) on the fibres, and their
response to applied UV irradiation or heating through the isotropic transition temperature (Tiso)
investigated.

5.2. Results and Discussion
5.2.1. Microphase Segregated Morphology of Hand-Drawn Fibres
To test the suitability of P-3-M1(65)-COOH(35) for electrospinning a 40 wt% solution in CH2Cl2
was prepared, from which fibres with diameters between 0.13-0.20 mm were obtained by
drawing the viscous solution with a glass capillary. Two of the fibres were annealed at 120 °C for
2 hours, using the procedure described in Chapter 3 for the polymer films, in order to promote
formation of the microphase segregated morphology. One of these fibres was then stretched along
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its length whilst heated at 120 °C in order to induce stronger alignment of the mesophase. Room
temperature SAXS experiments were carried out to determine the level of alignment present in
both cases, with the fibres mounted vertically.
It was shown in Section 3.2. that P-3-M1(65)-COOH(35) adopts a microphase segregated
morphology at room temperature, with spherical PS domains occupying a disordered lattice
within a continuous PMVS phase. The results of the azimuthal integration for both stretched and
unstretched fibres are given in Figure 5-1, from which it was apparent that the spherical
morphology was present in both. The location of the structure factor (q*) peak was shifted to
lower values in reciprocal space for the stretched fibre, suggesting an increase in the inter-sphere
spacing occurred with respect to the undeformed fibre.
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Figure 5-1. Background subtracted room temperature SAXS data for fibres of P-3-M1(65)-COOH(35)
before and after stretching. The q* peaks at 0.146 and 0.159 nm-1 correspond to an average spacing between
PS domains of 39.5 and 43.0 nm for the unstretched and stretched fibre respectively. The broad qF peak at
0.39 nm-1 indicates an average PS domain radius of 16 nm.

It was not possible to unambiguously identify the peak value for the broad, low-intensity spherical
form factor (qF) peak and therefore the value of the average radius of the spheres was calculated
to two significant figures. This gave a result of 16 nm, smaller than the 20 nm measured for films
of the same polymer. Values of the average centre-to-centre spacing of the PS domains were
obtained by identification of the maximum in the q* peak for each fibre and quoted to 3 significant
figures. The undeformed fibre had a q* peak which corresponded to a spacing of 39.5 nm between
PS domains, which is comparable to the value of 39.8 nm measured in Section 3.2.2.3. for a film of
P-3-M1(65)-COOH(35). The stretched fibre had a q* peak indicative of a spacing of 43.0 nm
between spheres, which suggests deformation of the lattice occupied by the spheres into an
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anisotropic arrangement. A good fit was obtained between the experimental data and that
generated from the model described in Section 3.2.2.4. for the affine deformation of the PMVS
domain with hard, undeformed particles (the PS domains) present. As before, the fit obtained by
the model was in good agreement with the experimental data (Figure 5-2), with an increase in the
calculated draw ratio and d-spacing observed for the stretched fibre compared with the
unstretched fibre (Table 5-1).

Figure 5-2. Comparison of model results with experimental data for (A) unstretched and (B) stretched
fibres of P-3-M1(65)-COOH(35).

Table 5-1. Results for model fit and experimental SAXS results for comparison.
Sample
Unstretched
P-3-M1(65)-COOH(35)

PS Radius (nm)
13.40 ± 0.02

33.84 ± 0.03

16

39.5

13.73 ± 0.01

34.83 ± 0.02

16

43.0

SAXS
Stretched
P-3-M1(65)-COOH(35)

d-spacing (nm)

SAXS
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With the SAXS data suggesting anisotropy in the stretched fibre, integrations were carried out
around the 0° and 90° directions only for both the stretched and unstretched fibres, with the
directions relative to the 2D scattering result given in Figure 5-3. The fibres were mounted such
that the direction of stretch was along the 90° direction.

Figure 5-3. Definition of 0° and 90° directions used for anisotropic integrations of SAXS results and fibre
direction.

The results of the perpendicular integrations for the unstretched fibre are given in Figure 5-4,
where a small separation was seen between the q* peaks, demonstrating that the elongational
strain encountered whilst drawing the fibre from solution was sufficient for a minority of the PS
domains to align along the fibre axis. The q* peaks were located at values corresponding to an
inter-sphere spacing of 36.1 and 41.3 nm in the 0° and 90° directions respectively. This was a
larger difference between peaks in reciprocal space than observed for the stretched film of P-3M1(65)-COOH(35) (0.022 nm-1 for the fibre compared with 0.015 nm-1 for the film) and suggests
that the action of drawing the fibre induced stronger alignment of the PS domains in this case.
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Figure 5-4. Background subtracted room temperature SAXS data for undeformed fibre of P-3-M1(65)COOH(35). The q* peaks at 0.152 and 0.174 nm-1 correspond to an average spacing between PS domains of
36.1 and 41.3 nm respectively. Inset – 2D SAXS pattern showing weakly elliptical response.

The analysis was repeated for the stretched fibre. From the plot obtained in Figure 5-5 it was clear
that increased alignment of the PS domains was obtained when compared with the undeformed
fibre. The q* peak was located at a value of q which corresponded to an inter-sphere spacing of
34.1 nm in the 0° direction and to 45.9 nm in the 90° direction. The curve obtained by integration
in the direction of the stretch featured a weakly resolved shoulder which was located around 0.24
nm-1, equivalent to √3q*, a result that was seen in Section 3.2.2.4. for the aligned film of P-3M1(82)-COOH(18). No further peaks were apparent at values close to √2q* or 2q*, suggesting
that rather than a body-centred cubic structure, a weakly aligned hexagonal close packed
structure developed. The increased order in the 90° direction allowed for the calculation of an
order parameter using Equation 3.7, with a value of 0.12 obtained for the spherical PS domains.
This is relatively low, but comparable with the figure of 0.11 measured for the aligned film of P3-M1(82)-COOH(18). This polymer was shown to respond to UV irradiation in Section 2.2.7., and
so it is expected that the aligned fibres of P-3-M1(65)-COOH(35) would also demonstrate
responsive behaviour.
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Figure 5-5. Background subtracted room temperature SAXS data for stretched fibre of P-3-M1(65)COOH(35). The q* peaks at 0.137 and 0.184 nm-1 correspond to an average spacing between PS domains of
45.9 and 34.1 nm respectively. Inset – 2D SAXS pattern showing elliptical, anisotropic response.

It was evident from the 2D SAXS data that the alignment of PS domains occurred along the length
of the fibre, with a contraction observed in reciprocal space in the 90° direction. The elliptical
scattering pattern with increased intensity in the fibre direction indicated that the deformation
occurred in the PMVS block, with the lattice occupied by the PS domains reordering, but the
domains themselves retaining their original size and shape.10 The broad reflections in the
alignment direction suggest that the lattice occupied by the PS domains was relatively disordered,
as was the case for the aligned film of P-3-M1(82)-COOH(18).
From these results it was shown that an aligned fibre of P-3-M1(65)-COOH(35) could be drawn
from a viscous solution of CH2Cl2, suggesting that the polymer had a molecular weight sufficient
for forming fibres by electrospinning. It was also shown that the polymer adopted the spherical
morphology required for thermoplastic elastomeric behaviour, and so retained the potential for
actuation. Applying a tensile force to the fibre whilst heating above the Tiso acted to improve the
alignment when compared with a fibre that underwent no deformation other than that
encountered when drawing from solution. It is expected that significant extensional forces will be
experienced by the fibre during electrospinning, and so an aligned LC mesophase is expected.
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5.2.2. Electrospinning Fibres of P-3-M1(65)-COOH(35)
Many factors contribute to the ability to create smooth fibres from a polymer solution by
electrospinning, including the molecular weight, PDI and Tg of the polymer itself. Whilst these
values are fixed for P-3-M1(65)-COOH(35), other contributors such as the solution and
experimental conditions can be varied to favour forming smooth fibres or to control the diameter.
To identify appropriate conditions for spinning of P-3-M1(65)-COOH(35), the solvent system
with surface tension suitable for electrospinning of fibres rather than electrospray of droplets was
first identified, before finding a concentration of P-3-M1(65)-COOH(35) that gave a solution with
a suitable viscosity for the formation of continuous fibres. Finally, the nature of the collector was
varied in order to increase the alignment of the fibres. The distance between the needle and the
collector was maintained at approximately 12 cm in order to fix another variable and all
experiments were carried out at room temperature and humidity. In all cases, the positive voltage
was applied to the needle, and the negative voltage to the collector.

5.2.2.1. Determination of Conditions for Electrospinning
In order for electrospinning to occur (rather than electrospray of droplets) it is necessary to
obtain a solution where the repulsion between electrostatic forces on the Taylor cone (which
favour extension of the jet to form a fibre) overcomes the surface tension of the solvent (which
favours the formation of droplets). An initial solution of 40 wt% P-3-M1(65)-COOH(35) in N,Ndimethylformamide (DMF) was prepared and stirred for 16 hours in order to ensure a
homogeneous solution was obtained. Electrospinning was then attempted using several voltages
and feed rates, with the fibres collected on a flat collector covered in aluminium foil. Initially, short
fibres were obtained, with an example image given in Figure 5-6. It was expected that the
molecular weight of 150,000 g mol-1 calculated for P-3-M1(65)-COOH(35) is high enough for
continuous fibre formation, therefore, the surface tension of the solution was reduced by mixing
DMF with THF in a ratio of 9:1 and the polymer concentration reduced to 32.5 wt%. DMF has a
surface tension of 34.4 mN m-1 at 25 °C, compared with a value of 26.7 mN m-1 for THF,11 therefore,
by mixing the two it is expected that the electrostatic repulsion should start to dominate and allow
for the formation of continuous fibres.
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Figure 5-6. Short fibres obtained with 40 wt% solution of P-3-M1(65)-COOH(35) in DMF.

The modification of the solvent system was sufficient to reduce the surface tension such that long,
continuous fibres could be collected. However, large droplets were still present on the fibres and
some shorter, smaller diameter fibres were also present as shown in Figure 5-7. The continuous
fibres were relatively large in diameter, with values measured from the microscopy images using
ImageJ found to be between 2.8-4.6 μm, whereas the smaller fibres had diameters around 1.6 μm.
The droplets were also large, with diameters up to 38.4 μm measured. It was expected that
through adjustment of the experimental conditions it should be possible to reduce the number of
beads. However, insufficient polymer was available to carry out a systematic investigation into
the effect of these additives and so instead it was next confirmed that electrospinning formed an
ordered nematic mesophase in the fibres, before increasing the level of alignment within the fibre
array by replacing the flat collector with one that promoted ordered deposition of fibres.

Figure 5-7. Longer fibres obtained from a 32.5 wt% solution of P-3-M1(65)-COOH(35) in DMF/THF.
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5.2.2.2. Confirmation of Ordered Nematic Mesophase in Fibres
With experimental conditions for fibre spinning determined, the ability of the electrospinning
process to form a nematic mesophase was next investigated. This was achieved using POM, where
areas containing an ordered LC mesophase are expected to rotate the polarised light such that
fibres oriented away from the direction of either polariser will appear bright, with the most
intense response seen when oriented at 45° to the crossed polarisers. Areas with no aligned
mesophase present remain dark. The formation of a nematic mesophase was first confirmed for
fibres collected on a glass slide with applied voltages of -6.0 kV and +19.0 kV and a feed rate of 0.5
mL per hour. As before, predominantly continuous fibres were observed with large droplets and
a small number of short fibres (Figure 5-8). Diameters of the fibres were measured to be between
1.7-4.6 μm, with the short fibres being thinner than the continuous fibres, whilst the droplets were
measured to have diameters between 11.8-38.4 μm.

Figure 5-8. Images of fibres taken under (a) normal light and (b) crossed polarisers. Bright regions in (b)
correspond to areas with LC mesophase present.

Under crossed polarisers it was apparent that alignment of the LC mesophase had occured (Figure
5-8), with bright regions observed in areas where the fibres lay at approximately 45° to the
polarisers. Droplets also demonstrated birefringence, but it is expected that a more complex LC
arrangement occurs in these regions. Areas where the fibres were oriented along the direction of
one of the polarisers remained dark, for example the large, vertical fibre in the centre of Figure
5-8, suggesting that birefringence resulted in the bright areas as opposed to refraction.
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In order to reduce the number of short fibres the solution was heated at 40 °C for 1 hour and then
left to stir for 60 hours. When spun at applied voltages of -1.0 kV and +16.0 kV and a feed rate of
0.75 mL per hour continuous fibres were obtained as demonstrated in Figure 5-9. The fibres were
measured to have diameters between 1.6-2.6 μm, with the droplets having diameters between 3.2
and 15.8 μm. No preferred orientation of the fibres was observed, as expected when using a flat
collector, and under crossed polarisers it was apparent that an ordered LC mesophase was
present, although the birefringence was relatively weak. Few short fibres were observed, and the
droplets were considerably smaller than those seen previously, which suggested that the short
period of heating and long stirring time improved the solubility of the polymer, resulting in a more
viscous solution with improved spinnability.

Figure 5-9. Images of fibres taken under (a) normal light and (b) crossed polarisers. Bright regions in (b)
correspond to areas with LC mesophase present.

It is not possible to obtain an aligned, well-ordered array of fibres using a flat collector due to the
whipping motion of the jet during fibre formation,12 therefore, with conditions that give
continuous fibres identified, the collector was varied to see if increased alignment of both the
fibres and the LC mesophase could be achieved.

5.2.2.3. Improving Fibre Alignment
For applications that rely on actuation it is imperative that a highly aligned LC monodomain is
obtained and that the angle of this alignment can be controlled. The ability to collect aligned mats,
either with all fibres oriented in one direction or at 90° to one another, would also be useful for
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the construction of actuating structures from the micrometre-scale fibres. For this reason, the flat
collector was replaced with first parallel electrodes, which have been shown to result in highly
aligned free-standing mats,13 and secondly with wheel-shaped collectors which can also be used
to obtain arrays of aligned fibres.12
It was not possible to obtain any characterisable fibres from the parallel electrode, which is most
likely due to the high number of droplets present on the fibres. With this collector configuration
fibres are deposited such that they bridge the gap between the two electrodes, which is reliant on
the fibres being strong enough to support their own weight. Droplets act as defect points in the
fibre, and so as points of fracture, which reduces the overall strength. It has been shown that
droplets in fibres of LCPs can be reduced or removed by increasing the concentration of the
solution, although initial experiments on solutions above 32.5 wt% P-3-M1(65)-COOH(35) did
not form fibres as seen in Section 5.2.2.1.
The parallel electrode was therefore replaced with a rotating wheel (see Experimental section).
In this configuration a supporting surface is provided for the fibres, and so is not reliant on their
strength in order to produce an aligned array. However, it is not possible to obtain free-standing
arrays for mechanical characterisation or SAXS by this method. As for the flat collector samples
were collected on glass slides which were affixed to the rotating wheel, which was first coated in
aluminium foil in order to create the counter-electrode. The level of alignment can be varied by
changing the rate of rotation of the collector, where it was expected that increasing the speed of
the rotation would impart a stronger elongational force on the fibres as they form and therefore
improve the alignment. Three rotation speeds were investigated – 800, 950 and 1100 rpm, with
two wheel-shaped collectors. Both had a diameter around 200 mm but with a collection surface
width of either 25 or 15 mm. The effect of reducing the space available for fibre deposition was
investigated, with the expectation that the narrower wheel would result in stronger alignment of
fibres relative to one another due to increased confinement.
800 rpm
Fibres were spun with applied voltages of -1 kV and +18 kV and a feed rate of 1 mL per hour.
Relatively uniform fibres with diameters between 1.4-1.9 μm were produced (Figure 5-10).
Droplets were still present, with diameters between 3.5-15.2 μm. A clear preferred direction could
be seen, although not all fibres were deposited parallel to this. Under crossed polarisers strong
birefringence was observed in the fibres when oriented at 45° to the polarisers, and if the stage
was rotated such that the fibres lay parallel with either of the polarisers the birefringence was lost
and the fibre became dark (Figure 5-10). It was therefore shown that the electrospinning process
had acted to align the mesophase as well as the fibres themselves.
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Figure 5-10. Images of fibres obtained at a rotation speed of 800 rpm taken under: (a) and (c) normal light
and (b) and (d) crossed polarisers. Bright regions in (b) and (d) correspond to areas with LC mesophase
present. Images (c) and (d) were obtained by rotating (a) and (b) through 45°.

950 rpm
Fibres were spun with applied voltages of -2 kV and +19 kV and a feed rate 1 mL per hour. Again,
alignment was seen along a common direction, however, a number of short, randomly oriented
fibres could also be observed (Figure 5-11). These fibres may have arisen due to properties of the
solution or may be due to the increased strain placed on the fibre as it forms from the rotation of
the collector. From the parallel electrodes it was shown that the fibres of P-3-M1(65)-COOH(35)
were weak, and so the increased elongational force may break the fibres as they form. Under
crossed polarisers only weak birefringence was observed, suggesting poor alignment in the LC
domains. Fibres had diameters between 2.0-3.4 μm, larger than seen at 800 rpm, which again
suggests that the fibres fractured before they could be extended further.
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Figure 5-11. Images of fibres obtained at a rotation speed of 950 rpm under normal light.

1100 rpm
Electrospinning was carried out with applied voltages of -2 kV and +19 kV and a feed rate of 1 mL
per hour. Fibres collected at 1100 rpm showed much weaker directional alignment relative to one
another, as can be seen in Figure 5-12. Again, birefringence was apparent under crossed polarisers
which suggests order was present within the LC mesophase, but the fibres themselves were
oriented in all directions. This suggests that if the rotation of the collector is too fast, the fibres are
not able to be deposited in an ordered fashion. Fibres were measured with diameters between
2.2-3.0 μm, similar to those obtained at 950 rpm. The fact that alignment did not appear to
increase with increasing speed of the rotation suggests that the fibres did not precipitate fast
enough to be aligned, or else fractured on evaporation of the solvent due to the increased
elongational force, before depositing in a random manner on the collector.
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Figure 5-12. Images of fibres obtained at a rotation speed of 1100 rpm taken under: (a) and (c) normal
light and (b) and (d) crossed polarisers. Bright regions in (b) and (d) correspond to areas with LC
mesophase present. Images (c) and (d) were obtained by rotating (a) and (b) through 45°.

Considering that increasing the rotation did not improve the alignment of the fibres, a wheel with
a narrower rim was utilised as a collector. It was expected that by reducing the surface area for
the fibres to deposit on the level of alignment would increase. All experiments were carried out at
800 rpm with the 32.5 wt% solution in DMF/THF. The results of a short collection time, carried
out to obtain a clear image of the level of alignment, with applied voltages of -1 kV and +18 kV and
a feed rate of 1 mL per hour are given in Figure 5-13.
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Figure 5-13. Images of fibres taken under (a) normal light and (b) crossed polarisers. Bright regions in (b)
correspond to areas with LC mesophase present.

A narrow distribution of diameters was measured, with values for fibres found to be between 2.22.9 μm. However, a number of the fibres did not appear to be continuous, which may be due to the
short collection time. It takes a certain amount of time for the jet to stabilise once electrospinning
starts, and it may be that the short collection time was not long enough for continuous fibres to
form, therefore, the experiment was repeated with a longer collection time. This resulted in a
denser array of fibres, with representative images given in Figure 5-14. Again, a clear alignment
direction was evident, but some fibres were present which were aligned perpendicular to this
direction. The fibres collected under these conditions appeared continuous, confirming that the
fibres in Figure 5-13 were collected before stabilisation of the jet. Large droplets which were not
part of a fibre were also present in this sample. These likely were a result of the syringe emptying
during the experiment, and so were formed by electrospray rather than electrospinning as there
was insufficient solution to maintain constant fibre formation.
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Figure 5-14. Images of fibres obtained at a rotation speed of 800 rpm taken under: (a) and (c) normal light
and (b) and (d) crossed polarisers. Bright regions in (b) and (d) correspond to areas with LC mesophase
present. Images (c) and (d) were obtained by rotating (a) and (b) through 45°.

Fibres were measured with diameters between 1.2-2.5 μm, with beads on fibres having diameters
between 1.9-11.5 μm. From POM it was clear that ordered LC mesophases were present along the
length of the fibres, with rotation of the microscope stage reducing or increasing the brightness of
fibres depending on their orientation relative to the crossed polarisers.
It was therefore demonstrated that a rotating collector could be used to obtain an ordered array
of LCE fibres, with a speed of 800 rpm showing a good balance between the level of alignment and
the level of force applied to the fibres. The alignment achieved by the rotating collectors was good,
but not as strong as examples in the literature utilising the parallel electrode setup. The large
numbers of droplets are also problematic, therefore, whilst this work is the first example of
electrospinning a side-chain thermoplastic LCE, there are still considerable improvements that
could be made to the fibre morphology.
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5.2.3. Responsive Behaviour of Aligned Fibres
The images shown in the previous sections show that aligned mesophases were formed within
the electrospun fibres. To confirm this, and to demonstrate that P-3-M1(65)-COOH(35) retains
its responsive properties after processing, the fibres were exposed to either UV light or heating
above the isotropic transition temperature (Tiso).

5.2.3.1. Response to UV Irradiation
Light with a wavelength of 365 nm triggers the isomerization of the azobenzene group in the
mesogen from the linear trans-conformation to the bent cis-conformation. This acts to disrupt the
ordered packing and so results in a transition to the disordered isotropic phase. Fibres were used
for these experiments that were deposited on a flat collector (Figure 5-15) and on the thinner
wheel (Figure 5-16). Images under parallel and crossed polarisers were taken before and after
irradiating in situ for 5 minutes with a UV light source.
For the randomly oriented sample there was a clear decrease in intensity observed for fibres
oriented at 45° to the polarisers after irradiation (Figure 5-15). Bright spots were still apparent,
which were located in regions where droplets were visible. No clear difference in diameter was
observed for the fibre oriented along the diagonal (top left to bottom right) before and after
irradiation, with diameters between 1.6-1.8 μm measured along its length. It is expected that on
transitioning from the nematic mesophase to the isotropic state a contraction would occur in the
direction of the director, and an expansion perpendicular to it. However, these fibres were
collected on glass slides which may act to prevent significant distortions, and any such change in
diameter may have been below the resolution limit of the microscope.
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Figure 5-15. Images of fibres collected on a flat surface taken before (a and b) and after (c and d) irradiation
with UV light. Images (a) and (c) are taken under normal light, and (b) and (d) taken under crossed
polarisers. The level of birefringence observed in the fibre was greatly reduced after irradiation, confirming
disruption of the nematic mesophase.

Similar results were obtained for fibres collected on the thin wheel at 800 rpm (Figure 5-16).
Initially, birefringence was clearly apparent for fibres oriented at 45° to the crossed polarisers,
but after irradiation with UV the bright areas become dark, suggesting that the fibres are isotropic.
Before irradiation, diameters between 2.5-2.9 μm were measured for the diagonal, continuous
fibres to the left of the images. Similar values were obtained after irradiation, which again may be
due to the fibres being constrained by the glass slide or due to any change in dimension being too
small to detect at the resolution of the microscope images. From these results it can therefore be
concluded that irradiation with UV induced a nematic-isotropic transition in the polymer, which
resulted in a loss of birefringence under crossed polarisers.
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Figure 5-16. Images of fibres collected on a rotating wheel taken before (a and b) and after (c and d)
irradiation with UV light. Images (a) and (c) are taken under normal light, and (b) and (d) taken under
crossed polarisers. The level of birefringence observed in the fibre was greatly reduced after irradiation,
confirming disruption of the nematic mesophase.

5.2.3.2. Response to Heating Above Tiso
Previously characterised films of P-3-M1(65)-COOH(35) were not suitable for POM due to their
thickness. The micrometre-scale fibres collected by electrospinning, however, were suitable for
POM, and so were imaged on a heating stage on heating through the Tiso to track the transition
from a nematic mesophase to the isotropic state through the loss of birefringence. Unfortunately,
between collecting the fibres and carrying out the POM experiment the level of LC order within
the fibres appeared to have degraded. This may be due to relaxation of the PMVS block over time
or from damage incurred during the transportation of the fibres, which were shown to be
mechanically weak. Nevertheless, a region of increased intensity was located and its response to
heating was recorded.
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The Tiso of P-3-M1(65)-COOH(35) was measured as 99 °C by DSC, therefore, the slide was heated
from 80 °C to 120 °C at a rate of 5 °C per minute and video recorded continuously. Stills were
extracted from the video at time points that corresponded to approximately 5 °C increments. From
these stills it was evident that the LC mesophase started to be disrupted at 100 °C, with a clear
reduction in size occurring from 105-110 °C (Figure 5-17). At 120 °C a slight birefringence was
still apparent, but this may be due to the presence of droplets and was considerably weaker than
observed at the start of the experiment. It was therefore demonstrated that the ordered LC
mesophase could also be disrupted by heating through the Tiso.

Figure 5-17. Images taken at 90, 100, 110 and 120 °C under crossed polarisers. Red frames are the same
size in each image to help visualise decrease in size of the ordered domain.
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5.3. Conclusions
It was shown that electrospinning can be used to generate fibres of the thermoplastic LCE P-3M1(65)-COOH(35), with diameters measured to be between 1-3 µm. The fibres were not smooth,
with significant numbers of droplets present which acted to reduce the mechanical strength and
so prevented the formation of free-standing mats, but with further optimisation of the spinning
solution it should be possible to reduce the number of droplets. It was not possible to quantify the
level of alignment present within the electrospun fibres as a sample suitable for SAXS was not
obtained, however, it was shown using hand-drawn fibres that alignment occurs along the long
axis of the fibre and that through the application of a uniaxial elongation, such as that encountered
during electrospinning, it was possible to obtain a measurable level of alignment. POM confirmed
that ordered mesophases were present within the electrospun fibres, with alignment disrupted
both by irradiation with UV light and by heating through the Tiso. Electrospinning therefore
imparts sufficient alignment in the fibres that responsive structures should be obtainable with
improvements to the spinning solution, presenting a viable method for the production of
hierarchical LCE structures based on layers of uniaxially aligned fibres.

5.4. Experimental
5.4.1. Hand-Drawn Fibres
Fibres were drawn from concentrated solution of P-3-M1(65)-COOH(35) in CH2Cl2
(approximately 40 wt%) using a glass capillary. Fibres with diameters between 0.13-0.20 mm
were obtained, with dimensions measured using a Vernier Calliper. For SAXS measurements the
fibres were then dried under vacuum at 40 °C before annealing for 2 hours at 120 °C. One fibre
was also stretched along its length whilst heated to 120 °C in order to increase the level of
alignment, which resulted in a diameter of 0.20 mm.

5.4.2. SAXS
SAXS experiments were carried out at room temperature using a Ganesha SAXS/WAXS instrument
(Xenocs) at room temperature, using a Cu Kα source (1.5406Å) over a Q-range of 0.001 < Q < 0.7
Å−1 and an exposure time of 1800 seconds. Data were visualized and reduced using SAXSGUI.
Scattering patterns were normalised against the transmitted beam intensity and corrected for
background scattering. Peak values in reciprocal space were calculated to four decimal places
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from the reduced data as local maxima using Origin 9.1 and rounded to 3 significant figures. For
broad form factor peaks with no clear maximum the value was quoted to 2 significant figures.
Peak values in reciprocal space were converted to give the average inter-sphere spacing, d, by the
relationship:
𝑑=

2𝜋
𝑞

5.1

Data were fit to a model describing affine deformation with hard particles by Professor Robert
Richardson at the University of Bristol. Data was fitted with Porod constant = 0 and an interface
thickness of 1, with further parameters given in Table 5-2.

Table 5-2. Parameters obtained from fitting of SAXS data for stretched and unstretched fibres of P-3M1(65)-COOH(35).

Sample
P-3-M1(65)-COOH(35)
Stretch
P-3-M1(65)-COOH(35)
No stretch

Number
of
points

Standard
Deviation
(nm-1)

PDI of
Radius

Tilt Direction
(°)

47,696

8.4

1.03

91.3

1.90

48,120

6.7

1.03

114.2

0.76

Reduced
𝝌𝟐

5.4.3. Electrospinning
Electrospinning of polymer solutions and determination of voltage and feed rate was carried out
by Martin Pretscher at the University of Bayreuth.
Concentrated solutions of P-3-M1(65)-COOH(35) were made up by dissolving the polymer in the
given solvent mixture (DMF or DMF/THF) and stirred for 16 hours to ensure full dissolution.
Solutions were then used to fill a 1 mL syringe with a 20G needle (0.6 mm inner diameter). This
was then placed in the electrospinning setup (Figure 5-18) and connected to the power supply.
The feed rate was controlled by a syringe pump. The fibres were collected on aluminium foil on
either a flat collector or spinning wheel at a distance of approximately 12 cm from the tip of the
syringe, and the rate of rotation controlled.
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Figure 5-18. Electrospinning setup with narrow wheel collector.

5.4.4. Polarised Optical Microscopy
Fibres were imaged using optical microscopy. Polarised optical microscopy (POM) was carried
out using a Leica DM6000 microscope equipped with a Leica DFC450 digital camera. Images were
taken with transmitted light and with either parallel or crossed polarisers. The visible light source
was replaced with a UV light source (100W) for irradiation experiments. Fibres were exposed to
UV for five minutes before returning to the visible light source and taking images under both
parallel and crossed polarisers.
Heating stage experiments were taken on an Olympus BX53 polarising microscope equipped with
a Linkam THM 600 heating stage, with the heating profile set by a Linkam TMS 91 system
controller. The sample was heated to 80 °C at a rate of 10 °C per minute before heating to 120 °C
at a rate of 5 °C per minute.
For all microscopy images dimensions of the fibres were measured using ImageJ.

201

Chapter 5

5.5. References
1

C. Huang, S. J. Soenen, J. Rejman, B. Lucas, K. Braeckmans, J. Demeester and S. C. De Smedt,
Stimuli-Responsive Electrospun Fibers and Their Applications, Chem. Soc. Rev., 2011, 40,
2417–2434.

2

C. Ohm, M. Morys, F. R. Forst, L. Braun, A. Eremin, C. Serra, R. Stannarius and R. Zentel,
Preparation of Actuating Fibres of Oriented Main-Chain Liquid Crystalline Elastomers by a
Wetspinning Process, Soft Matter, 2011, 7, 3730.

3

K. Nakashima, K. Tsuboi, H. Matsumoto, R. Ishige, M. Tokita, J. Watanabe and A. Tanioka,
Control over Internal Structure of Liquid Crystal Polymer Nanofibers by Electrospinning,
Macromol. Rapid Commun., 2010, 31, 1641–1645.

4

Y. Wu, Q. An, J. Yin, T. Hua, H. Xie, G. Li and H. Tang, Liquid Crystal Fibers Produced by Using
Electrospinning Technique, Colloid. Polym. Sci., 2008, 286, 897–905.

5

S. Krause, R. Dersch, J. H. Wendorff and H. Finkelmann, Photocrosslinkable Liquid Crystal
Main-Chain Polymers: Thin Films and Electrospinning, Macromol. Rapid Commun., 2007,
28, 2062–2068.

6

S. L. Shenoy, W. D. Bates, H. L. Frisch and G. E. Wnek, Role of Chain Entanglements on Fiber
Formation during Electrospinning of Polymer Solutions: Good Solvent, Non-Specific
Polymer-Polymer Interaction Limit, Polymer, 2005, 46, 3372–3384.

7

D. Li and Y. Xia, Electrospinning of Nanofibers: Reinventing the Wheel?, Adv. Mater., 2004,
16, 1151–1170.

8

V. Jacobs, R. D. Anandjiwala and M. Maaza, The Influence of Electrospinning Parameters on
the Structural Morphology and Diameter of Electrospun Nanofibers, J. Appl. Polym. Sci.,
2010, 115, 3130–3136.

9

J. M. Deitzel, J. Kleinmeyer, D. Harris and N. C. Beck Tan, The Effect of Processing Variables
on the Morphology of Electrospun Nanofibers and Textiles, Polymer, 2001, 42, 261–272.

10

D. J. Blundell, G. Eeckhaut, W. Fuller, A. Mahendrasingam and C. Martin, Real Time SAXS /
Stress – Strain Studies of Thermoplastic Polyurethanes at Large Strains, Polymer, 2002, 43,
5197–5207.

11

C. L. Yaws, Ed., Thermophysical Properties of Chemicals and Hydrocarbons, William Andrew,
Norwich, 2008.

12

W. E. Teo and S. Ramakrishna, A Review on Electrospinning Design and Nanofibre
Assemblies, Nanotechnology, 2006, 17, R89–R106.

13

D. Li, Y. Wang and Y. Xia, Electrospinning of Polymeric and Ceramic Nanofibers as Uniaxially
Aligned Arrays, Nano Lett., 2003, 3, 1167–1171.

202

Chapter 6

Chapter 6: Conclusions and Future Work
6.1. Conclusions
The aim of the work reported in this thesis was to develop UV-responsive thermoplastic liquid
crystal elastomers (LCEs) for processing using common thermoplastic techniques, which would
allow for the production of geometries beyond thin films. In order to achieve this, three main
objectives were identified:

to develop a high yielding synthetic route to a responsive

thermoplastic LCE, and to investigate the suitability of these materials for processing from the
melt and from solution.

6.1.1. Synthesis of a Thermoplastic Liquid Crystal Elastomer
In order to produce sufficient material for processing, an alternative and higher yielding synthetic
pathway to the LC functionalised thermoplastic LCE to the hydrosilylation method reported in the
literature was desired.1 This was achieved through a mild, post-polymerisation modification of
the poly(methylvinylsiloxane) (PMVS) block of an ABA triblock copolymer, where the hard A
block consisted of polystyrene (PS). In the first step, a carboxylic acid-terminated linking group
was attached to the vinyl group on PMVS via a high-yielding (>86%) thiol-ene click reaction. This
method allowed for modification of the number of alkyl units in the linking group through the
choice of thiol, with 3-mercaptopropionic acid shown to provide a good balance between yield,
ease of synthesis and thermal properties. In the second step, the mesogen was coupled to the
carboxylic acid functionality on the linking group using a carbodiimide (DCC) mediated
esterification reaction. This reaction had a yield of 78-85%, which was a significant improvement
on the yield of 30% for the equivalent step in the literature method.2 The DCC-mediated coupling
could also form an amide link, and so a modified synthetic route to the amine functionalised
mesogen M2 was reported. It was shown that the increased hydrogen bonding interactions raised
both the glass transition temperature (Tg) and isotropic transition temperature (Tiso) to
temperatures that were not suited for room temperature actuation. The ester linked LCEs P-3M1(82)-COOH(18) and P-3-M1(65)-COOH(35) were identified as being the best suited for
processing experiments, with values for the Tg of 16-20 °C and for the Tiso of 99-118 °C.
In order for the polymer to behave as a thermoplastic elastomer it was necessary that the PS
blocks self-assembled to form spheres in a matrix of the LC-functionalised PMVS. This was
demonstrated to be the case through a combination of Small Angle X-ray Scattering (SAXS) and
Transmission Electron Microscopy (TEM). Stretching the polymer films whilst heated above the
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Tiso acted to distort the PMVS domains and realign the hard PS spheres relative to one another,
with no other deformation of the spheres occurring. The increased anisotropy of the microphase
structure suggested the formation of a LC monodomain, with the order parameter calculated from
variable temperature SAXS experiments confirming that the PS spheres aligned along the
direction of stretch. In order to confirm this, a film of P-3-M1(82)-COOH(18) was aligned by
stretching along its length whilst heated above the Tiso, and was demonstrated to contract against
an applied tension on irradiation with UV light.

6.1.2. Suitability of Thermoplastic Liquid Crystal Elastomers for Melt
Processing
Processing by extrusion from the melt is desirable for thermoplastic polymers due to the
simplicity of the process, and the high throughout possible. However, from rheological
experiments it was demonstrated that liquid-like melts were not obtained at any temperature,
which was attributed to the stabilisation of the nematic mesophase by the spherical morphology
(raising the order-disorder transition temperature, TODT).

This was problematic for melt

processing as the microphase separated morphology prevents the formation of a liquid-like melt,
making these materials unsuitable for processing by extrusion. Removing hydrogen bonding
interactions by converting carboxylic acid groups to methyl esters, to yield P-3-M1(65)COOMe(35) and P*-3(AIBN)-M1-COOMe, acted to lower the TODT to a more useful temperature
range, however, no liquid-like melt behaviour was observed. For these polymers (whilst above
the TODT) it appears that the high molecular weight and entanglements due to the side-on linking
group architecture act to reduce the conformational flexibility of the polymer backbone, to the
extent that viscous-dominated behaviour is restricted to low frequency shear, which would be
exceeded during extrusion.

6.1.3. Suitability of Thermoplastic Liquid Crystal Elastomers for Processing
from Solution
Processing of thermoplastic polymers from solution is another industrially important method
utilised to produce fibres. The high molecular weight and side-on architecture of the LCEs are
beneficial in this case, as a high level of entanglement is required for fibres to form from an
elongated jet of polymer solution. The electrospinning of thermoplastic LCEs had not been
previously reported, and so preliminary experiments were carried out using P-3-M1(65)COOH(35) to assess their suitability. Fibres of the polymer were obtained; however, the large
numbers of droplets present reduced the mechanical strength such that free-standing samples
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could not be produced. Fibres were shown to contain ordered LC mesophases by Polarised Optical
Microscopy, with bright regions coinciding with the location of fibres being extinguished after
inducing the isotropic transition by either heating or irradiation with UV light.

6.2. Future Work
6.2.1. Extrusion of Thermoplastic Liquid Crystal Elastomers
For the thermoplastic LCEs to be processable by melt extrusion, it would be beneficial to reduce
the overall molecular weight, and so increase the conformational flexibility of the backbone. This
would be aided by conversion of any carboxylic acid groups to methyl esters to remove hydrogen
bonding interactions between chains. This could be achieved by only partially functionalising the
PMVS block with linking groups during the thiol-ene click synthetic step. Reducing the number of
side-chains would also act to reduce interdigitation, and so an investigation into the ability to
control the percentage of attachment during the thiol-ene click reaction would prove useful.
Another interesting result which arose from rheological measurements was that LCEs with
carboxylic acid groups converted to methyl esters (P-3-M1(65)-COOMe(35) and P*-3-M1COOMe) did not have a nematic mesophase present at room temperature, instead it appeared to
be induced under shear at elevated temperatures. This coincided with a transition from
temperature independent to dependent behaviour, suggesting a sudden change in the microphase
separated morphology and a subsequent increase in TODT. In order to better understand the
structural origin of this transition, which is potentially due to stabilisation of the nematic
mesophase once it forms by the spherical microphase structure, VT-SAXS experiments would be
useful, especially if in situ shear could be applied.

6.2.2. Electrospinning of Thermoplastic Liquid Crystal Elastomers
A systematic study into the effect of additives such as salts or polyethylene oxide on the ability to
obtain smooth fibres by electrospinning should be carried out. If defect-free fibres cannot be
obtained from a pure solution, coaxial electrospinning of the LCE with a polymer known to be
readily electrospun could also be attempted.3
Once smooth fibres can be obtained, mats of fibres should be attainable. The level of order within
the fibre could then be assessed by SAXS and mechanical experiments carried out. Whilst the level
of contraction expected for a single fibre is small, it should be possible to amplify the actuation
through either combing several fibres to form one strand or by incorporating aligned mats into
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composite structures. This would then allow for fabrication of flat sheets that can be programmed
to bend and twist through the laminate stacking sequence, utilising Classical Laminate Theory.
The high surface area of the micron-scale fibres obtained by this method makes them particularly
well suited for use as UV-triggered actuators, as the amount of non-active material is minimised
compared with the surface exposed to the light source. LCEs have been proposed to be materials
with great potential in soft robotics. If electrospinning could be used to increase the scale of LCE
structures by removing the need for more complex alignment steps, then these mats or fibres
could find applications as light-triggered valves,4 tactile displays5 or as artificial muscles.6

6.2.3. PMVS Homopolymer
It was demonstrated that the PMVS homopolymer functionalised with M1 (PMVS-3-M1(86)COOH(14)) was obtained as a soft and deformable solid, with a Tg of 23 °C. A literature example
of this polymer was reported by Petr and Hammond, consisting of a PMVS homopolymer where
every Si atom was functionalised with a linking group and the mesogen, M1. However, this
polymer had a Tg of -7 °C, and existed as a liquid unless sheared, when a metastable crystalline
phase was observed.2 The significantly different physical properties between these two polymers
arise due to the additional hydrogen bonding interactions in PMVS-3-M1(86)-COOH(14), and
make this material potentially interesting as an actuator in its own right.
LCEs which demonstrate responsive and self-healing properties due to hydrogen bonding have
been reported.7,8 Whilst it would not benefit from the mechanical advantage offered by the PS
block, it was shown that PMVS-3-M1(86)-COOH(14) formed a liquid-like melt under shear and
so would be potentially suitable for processing by extrusion to give a highly aligned,
photoresponsive fibre. It would therefore be pertinent to attempt to process PMVS-3-M1(86)COOH(14) by extrusion and to investigate if responsive behaviour is observed on irradiation of
the resulting fibre with UV light. Thermoplastic LCEs crosslinked by exchangeable bonds such as
hydrogen bonds or disulfide linkages offer a promising alternative to their chemically crosslinked
analogues.8–10 To date, however, despite the ability to mould shapes from these materials,
literature examples have been limited to films or hand-drawn fibres. The development of a
responsive LCP that could be processed by extrusion would therefore be novel, with further
potential for more complex structures through extrusion in fused filament fabrication 3D printing.
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A.1. Mesogen Synthesis
M1 Synthetic Scheme

Figure A-1. Synthetic route to M1. PEG = Poly(ethylene glycol) average mol. wt. 200 g mol-1, DCC = N,N’dicyclohexylcarbodiimide.
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I-M1

Figure A-2. 1H NMR spectrum for I-M1 in CDCl3.

M1

Figure A-3. 1H NMR spectrum for M1 in CDCl3.
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Figure A-5. 1H NMR spectrum for M1-Thiol in CDCl3.
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M1-Allyl

Figure A-4. 1H NMR spectrum for M1-Allyl in CDCl3.
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Figure A-6. ESI mass spectrum for M1-Thiol.

3-aminophenol-Boc

Figure A-7. 1H NMR spectrum for 3-aminophenol-Boc in CDCl3.
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I-M2-Boc

Figure A-8. 1H NMR spectrum for I-M2-Boc in CDCl3.

Figure A-9. Decoupled 13C NMR spectrum for I-M2-Boc in CDCl3.
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Figure A-10. ESI mass spectrum for I-M2-Boc.

M2-Boc

Figure A-11. 1H NMR spectrum for M2-Boc in CDCl3.
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Figure A-12. Decoupled 13C NMR spectrum for M2-Boc in CDCl3.

Figure A-13. ESI mass spectrum for M2-Boc.
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M2
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Figure A-14. 1H NMR spectrum for M2 in CDCl3.
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Figure A-15. Decoupled 13C NMR spectrum for M2 in CDCl3.
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Figure A-16. ESI mass spectrum for M2.

A.2. Polymer Backbone Synthesis
Aliquot 1, PS

Figure A-17. 1H NMR spectrum for Aliquot 1 in CDCl3.
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Aliquot 2, PS-b-PDMS

Figure A-18. 1H NMR spectrum for Aliquot 2 in CDCl3.

Aliquot 3, PS-b-PDMS-b-PMVS

Figure A-19. 1H NMR spectrum for Aliquot 3 in CDCl3.
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Aliquot 4, PS-b-PMVS-b-PS

Figure A-20. 1H NMR spectrum for PS-b-PMVS-b-PS in CDCl3.

Figure A-21. Decoupled 13C NMR spectrum for PS-b-PMVS-b-PS in CDCl3.
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PMVS

Figure A-22. 1H NMR spectrum for PMVS in CDCl3.

Figure A-23. Decoupled 13C NMR spectrum for PMVS in CDCl3.
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A.3. Linking Group Attachment
P-3

Figure A-24. 1H NMR spectrum for P-3 in acetone-d6.

Figure A-25. Decoupled 13C NMR spectrum for P-3 in acetone-d6.
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5-mercaptopentanoic acid

Figure A-26. Synthetic scheme for conversion of 5-bromovaleric acid to 5-mercaptopentanoic acid.

Figure A-27. 1H NMR spectrum for 5-mercaptopentanoic acid in CDCl3.
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P-5

Figure A-28. 1H NMR spectrum for P-5 in acetone-d6.

Figure A-29. Decoupled 13C NMR spectrum for P-5 in acetone-d6.
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Figure A-30. GPC data for P-3 and P-5.

PMVS-3

Figure A-31. 1H NMR spectrum for PMVS-3 in acetone-d6.
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Figure A-32. Decoupled 13C NMR spectrum for PMVS-3 in acetone-d6.

25
6.5

Volume (Percent)

20

15

10

5

0
0.1

1

10

Diameter (nm)

Figure A-33. DLS of PMVS-3 in THF, 8 repeats.
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P*-3(AIBN)

Figure A-34. 1H NMR spectrum for P*-3(AIBN) in acetone-d6.

Figure A-35. Decoupled 13C NMR spectrum for P*-3(AIBN) in acetone-d6.
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P-3-NHS

Figure A-36. 1H NMR spectrum for P-3-NHS in CDCl3.

A.4. Mesogen Attachment
Displacement of NHS ester with M2

Figure A-37. 1H NMR spectrum for product of NHS ester coupling reaction in CDCl3.
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P-5 with M2

Figure A-38. 1H NMR spectrum for product of reaction of P-5 with M2 in CDCl3.

P-3-M1(82)-COOH(18)

Figure A-39. 1H NMR spectrum for P-3-M1(82)-COOH(18) in CDCl3.
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Normalised RI Detector Response

Figure A-40. Decoupled 13C NMR spectrum for P-3-M1(82)-COOH(18) in CDCl3.
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Figure A-41. GPC data for P-3-M1(82)-COOH(18).

228

20

21

Appendix A
P-3-M2(80)-COOH(20)

Figure A-42. 1H NMR spectrum for P-3-M2(80)-COOH(20) in CDCl3.

Figure A-43. Decoupled 13C NMR spectrum for P-3-M2(80)-COOH(20) in CDCl3.
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Figure A-44. GPC data for P-3-M2(80)-COOH(20).

P-5-M1(86)-COOH(14)

Figure A-45. 1H NMR spectrum for P-5-M1(86)-COOH(14) in CDCl3.
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Normalised RI Detector Response

Figure A-46. Decoupled 13C NMR spectrum for P-5-M1(86)-COOH(14) in CDCl3.
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Figure A-47. GPC data for P-5-M1(86)-COOH(14).
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P-3-M1(65)-COOH(35)

Figure A-48. 1H NMR spectrum for P-3-M1(65)-COOH(35) in CDCl3.

Figure A-49. Decoupled 13C NMR spectrum for P-3-M1(65)-COOH(35) in CDCl3.
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Figure A-50. GPC data for P-3-M1(65)-COOH(35).

PMVS-M1(84)-COOH(16)

Figure A-51. 1H NMR spectrum for PMVS-M1(84)-COOH(16) in CDCl3.
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Figure A-52. Decoupled 13C NMR spectrum for PMVS-M1(84)-COOH(16) in CDCl3.
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A.5. Conversion of Carboxylic Acid Groups to Methyl Esters
P-3-COOMe

Figure A-53. 1H NMR spectrum for P-3-COOMe in CDCl3.

Figure A-54. Decoupled 13C NMR spectrum for P-3-COOMe in CDCl3.
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Figure A-55. GPC data for P-3-COOMe.

P*-3(AIBN)-COOMe

Figure A-56. 1H NMR spectrum for P*-3(AIBN)-COOMe in CDCl3.
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Figure A-57. Decoupled 13C NMR spectrum for P*-3(AIBN)-COOMe in CDCl3.
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Figure A-58. GPC data for P*-3(AIBN) and P*-3(AIBN)-COOMe.
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P-3-M1(65)-COOMe(35)

Figure A-59. 1H NMR spectrum for P-3-M1(65)-COOMe(35) in CDCl3.

Figure A-60. Decoupled 13C NMR spectrum for P-3-M1(65)-COOMe(35) in CDCl3.
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Figure A-61. GPC data for P-3-M1(65)-COOMe(35).

P*-3(AIBN)-M1-COOMe

Figure A-62. 1H NMR spectrum for P*-3(AIBN)-M1-COOMe in CDCl3.
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Figure A-63. GPC data for P*-3(AIBN)-M1-COOMe.

A.6. Thermal Analysis
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Figure A-64. TGA thermograms for P-3-COOMe, P*-3(AIBN), P*-3(AIBN)-COOMe, P*-3(AIBN)-M1COOMe and P-3-M1(65)-COOMe(35).
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Appendix B: Supporting Information for Chapter 3
Molar volume group contributions for PMVS homopolymer, all individual contributions taken
from D. W. van Krevelen, Properties of Polymers, Elsevier, Amsterdam, 3rd edn., 1997.

Table B-1. Volume contributions for PMVS repeat unit.
Group

VM (cm3/mol)

Total VM (cm3/mol)

Number

-CH3*

21.87

1

65.61

Si (Tetravalent)*

26.56

1

26.56

8.5

1

8.5

27.0

1

27.0

Total

127.7

-O-CH=CH-

*Calculated from Vw using VM=1.6 VW

Table B-2. Volume contributions for LC end-functionalised PMVS repeat unit.
Group

VM (cm3/mol)

Total VM (cm3/mol)

Number

-CH3*

21.87

3

65.61

-CH2-

16.37

10

163.7

Aromatics (Divalent)

65.5

2

131.0

Aromatic (Trivalent)*

61.28

1

61.28

-COO-

23

2

46

-N≡N-ϯ

25

1

25

-S-

17.3

1

17.3

-O-

8.5

3

17

26.56

1

26.56

Total

570.5

Si (Tetravalent)*

*Calculated from Vw using VM=1.6 VW
ϯ Using data for -C≡C-
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Table B-3. Volume contributions for COOH end-functionalised PMVS repeat unit.
Group

VM (cm3/mol)

Total VM (cm3/mol)

Number

-CH3*

21.87

1

21.87

-CH2-

16.37

4

65.48

23

1

23

-S-

17.3

1

17.3

-O-

8.5

1

8.5

26.56

1

26.56

Total

162.7

-COO-

Si (Tetravalent)*

*Calculated from Vw using VM=1.6 VW
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Figure C-1. Amplitude sweep results (left) and corresponding Lissajous diagram (right) at 0.2% strain for
P-3-COOMe.
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Figure C-2. Amplitude sweep results (left) and corresponding Lissajous diagram (right) at 1% strain for
P-3-M1(65)-COOMe(35).
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Figure C-3. Amplitude sweep results (left) and corresponding Lissajous diagram (right) at 5% strain for
P*-3(AIBN).
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Figure C-4. Amplitude sweep results (left) and corresponding Lissajous diagram (right) at 5% strain for
P*-3(AIBN)-COOMe.
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Figure C-5. Amplitude sweep results (left) and corresponding Lissajous diagram (right) at 3% strain for
P*-3(AIBN)-M1-COOMe.
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Figure C-6. Amplitude sweep results (left) and corresponding Lissajous diagram (right) at 5% strain for
PMVS-3-M1(86)-COOH(14).
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