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A B S T R A C T

Photonic Properties of Liquid Crystalline
Hydroxypropyl Cellulose in the Solid-state

Chun Lam Clement Chan

As we transition towards a more sustainable society, high-performance
bio-based materials are increasingly required. In this context, cellulosic
materials hold exceptional promise as they are derived from abundant
and bio-sourced feedstock, and they are able to self-assemble into
nanoscale architectures. More specifically, several cellulose derivatives
exhibit a cholesteric liquid crystalline phase in solution, displaying vi-
brant structural colours. Amongst them, water-soluble hydroxypropyl
cellulose (HPC) is ideal for developing sustainable photonic materials
to replace toxic dyes and pigments.

The development of photonic HPC materials has been, so far,
hindered by the difficulty to retain colouration in solid-state films. In
this study, three methods to preserve the colour of HPC-water meso-
phase in the solid-state were developed, and each of these methods
yielded different optical or mechanical behaviour, resulting in mater-
ials with a variety of functionalities. Firstly, by combining chemical
crosslinking and heat treatment, photonic films across the entire visible
spectrum were obtained and instead of the typical metallic iridescence
associated with HPC mesophases, these films appeared matte and
angular independent. Secondly, a functionalised HPC polymer was
exploited as an ink to achieve direct 3D printing of photonic struc-
tures, which colour could be tuned by exploiting the lyotropic and
thermotropic properties of HPC. Lastly, a strategy to develop HPC gels
using supramolecular chemistry was explored, leading to photonic
gels crosslinked via host-guest and π-π interactions. Through these
studies, a toolbox has been developed to tailor the optical properties
of HPC and other cellulosic liquid crystals, paving a path towards
sustainable cellulose-based photonic systems.
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1
I N T R O D U C T I O N

As we transition to a more sustainable society, it is imperative to
develop materials based on renewable and biosourced resources. In
order to achieve a greener future, less ecologically-friendly materials
need to be substituted by high-performance bio-based analogues,
and nano-enabled materials are key to this endeavour. Being the
most abundant biopolymer in the world, cellulose and its derivatives
are an ideal starting point. They are readily available and widely
studied in the literature, having been exploited for their structural
and barrier properties for centuries. Furthermore, the unique chemical
and physical properties of cellulosic polymers point to a diverse
range of new applications that have yet to be fully explored. One
such property is their ability to self-assemble into cholesteric liquid
crystals.[1] Recently, there has been a growing interest in how these
properties could be translated into functional materials for real-world
applications.

One cellulose derivative that has received much research focus is
hydroxypropyl cellulose (HPC). Being a common material used as a
bulking agent in food products and as an excipient in the pharmaceut-
ical industry, HPC is edible and retains the biocompatibility of native
cellulose. Furthermore, HPC is soluble in water and a range of other
solvents, overcoming the processability issue of cellulose and allowing
for much greener and more creative chemical manipulation. More
importantly, at high concentrations, HPC forms a cholesteric liquid
crystal in aqueous solution, which under specific concentrations and
conditions can reflect visible light to exhibit vivid structural colours.[1]
This colour can be easily tuned from the infrared to the ultraviolet
simply by changing the HPC concentration. [1] As a result, HPC is an
excellent candidate for biocompatible and sustainable photonic mater-
ials. However, despite extensive investigations, there remain certain
materials and processing challenges that have inhibited its commercial
development. In particular, the colour of HPC is concentration depend-
ent and therefore any solvent evaporation results in a change in colour.

1
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Ultimately as the mesophase dries out, the reflection wavelength shifts
into the ultraviolet regime, leading to a colourless material. As a result,
it is necessary to develop methods to retain the structural colour into
the solid-state.

One approach to prepare such solid-state photonic systems is to
employ chemical functionalisation and crosslinking. While a few ex-
amples of this approach have been reported in the literature, their
efficacy in producing stable and controllable colour has been limited.
Furthermore, since the reflective properties of structurally coloured
materials are intrinsically tied to their microstructure, any alterations
to the system, be it the result of chemical additions or physical distor-
tion, could have a drastic impact on the overall optical appearance. As
such, fundamental studies are required to not only develop methods
to control the reflected colour, but to understand how these methods
affect the microstructure. The tunability and dynamic nature of choles-
teric liquid crystals can then be further exploited to impart additional
functionalities, such as sensing.

In this thesis, we will be examining three different approaches to
improve the optical and mechanical properties of HPC. Each of these
approaches would focus on one aspect of the HPC photonic system,
ranging from the angular properties of the structural colour, to inde-
pendent control of the sample geometry and colour, and finally to
the mechanochromic properties in a gelled state. A different chem-
ical and processing system has been proposed to address each of
these three aspects, covering a wide range of strategies, including 3D-
printing, photocrosslinking and supramolecular interactions. While
these strategies might not be mutually compatible, they each provide
insights into the control of the microstructure in the HPC cholesteric
system. Together, they constitute a toolbox, which ultimately will allow
us to develop a photonic system that combines complex functionality
with a sustainable resource.



2
T H E O R E T I C A L B A C K G R O U N D

2.1 structural colours

Much of the colour in products and materials observed in our daily
lives derive from dyes and pigments, which exhibit colour primarily
through absorption or re-emission of visible light. However, these
types of colouration can suffer from photo-bleaching, where they fade
over time. Furthermore, given that the colour observed is intrinsically
linked to the electronic transitions, it is dependent on the molecular
structure of the dye, and therefore, the wavelengths observed cannot
be easily tuned.

Conversely, materials exhibiting structural colour derive their ap-
pearance from the underlying nanostructure, specifically how different
wavelengths of light selectively interact from such structures.[5] Since
the colour can be tuned by the dimensions of the nanostructure rather
than the chemical structure, structural colour offers more flexibility
regarding starting materials and moreover, does not suffer from photo-
bleaching. As such, there has been a great interest in investigating
and developing structural coloured materials, utilising a number of
nanostructures prepared using a wide variety of different materi-
als and synthetic techniques. As shown in Figure 2.1, these include
opal structures using colloidal nanoparticles,[2] 1D multilayer sys-
tems self-assembled from block copolymers,[3] gyroids with inorganic
matrices [4] and cholesteric liquid crystals using polymer systems.[1]
In this thesis, we will focus on one particular system - cholesteric
phases formed using polymeric liquid crystals.

2.1.1 Cholesteric liquid crystal

The cholesteric liquid crystal phase, also known as a chiral nematic
phase, is a class of liquid crystalline (LC) state. The name derives from
the self-assembled structure of cholesteryl esters, which were in fact

3
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Figure 2.1: Examples of structurally coloured materials: a) Opal struc-
tures formed using polyethylacrylate-polystyrene core-shell nan-
oparticles. Reproduced with permission from Pursiainen et al. [2]
Copyright © 2007, The Optical Society. b) Lamellae multilayer
structures self-assembled with diblock copolymers after slow
solvent evaporation. Adapted with permission from Xia et al. [3]
Copyright © 2009, American Chemical Society. c) Single gyroid
structures cast using titania from butterfly wing scales. Repro-
duced from Mille et al. [4] with permission of the Royal Society
of Chemistry, Copyright © 2013, permission conveyed through
Copyright Clearance Center, Inc. d) Cholesteric liquid crystal
prepared by dissolving hydroxypropyl cellulose in water. Photo
courtesy of and reproduced with permission from Mélanie M.
Bay.

amongst the first liquid crystals to be investigated.[6] Liquid crystal-
line systems, which span a large number of materials and structures,
are characterised in general by being an intermediate state between a
crystalline solid and an isotropic liquid. Specifically, a liquid crystal is
defined as “a mesomorphic state having long range orientational order
and either partial positional order or complete positional disorder”.[7]
The specific type and degree of order vary between the exact liquid
crystalline phase present: a selection of common phases are shown in
Figure 2.2, along with an isotropic system for comparison. As shown,
the degree of order varies from the zero positional order of nematic
phases to the almost crystalline appearance of some smectic C phases.
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Separately, LCs can be classed as thermotropic or lyotropic depending
on their formation method. Phase transitions of thermotropic liquid
crystals are triggered by changes in temperature while lyotropic li-
quid crystals form as a function of concentration. As such, lyotropic
liquid crystals mandate binary (or higher order) systems, typically a
combination of mesogen and solvent.

Figure 2.2: Schematics of common liquid crystalline phases. The degree and
type of order vary between the phases, ranging from the low
positional order of the nematic phase to high degree of order in a
smectic C phase. A schematic of an isotropic liquid is shown as a
comparison.

The cholesteric system belongs to a subset of LCs that possesses
helicity. Locally, the molecular orientation is similar to that of a nematic
liquid crystal in that it does not possess any long-range positional
order.[8] However, along the direction perpendicular to the long axes
of the mesogens, a helical rotation can be observed. A simplified
schematic of a right-handed (dextro) cholesteric structure is drawn in
Figure 2.3a, in which the mesogens, indicated schematically by the
rods, are stacked on top of each other with a small angular offset. It is
important however to note that cholesteric systems do not exhibit any
“layering” and the rods in Figure 2.3a more accurately describe the
average director within a given plane. In an ideal cholesteric system
(shown in 2.3b), the procession of the director around what is typically
known as the helical axis can be described as a sinusoidal wave: the
unit vector L defining the orientation of the mesogen is defined as
L = (cos α, sin α, 0), where α represents the helical rotation.[9] The
lengthscale of one periodic rotation (i.e. a 360◦ rotation) is referred to
as the pitch p of the system. It should be noted that in some literature,
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the pitch is defined as a 180 ◦ rotation, in which case the pitch value
would be half of that described here.[10] Depending on the helicity
of the liquid crystal, the structure can be described as right-handed
(dextrorotatory) or left-handed (laevorotatory). Here, the handedness
is defined such that the right-handed helix, when viewed moving
away, exhibits a clockwise rotation whereas a left-handed helix would
display an anticlockwise rotation.[11]

Figure 2.3: a) Simplified schematic of a right-handed (dextro) cholesteric li-
quid crystal. b) Schematic showing the procession of the average
director around the helicoidal axis. In a perfect helix, this proces-
sion can be described by a sinusoidal wave.

The formation of helicity in molecular liquid crystalline systems
originates from the innate chirality of the mesogens itself. This can be
achieved either by using chiral molecules as the mesogen or by mixing
chiral dopants into nematic-forming mesogens.[12] Furthermore, there
is a great deal of design flexibility afforded to the chiral mesogen
itself, from the archetypical structure consisting of rigid core and a
pendant chiral chain, to discotic molecules.[8] This can be extended
to polymeric systems, in which case the chirality arises from the
individual monomer units. However, what is less clear is how the
chirality of the mesogen translates to the helicity of the cholesteric
liquid crystal. In simple cases with one chiral centre on the mesogen,
empirical rules have been developed to establish the relationship
between the absolute chirality of the mesogen and the helicity.[13]
With more complex structures, the conformation and interactions
between mesogens become more difficult to predict, and the helicity
depends on a large number of factors, including the solvent and
temperature.[14]
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2.1.2 Optical properties of cholesteric liquid crystals

One of the key properties of cholesteric LCs is their optical activity
as the mesogens are typically birefringent.[15] In other words, they
possess different refractive indices along different axes, and thus, the
effective refractive index changes along the helicoidal axis. As such,
cholesteric liquid crystals are able to rotate plane polarised light.[8]
More importantly, for the purpose of structurally coloured systems,
they can induce interference effects and thus exhibit a Bragg-like
reflection; an incident light beam with a wavelength that satisfies
the Bragg condition of the nanostructure can be reflected. The peak
reflected wavelength λ can be described by Equation 2.1 in which
ñ is the average refractive index, p is the helical pitch and θin is the
incident angle upon the helix.[15]

λ = ñp cos(θin) (2.1)

From Equation 2.1 and given the refractive indices of organic materials
in the visible regime are typically in the range of 1–2 ,[16, 17] it can
be seen that if p is comparable to the wavelength of visible light,
the reflected wavelength would be within the visible regime, thereby
exhibiting structural colour. Under normal incidence (θin = 0◦; red
reflection in Figure 2.4), the width of the peak reflected ∆λ is predicted
to be:[18]

∆λ = (ne − no)p = ∆n · p (2.2)

no and ne describes the ordinary and extraordinary refractive indices
of the mesogen respectively and their difference ∆n describes the
birefringence. At oblique angles of incidence (θin > 0◦), the situation
becomes more complicated as the effective incident angle changes
depending on the refractive index,[18] but broadly speaking, the the-
oretical bandwidth remains related to the birefringence of the system.
In practise, outside of very thin and controlled samples, the band-
width has been observed to exceed that predicted by Equation 2.2,[19]
especially if a distribution of pitch values is present.

While the optical properties of a monodomain cholesteric structure
under normal incidence are relatively easy to predict, the situation
becomes far more complex when the angle of incidence is varied.



8 theoretical background

Figure 2.4: Schematic of the angular dependent reflection of a cholesteric
liquid crystal. At higher angle of incidence θin, a more blue-shifted
wavelength is reflected.

From the Bragg condition in Equation 2.1, it can be seen that the
reflected wavelength λ depends on θin. As a result, the reflected colour
will be strongly angular dependent and the sample would appear
iridescent. At higher incident angles, a smaller wavelength would
result and therefore, a blue-shifted reflection would be observed, as
shown schematically in Figure 2.4.

However, in order to achieve a more quantitative understanding of
the angular dependent reflection, the light refraction at the interfaces
need to be considered, as shown in Figure 2.5. At each interface, light
is refracted following Snell’s law. For a light beam passing from a
medium with refractive index n1 to one with refractive index n2, the
refracted angle θ2 can be calculated from the angle of incident light
θ1: [20]

n1 sin θ1 = n2 sin θ2 (2.3)

By combining Snell’s law and the Bragg condition, we can find
the wavelength of light reflected at a given θin and θout such that the
internal reflected angle θ′ satisfies the Bragg condition. If the external
environment is defined to be air (n1 = 1 in Figure 2.5), Fergason’s law
can be derived: [21]
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Figure 2.5: Schematic showing the reflection of a cholesteric liquid crystal
at oblique angles. By considering the refraction of light at the
interface, the internal Bragg angle θ′ could be calculated as a
function of the incident angle θin and output angle θout.

λ = ñ p cos
{

1
2

[
sin−1

(
1

ñ sin θin

)
+ sin−1

(
1

ñ sin θout

)]}
(2.4)

Using this expression, it is possible to correlate the angle of incident
light with the wavelength and the angle of the reflected light. This
provides an indirect method to probe the alignment of the cholesteric
liquid crystal within the sample. As shown in Figure 2.6a, domains
with different tilts would scatter light in different directions and the
tilt angle of each domain could be identified by analysing the angle
of the reflected light. By further examining the relative intensity at
each angle, the overall distribution of domains can be estimated. A
simple example of one such measurement geometry is shown in
Figure 2.6b. Here, the incident light is fixed at θin = 0◦, and the diffuse
reflection (θout ̸= θin) could be mapped to understand the ordering
of the microstructure. This type of technique is known as optical
goniometry, the results and implications of which will be discussed in
more details in subsequent chapters.

Besides an angular dependence, the light reflected also depends
on the polarisation state of the light. At normal incidence, circular
polarised light can only interact with cholesteric phases with the same
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Figure 2.6: a) Schematic demonstrating how cholesteric domains of different
alignments would scatter light in different directions. For sim-
plicity, the incident light is assumed to be at normal angle to
the sample (θin = 0◦), but the analysis is applicable for any θin.
b) Schematic of a goniometer setup to measure the angle and
intensity of the scattered reflection.

handedness as itself and any light of the opposite circular polarisation
would be transmitted. [22] As a result, a right-handed helicoid could
only reflect right circular polarised (RCP) light, while left circular
polarised (LCP) would be transmitted. The converse would apply
for a left-handed helicoid. As a result, the helix can only reflect a
maximum of 50 % if the incident light is unpolarised. This can be
observed visually when examining cholesteric liquid crystals using
circular polarisers. In Figure 2.7, a right-handed cholesteric liquid
crystal formed by an aqueous hydroxypropyl cellulose solution is
imaged with a pair of 3D cinema glasses, which consists of filters for
left and right circular polarised light. When RCP light is filtered, very
little colour can be observed whereas the sample appears vividly blue
when only LCP light is blocked.

Nevertheless, the strict polarisation dependent bandgap only applies
at normal incidence, and at higher angles of incidence, the polarisa-
tion behaviour becomes more complex. When θin ̸= 0◦, the cholesteric
liquid crystal can reflect light of both handedness, resulting in an
elliptically polarised reflection. [23, 24] This is verified using numer-
ical methods by Berreman and Schaffer, [25] as well as by Dreher
and Meier. [22] In addition, Berreman and Schaffer concluded that
if a cholesteric liquid crystal is illuminated at an oblique incidence
with linearly polarised light of different orientations (for which the
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Figure 2.7: Pictures of a right-handed cholesteric liquid crystal (aqueous
hydroxypropyl cellulose solution) viewed under a pair of 3D
cinema glasses, which consists of circular polarised filters. Due to
the polarisation dependence of the reflection, colour can only be
viewed through one lens.

electric field is parallel (σ) or perpendicular (π) to the surface), [26]
the observed reflection peaks (Rσσ or Rππ) are not aligned to each
other. [25] This implies that if an incident circular polarised wave is
to be resolved into two linearly polarised wave of equal intensity,
these two components would interact with the helix differently. As
such, when these two waves are reflected, their sum would no longer
represent that of a perfect circular polarised wave, thus distorting the
initial polarisation state.

A reflection of the opposite handedness can also be induced by
deforming the helix. For example, if a cholesteric domain is distorted,
it is possible to generate a small polarisation-independent bandgap,
albeit within the wider partial bandgap. [28] Within that region, RCP
and LCP are reflected in similar proportions. Recently, Kragt et al.
attempted to distort the helix by combining an uncrosslinked liquid
crystalline elastomer with a cholesteric network. [27] As illustrated in
Figure 2.8a, by photocrosslinking the liquid crystalline elastomer, a
stratification of the mixture can be observed, distorting the helix. As a
result, the authors were able to observe a reflectivity exceeding 50 %,
which has been termed super-reflectivity. This can be observed in
Figure 2.8b as less than half of the incident light has been transmitted
at the reflection peak. [27]
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Figure 2.8: a) Schematic of a locally stratified cholesteric network. The yellow
regions represent regular cholesteric helices while the red/blue
regions represent a distorted cholesteric structure, which has been
stratified by photocrosslinking the constituent liquid crystalline
elastomer. b) Transmission spectra of stratified cholesteric struc-
tures with an unpolarised incident light source. Adapted from
Kragt et al. [27] under the CC-BY-NC license. Copyright © 2019,
The Authors. Published by WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

2.2 hydroxypropyl cellulose

Cellulose is one of the most desirable polymers for functional ma-
terials due to its abundance and biocompatibility. It is the structural
building block in the plant cell wall [29] and can therefore be ex-
tracted from many sources, such as woodpulp and cotton. While
cellulose chains have been known to adopt hierarchical helicoidal
architectures in plants, [30] the limited solubility of cellulose in most
solvents has meant that investigations of polymeric liquid crystals
consisting of pure cellulose have been limited. Due to its strongly
amphiphilic nature, cellulose aggregates easily and is only soluble in
a select number of solvent systems, such as ionic liquids. [31] As a
result, the development of liquid crystalline systems formed by native
cellulose have typically focused on employing cellulose in the form of
colloidal suspensions, for instance in the form of cellulose nanocrystals
(CNC). [32]

Cellulose derivatives are generally more processable systems: they
typically remain edible and maintain the biocompatibility of cellulose,
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Scheme 2.1: A synthetic strategy towards hydroxypropyl cellulose from cellu-
lose powder. The typical atomic numbering scheme for cellulose
is shown on the molecular structure. Scheme adapted with per-
mission from Abdel-Halim and Al-Deyab. [33] Copyright © 2011,
Elsevier Ltd

but are soluble, depending on the nature of the substituents, in either
protic or aprotic solvents. [34–36] Hydroxypropyl cellulose (HPC) is an
ether derivative of cellulose that can be easily prepared from cellulose
powder, [33] as shown in Scheme 2.1, and is crucially able to dissolve
in water. [1] Nucleophilic substitution is likely to occur between the
hydroxyl groups of cellulose and the less hindered side of propylene
oxide, thus yielding the 2-hydroxypropyl side-chains on HPC. How-
ever, the HPC used in this study is purchased commercially and it is
therefore likely that the precise preparation route would differ from
the one presented. Furthermore, nuclear magnetic resonance (NMR)
studies on the HPC used indicate a small amount of 1-hydroxypropyl
side chains, suggesting that attack onto the more hindered side of
propylene oxide can also occur.

As a sidenote, it should be noted that cellulosic polysaccharides are
conventionally drawn using a disaccharide as the repeating unit in
order to match the crystal structure of native cellulose, in which cello-
biose is typically considered the basic building block. [37] However,
it is unclear whether this remains the case for HPC as X-ray studies
have suggested that HPC adopts a 3-fold rotational axis along the
main chain, and thus the trisaccharide should be considered instead
as the repeating unit. This will be discussed further in Section 2.2.1.2,
but in order to focus on the chemical transformations instead of any
conformational changes, the molecular structure of HPC and its deriv-
atives, such as that drawn in Scheme 2.1, will be drawn in this thesis
using the monosaccharide as the repeating unit.
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Unlike many other common ether or ester derivatives of cellulose,
such as cellulose acetate or ethylcellulose, none of the hydroxyl groups
in HPC are capped, with a hydroxyl group being regenerated by the
epoxide ring opening. While this allows for facile chemical modifica-
tion of HPC, the free hydroxyl groups also leave the possibility of the
side chains being further extended and it is therefore possible to have
more than 3 hydroxypropyl groups on each anhydroglucose unit. As
a result, it is important to distinguish between the molar substitution
(MS) and the degree of substitution (DS). MS is the total number of
hydroxypropyl groups on each anhydroglucose unit while DS refers
to the number of hydroxyl groups on the original cellulose chain that
have been functionalised. [38] DS is capped to 3 whereas there is no
theoretical limit to MS. To further complicate the situation, the reactiv-
ity is likely to be different between both the positions on each sugar
ring and for each subsequent chain extension. Lee and Perlin observed
that, for their given source of HPC, O-2 and O-6 are significantly more
likely to be substituted than O-3, although the positional dependence
becomes weaker for subsequent chain extensions. [39] As a result,
there remains a large degree of uncertainty regarding the degree and
pattern of substitution. In fact, we find in this study that the MS varies
between batches of HPC, even for products of identical grade from
a single manufacturer. This difference in substitution pattern might
have further effects on the self-assembly behaviour, [40] although these
effects will not be examined in detail here.

2.2.1 Phase and conformational behaviour of HPC-water

2.2.1.1 Concentration and temperature dependent phase transitions

At high concentrations in water, typically above 40 wt%, [41] HPC self-
assembles into a cholesteric mesophase. However, before we consider
the thermodynamics behind the formation of the cholesteric phase, it
is necessary to consider the phase behaviour of the HPC-water mixture
as a whole. As illustrated in the phase diagram (Figure 2.9a), [40] the
HPC phase behaviour is dependent on a number of factors, including
concentration, molecular weight and temperature. While the exact
form of the hydroxypropyl cellulose/water phase diagram is much
debated, [41] its basic structure is well established. At low concen-
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trations, HPC forms an isotropic solution while it transitions into
the cholesteric phases at a critical concentration, passing through a
biphasic region. [40] The concentrations, at which the helix transitions
from a purely isotropic phase, is labelled as WB on the phase diagram
while WA marks the concentration at which the mesophase becomes
entirely cholesteric.

Figure 2.9: a) Phase diagram of the HPC-water system. WB marks the trans-
ition from an isotropic solution to a biphasic solution while WA
represents the point at which the system is entirely anisotropic
(cholesteric). b) Cloud points of aqueous solutions of HPC at
different concentrations for two fractions of HPC (lozenges - large
molecular weight and square - small molecular weight). Adapted
with permission from Fortin and Charlet. [40] Copyright © 1989,
American Chemical Society.

Importantly, this phase behaviour has a strong temperature depend-
ence. Above a certain temperature, commonly described as a lower
critical solution temperature (LCST), HPC transitions into a white
milky gel or precipitate (depending on concentration and phase). [40]
This interesting thermotropic phase transition applies whether HPC is
initially within the isotropic or the anisotropic phase and extends up
to around 75 wt%, above which the effect is not observed. Experiment-
ally this is represented by a marked increase in the turbidity, termed
the cloud point. Cloud points for HPC of two different molecular
weights are plotted in Figure 2.9b. The current interpretation of the
LCST is that HPC forms a binary phase above the critical temperature,
which consists of a crystalline solvate and an infinitely dilute solu-
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tion of HPC. Previous attempts to separate the two phases suggest
that the crystalline solvate solution contains approximately 76 wt%
polymer, [42] which corresponds well to the observation that HPC
above 75 wt% does not exhibit an LCST. At 76 wt%, if we assume an
average MS of around 3 (all hydroxyl groups are functionalised with
one hydroxypropyl group), the molar amount of water is around 6

times that of the anhydroglucose unit. [34] This corresponds to 2 water
molecules per free hydroxyl group. Similarly, it is estimated that at
the onset of the purely anisotropic region (approximately 50–55 wt%),
there would be around 18 molecules of water per unit, corresponding
to 6 water per hydroxyl groups. [42] At the LCST, a portion of water
complexes to HPC to form the hexaaqua solvate while the remaining
water is released to form the dilute solution.

2.2.1.2 Solid-state conformation of HPC

While the temperature-dependent transition from HPC-water through
the LCST has been heavily investigated, the transition from the HPC-
water solution into the solid-state is less well understood. Solid-state
HPC is known to be partially crystalline with the percentage of crys-
tallinity estimated to be approximately 10–15 wt% while the remaining
is considered to be a “vitrified” cholesteric state. [34] However, the
geometry of the crystalline state appears to differ depending on the
method of preparation. This is expected given that at such high con-
centrations, the viscosity is very high and kinetics is likely to play a big
role in this transition. Thus, the thermodynamic equilibrium would be
difficult to achieve. Water-cast HPC films were shown via wide-angle
X-ray scattering (WAXS) to exhibit a weak tetragonal unit cell [43, 44]
while an X-ray diffraction experiment on a drawn HPC fibre suggests
that the rods are randomly translated relative to each other, [45] al-
though in that case the X-ray diffraction pattern appears to be not
well-defined. What is common between the studies is that along the
axis of the backbone, the repeat distance is approximately 1.5 nm, cor-
responding to 3 anhydroglucose units. As a result, it is suggested that
in the crystalline state, HPC adopts an irregular 3-fold helical axis with
a rotation of 120◦ between each unit. Samuels further proposes that
these rigid molecules then crystallise to form microfibrillar crystals
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with each crystallite consisting of 13 HPC chains (Figure 2.10a), which
then pack together to form higher-ordered supermolecular rods. [44]

Figure 2.10: a) Schematic of an HPC crystallite viewed along the long axis.
Each circle represents one HPC molecule while the square is
the proposed unit cell of the crystalline structure. b) Proposed
hydrogen bonding pattern (drawn in red) for a model HPC
structure consisting of an anhydoglucose unit doubly substituted
at the 2 and 6 positions. Both schematics are reproduced with
permission from Samuels. [44] Copyright © 1969, John Wiley &
Sons, Inc.

Compared to native crystalline cellulose, the crystal structure of
HPC displays a clear distinction. For pure cellulose, the dimension
of the unit cell along the backbone is 1.0 nm, which matches well
with the well-established 2-fold rotational symmetry. [43] A possible
reason for the discrepancy between cellulose and its derivatives is
that by replacing the hydroxyl groups, some of the hydrogen bonding
patterns in cellulose [37] are disrupted. Using a model system, con-
sisting of an HPC anhydroglucose unit disubstituted at the 2 and 6

position, Samuels presents an alternate hydrogen bonding scheme (Fig-
ure 2.10b), which might account for the conformation observed. [44]
However, the substitution pattern is highly likely to vary from one
monomer to another, which limits the ability to accurately predict
the intramolecular interactions. In addition to this, the handedness of
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this 3-fold rotation helix has yet to be fully established. Zugenmaier
and Vogt has demonstrated that cellulose tricarbanilate, a similar
cellulose derivative, when complexed to methylethylketone, forms
a left-handed 3-fold helix when grown as a single crystal. [36] It is
therefore likely that the helix adopted by HPC is likewise left-handed,
although the different substituents of cellulose tricarbanilate and HPC
could potentially change the conformation.

The effect of this 3-fold rotational symmetry in the crystalline solid
on the cholesteric region of the phase diagram is currently unclear as
the 3-sugar repeat distance (1.5 nm) is not observed in the X-ray dif-
fraction experiments of the HPC-water mesophase. When Werbowyj
and Gray examined these diffraction patterns, they observed that the
characteristic pattern was that of a diffuse ring with an associated
repeat distance from 1.2–1.35 nm. [45] This repeat distance increases
as the concentration of the mesophase decreases. Although the au-
thors did not draw further conclusions as to which crystalline axis
the ring corresponds to, a similar work by Gray and his coworkers on
acetoxypropyl cellulose established that this gap represents the inter-
molecular distance along the cholesteric axis rather than any repeat
distance along the polymer backbone. [46] As such, it is not known to
what extent the 3-fold rotational conformation of the crystalline state
is retained in the mesophase. However, the relationship between the
helicity of this molecular twist and the handedness of the cholesteric
structure formed has been subject to much study and speculation.
This question is particularly notable for cellulosic liquid crystals as
the vast majority of cellulosic derivatives form left-handed molecular
helices in the solid-state. Indeed, only cellulose trinitrate has been ob-
served to form right-handed helix in the solid-state, although, even in
that case, the left-handed structure possesses a lower conformational
energy. [47] Yet, when these cellulosic derivatives self-assemble into
supermolecular LC structures, they can form cholesteric helices of
both handedness. [47] We will address this dichotomy in subsequent
sections.
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Figure 2.11: a-c) (a) Enthalpy ∆hm, (b) entropy T∆Sm, (c) Gibbs free energy
∆gm of mixing water and HPC as a function of HPC concen-
tration at 298K. Reproduced with permission from Vshivkov et
al. [34] Copyright © 2007, Pleiades Publishing, Ltd.

2.2.2 Thermodynamics of HPC-water interactions

Much of the phase behaviour can be attributed to the interaction
between water and the polymer. As such, it is necessary to examine
the thermodynamics of the interactions between HPC and water. In-
terestingly, both the enthalpy and the entropy for the dissolution of
HPC and water are negative. The negative heat of mixing is commonly
attributed to changes to the hydrogen bonding. However, the contri-
bution of this effect is debatable as the difference in energy between a
water-water and water-HPC hydrogen bond is likely to be low. Instead,
the bulk of the enthalpic contribution is due to a “hydrophobic hy-
dration” effect, referring to how the configuration of water molecules
would be affected by the composition of the macromolecule. [34] When
a nonpolar molecule or fragment, such as a hydroypropyl sidechain
in HPC, is introduced, the water structure becomes more compacted,
which reduces the intermolecular distance between water molecules
and thereby increases the strength of the interactions. The structuring
of the water can be observed via 1H-NMR of a deuterated mesophase:
the water peak is observed to split, [45] indicating the water molecules
have anisotropic orientations in the system. This water structuring
effect would also result in a negative entropic contribution, ultimately
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leading to a negative entropy change on dissolution. Since mixing is
commonly depicted as an entropically driven effect, a negative entropy
on dissolution appears counterintuitive initially. At room temperature
(298 K), the ratios of the enthalpy and entropy are such that the Gibbs
energy of mixing is negative for all concentrations, as shown in Figure
2.11. [34] In other words, at room temperature, the loss in entropy is
insufficient to overcome the exothermic interaction and mixing is thus
always favourable. However, at higher temperatures, the entropic term
will dominate and demixing occurs, leading to a phase separation
and the existence of the LCST. This can be interpreted as a melting of
compacted water around the HPC. [40]

However, these observations are complicated by a number of factors.
Notably, it has been postulated that the conformation of HPC in
dilute solution is different to that of HPC in the mesophase. [40] The
formation of the cholesteric phase (from an isotropic solution) is an
entropically driven process, which will be discussed in more detail
in the Section 2.2.3. As a result, it can be expected that the entropic
gain from forming the liquid crystalline state would partially offset
the entropic loss in the water structuring, and consequently, the LCST
for the cholesteric phase should be higher than that of the isotropic
phase. Instead, the opposite can be observed, as shown earlier in
Figure 2.9b. In order to explain this discrepancy, Fortin and Charlet
proposed that HPC adopts a different conformation in the mesophase
compared to the dilute solution and therefore exposes a different
set of surfaces to the solvent. [40] By changing the conformation,
the effective hydrophobicity of the side chains would be perturbed,
leading to the formation of different water structures and therefore a
different set of thermodynamic parameters. Figure 2.9b also introduces
an additional complication: the authors fractionated HPC to yield
polymers with different molecular weight distribution (MW) and
molar substitution (MS), and these fractions exhibit different LCSTs. At
high MW (> 100 000 g mol−1), Robitaille et al. observed that solubility
depends mainly on the MS. As the MS increases, the hydrophobicity
increases, which subsequently requires more “structure enhancement”
from the water and leads to a larger entropic loss. [48] For HPC with
a lower MW, the length of the polymer plays a larger role as reducing
the molar mass leads to an increase in the “combinatorial entropy
of mixing”. The combinatorial entropy arises from the possibility of
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positional exchange when two components are mixed [49] and here,
it can offset the entropy loss from water structuring. In commercial
samples, the effects of MS and MW cannot be easily deconvoluted, as
the HPC with lower molar mass tends to also be the most substituted
given that it dissolves first in the reaction. [48]

Furthermore, while the specific interactions between HPC and water
are important and result in interesting phase behaviour, their impact
upon the formation of the cholesteric phase is not necessarily obvious.
This is illustrated by the formation of HPC cholesteric systems in a
number of other solvents, including acetic acid and ethanol, [50, 51] for
which the thermodynamic parameters can be very different. Notably,
the entropy of mixing between HPC and ethanol is a positive quantity
while the corresponding enthalpy alternates between positive and
negative depending on the concentration. [34] As a result, contrary to
HPC in water, dissolving HPC in ethanol is predominately an entrop-
ically driven process. As such, how the solvent mediates and affects
the formation of the cholesteric phase is yet to be fully discerned.

2.2.3 Properties of cholesteric liquid crystal phases of HPC

2.2.3.1 Critical volume ratio and chain flexibility

This study mainly focuses on the behaviour of HPC in the cholesteric
phase. The formation of the cholesteric phase can be understood
by first approximating the HPC-water system as a colloidal system.
For colloidal systems, this phase can be described most simply from
entropic contributions. [52] Onsager theory predicts that the loss of
orientational disorder is outweighed by the increase in translational
disorder allowed through the formation of ordered phases. [53] It is
possible to predict the concentration at which the anisotropic phase is
formed: assuming rigid rods with axial ratio x, Flory’s lattice theory
predicts that the critical volume fraction ϕi

c when phase separation
occurs can be given by: [54]

ϕi
c ≈

8
x
(1 − 2

x
) (2.5)

The axial ratio x is defined as L
d , where L is the contour length

and d is the diameter. As shown, the most important parameter for
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the formation of the cholesteric phase relates to the asymmetry of
the particles. However, the assumption of rigid rods is more appro-
priate for rodlike colloidal systems as most polymers exhibit some
flexibility, especially at high molecular weights. The Flory approach
can be extended to polymeric systems, such as HPC, by considering
a polymer as a series of freely-jointed rigid rods with the length of
each segment defined as the Kuhn length k. [55] In Equation 2.5, x
can be replaced by k

d , the axial ratio of each Kuhn segment. As a
consequence, for a chain in which the contour length greatly exceeds
the persistence length q (a measure of polymer rigidity equivalent to
2k for a worm-like chain) [56] the thermodynamic equilibrium and
the critical concentration should only depend on the rigidity of the
chains rather than the contour length. [55] This is found to be the
case for some cellulosic polymer systems, such as acetoxypropyl cel-
lulose in dibutyl phthalate. [55] However, for similar solutions, such
as cellulose in N-methylmorpholine N-oxide and cellulose acetate in
trifluoroacetic acid, the critical concentration varies with the chain
length, [54] implying that these polymer systems adopt a stiffer chain
conformation.

In order to further account for the stiffness of polymers, an alternat-
ive treatment models these chains as worm-like chains, as proposed by
Kratky-Porod. [54] This presents an intermediate case where the per-
sistent length is of the same order of magnitude as the contour length.
Using this model, Khokhlov and Semenov derived an expression for
the critical volume fraction: [57]

ϕi
c =

3.34 + 11.3N + 4.06N2

N(1 + 0.387N)
(2.6)

Here, N is defined here as the number of effective segments with
each chain, thus N = L

k . As shown, the critical volume fraction now
depends on the overall chain length as well as the stiffness of the poly-
mer, and would therefore vary with the molecular weight. Compared
to the freely-jointed case, Equation 2.6 predicts a larger critical volume
fraction given the same Kuhn length.

In terms of which model best fits in the case of HPC-water, an in-
teresting situation is presented. When unfractionated HPC, for which
there is a broad MW distribution, was measured, no dependence of
ϕi

c on molecular weight could be observed. [45] This suggests that



2.2 hydroxypropyl cellulose 23

HPC can be modelled as a freely jointed chain. Conversely, when
HPC is fractionated by molecular weight, different fractions of HPC
exhibit changes in the ϕi

c. [40] In this case, HPC would appear to be
better approximated either as a worm-like chain or even as a rigid
polymer. Werbowyj and Gray, using gel permeation chromatography
and light scattering measurements from Wirick and Waldman, [38] es-
timated the Kuhn lengths for HPC with a series of molecular weights,
and observed that they decrease markedly with increasing molecular
weight. [45] This trend suggests that the most applicable conforma-
tional model for HPC would vary depending on its MW as HPC trans-
itions from a “hindered random coil” to a “relatively stiff rod” with
decreasing MW. [38] However, it should be noted that each molecular
weight fraction can exhibit different MS, with lower MW fractions
likely to have higher MS, [48] which could have a bearing on the
overall rigidity.

In addition, the rigidity of the cellulosic polymers is not necessarily
fixed for a given type of substituents and is dependent on a number
of external factors, such as temperature. In N,N-dimethylacetamide
(DMAc), HPC is found to have a persistence length of 6.5 nm at 25 ◦C
while it reduces to 4.5 nm at 70 ◦C. [58] Moreover, a number of experi-
mental factors have been shown to affect the persistence length q in
HPC and therefore, the stiffness of the chains. Although the average
MS of HPC can be easily measured, the MS for each anhydroglucose
unit is likely not uniform and the small “nonuniformity of substi-
tution” has been postulated to result in a distribution of q. [58] The
polydispersity in the MW could then result in experimental errors in
the prediction of q.

2.2.3.2 Concentration and temperature dependence of cholesteric pitch

Once HPC is in the cholesteric phase, the most important parameter
in terms of structural colour is the pitch, which can be tuned by a
number of factors. The most common method to tune the colour
of HPC is by varying the ratio of HPC and water. By increasing the
concentration of HPC, the pitch of the cholesteric phase can be reduced.
From approximately 58 wt% to 70 wt%, the pitch is such that the HPC
mesophase reflects in the visible regime with the colour shifting from
near infrared (IR) through to blue/ultraviolet (UV), as shown in Figure
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Figure 2.12: Photographs of photonic aqueous HPC solutions with different
concentrations of HPC. The colour varies from near infrared at
58 wt% to blue/ultraviolet at 70 wt%. Adapted from Liang et
al. [59] under the CC-BY license. Copyright © 2018, The Authors.
Published by Springer Nature.

2.12. While this has allowed HPC of different colours to be accessed
using a single polymer, this concentration variation also results in one
of the main challenges of using HPC as a photonic material: the colour
of the material changes as water evaporates and the concentration
increases, ultimately shifting into the UV wavelength regime and
appearing colourless. As such, it is critical to understand how the pitch
varies with concentration. It has been predicted for cholesteric systems
that the relationship between pitch p and concentration c follows a
power law. [60] For HPC, when the concentration was measured in
terms of volume percent, an exponent of −3 was obtained. [50, 61]
However, in practise, concentration tends to be measured in terms
of weight percent and in that case, the exponent varies from −2.4 to
−4.0. [62]

p ∝ c−n n = 2.4 − 4.0 (2.7)

The varying exponent is likely due to the fact that these studies
employ different sources of HPC and therefore represents HPC with
different distributions of MS and MW. As mentioned previously, these
polymers could possess different degrees of stiffness and self-assembly
behaviour.

Besides varying the composition of the mesophase, the cholesteric
pitch could also be tuned by altering the temperature T. The HPC
mesophase is thermochromic with a general red-shift observed with
increasing temperature. [40] However, the relationship between tem-
perature and pitch is non-linear and dependent on factors such as the
starting concentration of the solution and the molecular weight of the
HPC polymer. Experiments on HPC derivatives suggests that the ori-
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gin of this thermochromic effect is composed of multiple factors. Not
only does the twisting power reduce at higher temperature, the inter-
molecular distance also increases, resulting in an increased pitch. [63]
In addition, the reflection peak broadens as the molecular motion of
the sidechains are thermally-induced and can result in a deteriora-
tion of the helical structure, although the degree of broadening varies
significantly between different derivatives and solvent systems. [64]
Interestingly, when HPC functionalised with ester and carbamate
groups were heated above a critical temperature, the reflection peak
was observed to disappear. This effect is attributed to an inhibition
of hydrogen bonding at high temperature that subsequently results
in the deterioration of the cholesteric structure. [63] Since most of
these effects depend critically on the exact polymer structure and in-
termolecular interactions, the impact of temperature on the cholesteric
structure is complex and difficult to predict.

2.2.3.3 Theoretical prediction of cholesteric pitch

As demonstrated in the previous section, the cholesteric pitch of an
HPC-water mesophase could be altered with a multitude of paramet-
ers, including composition, temperature and polymer structure. In
order to account for the contributions of all these factors, it is possible
to examine the model developed for polypeptide cholesteric systems
by Kimura et al. [65] They derived an expression for the pitch p in
terms of the volume fraction ϕ and temperature T by approximating
the polypeptide chains as a helical rodlike particles, defined by the
diameter of the rod D and the height of the ridges ∆ (Figure 2.13).

1
p
=

24λ∆
πLD

ϕ f (ϕ)
(

TN

T
− 1
)

(2.8)

where:

f (ϕ) =
1 − 1

3 ϕ

(1 − ϕ)2 (2.9)

Here, λ is a constant that depends on the conformation of the
polymer while L, as above, represents the contour or rod length.
TN , which is dependent on both the volume fraction and the helix
parameters, describes the “conversion temperature for the cholesteric
helix”, which represents the temperature at which the handedness
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Figure 2.13: Schematic of a coiled helix model used by Kimura et al. to model
the conformation of a rigid helical rod. It can be described by a
rod diameter D and a ridge height ∆. [65]

of the helix flips from one to the other (p changes sign). The authors
conclude that for a given set of parameters, the relationship between
concentration and pitch appears as a power law, and the discrepancies
between the empirical exponent could be accounted for by changes to
the parameters. [65]

The applicability of Equation 2.8 to HPC is debatable as HPC is
typically considered to be more flexible and whether HPC chains
adopt a helical conformation in the cholesteric state is yet to be con-
firmed. [45] Comparisons by Werbowyj and Gray demonstrated that
the experimentally-measured pitch of HPC correlates well with such a
model. [50] However,the model also predicts behaviour not observed
by the HPC-water system. For example, TN , at which the helicity of
the cholesteric structure should invert, has yet to be observed, [50] al-
though this phenomenon has been recently reported in liquid crystals
based on derivatised ethylcellulose. [14] Furthermore, the expression
predicts a strong pitch dependence on the molecular weight. For
HPC-water, this dependence is less apparent, which is reasonable
considering the more flexible structure of HPC.

There is a caveat here that could result in additional, albeit small, dis-
crepancies. Most theoretical models are developed in terms of volume
percent, but experimentally, weight percent (wt/wt) is typically used
as standard. By changing the MS and accordingly the molecular weight
of each monomer unit, the relationship between weight percent and
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volume percent would shift, and since any changes in conformation
with MS is complex, this shift would not necessarily be linear. This
should be taken into account when comparing theoretical predictions
with experimental results, especially when HPC from different sources
are compared.

Regardless of its limitations, the model developed by Kimura et
al. provides an interesting perspective as to why HPC of different
sources and chemical identity would exhibit varied pitch dependence
on the concentration. The predicted pitch is highly dependent on
the polymeric conformation. As a result, using HPC with different
polymeric parameters would likely result in mesophases with different
pitches. For example, altering MS might result in a change to the
average sidechain conformation, which would have a bearing on the
ridge height ∆ and correspondingly the pitch.

Importantly, Equation 2.8 not only defines the magnitude of the
pitch, but also its sign, thus tying the handedness of the mesophase
with the conformation of the polymer. This allows us to return to a
previous question: why can HPC, and indeed any cellulosic LC, form
right-handed cholesteric phases if the solid-state crystalline structure
seems to indicate that the molecular twist is left-handed? One ex-
planation is that the conformation changes with the substituent and
conditions. For example, if we consider the cellobiose dimer as the
building block of HPC, HPC’s left-handed 3-fold helix can be imagined
as a right-handed helix with twice the pitch. [47] This “dimerisation”
has been postulated to occur if adjacent anhydroglucose units have dif-
ferent molecular conformations or solvent attachment patterns. [47] In
comparison, a recent study modelling colloidal cholesteric phases has
demonstrated that macroscopic helicity inversion could be achieved
without changing the molecular level chirality. Instead, cholesteric
helices of both handedness can be achieved by simply varying the
ratios between the helical parameters for each rod. [66]

Furthermore, the inversion of cholesteric handedness as a result
of temperature is subject to some debate. Using polypeptides as a
model system, Czarniecka and Samulski contend that this temperature-
induced flipping is due to changes in solvation and conformation, lead-
ing to an inversion in the sidechain chirality. [67] Conversely, Kimura’s
model holds that this helicity inversion could be observed even when
the conformation is fixed, attributing the flip only to changes in in-
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teractions between rods. [65] As such, it can be concluded that the
relationship between molecular level chirality and LC handedness is
very much non-trivial.

2.2.3.4 External manipulation of cholesteric pitch

Figure 2.14: a) Compression of an HPC-water mesophase sealed in a lamin-
ate using a foreot and the pressure values extracted from the
colour change. Adapted from Liang et al. [59] under the CC-BY
license. Copyright © 2018, The Authors. Published by Springer
Nature. b) Inversion of chirality on compression of ethylcellu-
lose/poly(acrylic acid) at 130

◦C. Adapted from Miyagi et al. [68]
with permission of the Royal Society of Chemistry, Copyright ©
2018, permission conveyed through Copyright Clearance Center,
Inc.

The pitch and therefore, the colour of the HPC-water mesophase
can not only be be tuned through the composition of the mixture, but
also directly manipulated by applying external stimuli. One simple
approach is to apply pressure, as shown in Figure 2.14. By compress-
ing and shearing the mesophase, a blue-shift can be induced. [69]
Thus, HPC can be exploited as a pressure sensor if the mesophase
is sealed within impermeable substrates. A recent work has further
upscaled this application using roll-to-roll technology to create large
scale laminates [59] and integrated with a responsive substrate for a
wearable “photonic skin”. [70] While the blue-shift on compression
is often modelled solely using mechanical and geometric consider-
ations, [69] it should be noted that the thermodynamic equilibrium
could also be impacted by the change in pressure. This was observed
in an ethylcellulose/poly(acrylic acid) composite film. Typically, this
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system exhibits a left-handed cholesteric system and therefore re-
flects predominately LCP light. However, on application of stress,
the reflection shifts from LCP to RCP, as measured using circular
dichroism. [68] Thus, the authors concluded that the thermodynamic
equilibrium has changed via pressure, favouring the formation of the
helix with the opposite handedness. Moreover, this chirality inversion
is also temperature dependent and could only be observed above a
certain temperature, although the different kinetics and reduced mo-
bility of the mesophase at a lower temperature might also contribute
to this observation. This pressure dependent phenomenon has yet to
be replicated for the HPC-water system. However, the phase diagram
of the HPC is relatively restricted due to the existence of the LCST.

The colour of the mesophase can also be made sensitive to electric
fields by introducing ions. When different salts were added to the
HPC-water mesophase, the pitch was observed to shift depending on
both the identity of the cation and anion. The behaviour of the ions
broadly follows the Hofmeister series, which was originally proposed
to explain the effects of ions on the solubility of proteins in water. [71]
More chaotropic ions, such as SCN− and I−, disrupts the formation of
water-structures and promotes the solubility of hydrophobic moieties.
In this case, the improved solubility of HPC results in an increase of the
pitch and subsequently a red-shift. [72] Conversely, kosmotropic ions,
such as Cl− and Br−, reduces the solubility of HPC by encouraging
intersolvent interactions and amplifying the hydrophobic effect. This
leads to a blue-shift. [72] This effect can be exploited by introducing
into the HPC mesophase both a kosmotropic cation and a chaotropic
anion, and subsequently inducing a voltage across a sample. As the
ions separate, the cation and anion, which have competing effects on
the cholesteric pitch, would induce a colour gradient, leading to an
electrooptical effect. [73]

2.2.4 Retaining colour in the solid-state

While the ease in manipulating the pitch of HPC has allowed for a
flexible system in which different colours can be easily attained, it has
conversely resulted in a major drawback in the application of HPC as a
photonic colourant. When the HPC mesophase loses water, the colour
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blue-shifts, and results in a UV reflection and a colourless film. [45]
An approach employed to bypass this issue is to encapsulate HPC
within impermeable substrates. [59, 69, 70] However, these methods
are not suitable in many applications. As such, in the past forty years,
different methods have been developed to preserve the colour of the
HPC in the solid-state.

2.2.4.1 Chemical crosslinking

Figure 2.15: Examples of chemicals used to crosslink HPC in the liquid
crystalline state. It should be noted that the stereochemistry of
the toluylene diisocyanate was not specified, [74] and is likely to
be used as a mixture of isomers, one of which is presented here.

One such method is to introduce chemical crosslinkers into the HPC
mesophase. The most accessible group on HPC is the hydroxyl moiety,
which can react readily with many electrophilic crosslinkers. This
strategy has been exploited effectively by Suto to develop a series of
crosslinkers for HPC, with a selection highlighted in Figure 2.15. [51,
74, 75] These include glutaraldehyde (GA), para-formaldehyde (p-FA),
N,N-dimethlylolurea (DMU) and toluylene diisocyanate (TDI). How-
ever, not all of these crosslinkers are compatible with an aqueous
system. Notably, Suto noticed that no crosslinking is observed for the
TDI system in water and in fact, in all of the protic solvents attemp-
ted. [51] This is to be expected as isocyanates react irreversibly with
water to form an amine and carbon dioxide, inhibiting the effective
crosslinking. Accordingly, TDI is able to crosslink HPC in solvents
such as dioxane, where the crosslinker/solvent interactions are more
limited. Whilst it is difficult to find a chemical system that can react
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selectively with secondary alcohols (on the HPC) over water, cross-
linkers that can react reversibly with water might result in successful
crosslinking. Using this approach, Suto successfully crosslinked an
aqueous HPC system using aldehyde (p-FA and GA) and methylolurea
(DMU) systems by mixing the crosslinker into the mesophase and
allowing the mixture to dry. [74] A proposed mechanism for the acid-
catalysed crosslinking by aldehydes is demonstrated below, although
many variations are likely to exist and the form of GA varies with
pH. [76]

Scheme 2.2: Proposed crosslinking mechanism between the secondary hy-
droxyl groups on HPC and glutaraldehyde. It is likely that many
variations of this reaction occur during the crosslinking and that
the exact stucture of GA is pH dependent.

The liquid crystalline behaviour of the resultant films was highly
dependent on the crosslinker and solvent system used. In nearly all
cases presented, the resultant films retained the liquid crystalline
behaviour of the initial mesophase, although in most situations, the
film was colourless and the reflected wavelength λpeak was measured
via circular dichoism (CD) spectroscopy to be far into the UV sys-
tem. [51] Curiously, in the case of HPC/methanol, λpeak was found to
not vary largely with the addition of crosslinker, [74] suggesting that
the crosslinker does not perturb the pitch. This indicates that while a
system might be able to crosslink HPC, its efficacy in altering the pitch,
especially to the extent that it shifts to the visible regime, relies on
other factors, such as drying temperature, the solvent system and the
crosslinking density. Thus far, the most successful crosslinking system
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for coloured HPC in the dry state is GA with catalytic hydrochloric
acid (HCl). By varying the ratios of HPC and GA, as well at the casting
temperature, Suto was able to prepare thin films of dried HPC that
reflect blue, yellow or orange. [77] Interestingly, a red film could not
be achieved, although some of the films exhibit peak wavelengths
corresponding to a red reflection from the CD spectra. When HPC
films crosslinked with GA/HCl were swollen with water, the swelling
ratio was observed to be greater in the height compared to the width
or length. [78] This was attributed to the alignment of the cholesteric
phase: the HPC chains lie planar within the film and the swelling in
the thickness corresponds to the expansion of the pitch.

While the GA/HCl system has proven an effective crosslinking
system, the range of colour accessible using this technique remains
limited and the large amounts of GA added (approximately 20 wt%
of HPC) severely reduces the biocompatibility of the resultant film.
In this thesis, the GA crosslinking system will be further optimised
and subsequently employed as a model chemical system to explore
the optical properties of crosslinked HPC films.

2.2.4.2 Radiation-induced crosslinking

An alternative approach to chemically crosslink HPC is to induce
crosslinking via radiation. The most direct method, which is the only
method of crosslinking that does not require any additives or prior
functionalisation, is to apply γ-radiation directly to an aqueous HPC
solution. Although the exact process during irradiation is not clear
and likely a combination of chain scission and crosslinking, an insol-
uble swollen gel that retains its cholesteric ordering is produced. [79]
However, λpeak after crosslinking is difficult to control and often lies
outside of the visible regime. Moreover, this technique necessitates
a nuclear reactor, making it difficult to apply in most situations. In-
stead of γ-irradiation, UV irradiation could be employed as a more
accessible approach, however this requires the addition of appropriate
reactive moieties.

By incorporating hexakis(methoxymethyl)-melamine (HMMM) and
a cationic photocatalyst into an HPC mesophase in DMAc, crosslink-
ing can be induced by irradiating with UV light. [80] The photoacid
generated catalyses a condensation reaction between the melamine
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Scheme 2.3: Mechanism of the acid-catalysed reaction mechanism between
hexakis(methoxymethyl)-melamine (HMMM) and HPC. The
reaction occurs at all three positions to induce crosslinking.
It should be noted that the carbenium intermediate can be
quenched with water if it is employed as a solvent system.

group and the hydroxyl groups on the side chain via a carbenium in-
termediate (Scheme 2.3). [81] From this reaction pathway, it is evident
that if any water is present, the carbenium ion would be quenched,
preventing the use of an aqueous system. Free radical reactions by-
pass this limitation, but require prior functionalisation of the HPC
to introduce photocrosslinkable moieties. This was first reported by
Bhadani and Gray who attached acrylate groups to HPC. The acrylate
functionalised HPC was coloured on casting from acetone, with a
blue-green iridescent colour at room temperature that red-shifted
upon heating. [82] This cholesteric ordering can then be “locked-in”
by UV crosslinking. This approach was then expanded by Zentel, who
used similarly acrylated HPC mesophases to prepare solid-state films
with a series of colour. By crosslinking at different temperatures, the
pitch of the mesophase can be locked at different lengths, resulting
in photonic films with colours across the visible regime. [83] The pho-
topolymerisation process can not only occur after the film has been
cast and dried, but also directly in an aqueous lyotropic solution.
In that case, the mesophase crosslinks to form a photonic hydrogel,
which then blue-shifts on water loss. [84] Overall, this photocrosslink-
ing approach offers more flexibility relative to many of the methods
described earlier, and its applicability to solid-state HPC photonic
systems will be discussed in detail in Chapter 5.
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2.2.4.3 HPC composites and other methods

Besides direct chemical crosslinking, there have been several attempts
to construct photonic composite materials using HPC. An HPC/silica
hybrid was constructed by mixing tetramethoxyorthosilicate (TMOS),
HPC and an aqueous acidic solution. The orthosilicate self-condenses
around the cholesteric structure, leading to a silica hybrid structure
that reflects in the visible regime. [85] However, when the HPC-organic
template was removed by calcination, the silica structure becomes
white and cracked, although some birefringence can still be observed.
The use of silicates in an HPC composite is interesting: one or two of
the methoxy groups could be replaced with other substituents, which
can potentially be used to tune the optical and photonic properties
of the composite. Instead of covalent reactions, composites could also
be constructed using supramolecular interactions. Barty-King et al.
introduced gelatin into an HPC mesophase, leading to a “thermo-
plastic interpenetrating polymer network” that behaves as a gel when
sheared at low angular frequencies. [86] While it is unlikely that HPC
and gelatin behave as orthogonal systems, the introduction of gelatin
does not perturb the cholesteric structure significantly, resulting in the
preservation of the photonic response.

Lastly, whilst not strictly crosslinking, an approach by Charlet and
Gray towards photonic HPC films is instructive for the control of pitch
in the solid-state. [87] As discussed previously, when cast from water,
the HPC mesophase has a pitch that resides in the UV regime and
therefore does not display any structural colour. Due to the thermo-
chromic behaviour, the pitch of the dried HPC film should expand
on heating, but this is typically restricted by the low molecular mo-
bility at low temperatures. However, Charlet and Gray observed that
the mobility increases upon heating above 120 ◦C, and the reflection
wavelength red-shifts into the visible regime past 130 ◦C. [87] This
red-shift is irreversible as, on cooling, the molecular mobility drops
and the cholesteric structure is therefore unable to return to its original
state. A similar heating approach was adopted by Tanaka et al., who
observed that under certain conditions, the colour can be tuned by
varying the time of annealing. [88] The trapping of the ordering via
kinetic arrest is a useful tool to lock the structure in a desired state
and will be revisited in subsequent discussions.
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2.2.5 Rheological behaviour of HPC

In order to fully develop HPC as a photonic material, methods need
to not only control the helicoidal pitch (and corresponding the colour),
but also the processing behaviour of the LC system. This is important
as the optical behaviour relies intrinsically on the nanostructure and
as such, any distortion to the system is significant. Consequently, it
is crucial to understand the behaviour of the HPC mesophase under
shear.

Figure 2.16: Schematic representation of the viscosity of HPC when different
shear rates are applied. The three regions of shear-thinning, as
defined by Onogi and Asada, are highlighted. [89] Schematic re-
produced with permission from Wissbrun. [90] Rights managed
by AIP Publishing.

The rheological behaviour of HPC is a well-studied phenomenon,
and in fact, often used as an example to explain the shear-dependent
behaviour of cholesteric liquid crystals in general. The classical model
for this behaviour is provided by the three-region flow curve, originally
proposed by Onogi and Asada. [89, 90] A representative schematic of
this model is drawn in Figure 2.16. The three regions represent broadly
the viscosity of HPC with increasing shear rate: the low shear and high
shear regions (Region I and III) describes shear-thinning properties
while the intermediate region (Region II) is a Newtonian-like plateau.
The shear behaviour could be mapped to structural changes within
the cholesteric LC, and each region will be discussed in more detail.
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Interestingly, the low stress region (Region I) is considered the most
complex and least understood of the three regions. In general, there
are three main explanations for shear thinning in this regime: 1. com-
petition between the boundary conditions and imposed flow; 2. flow
of a polydomain structure; 3. phase separation during the shearing
process. [90] While these explanations are not mutually exclusive, it
is likely that, in the case of HPC, the predominant contributor to this
region is the flow of “piled polydomains”. [91, 92] It should be further
noted that the third explanation is unlikely to apply to HPC, and
has been previously applied to heterophasic systems, such as those
that have crystallisable monomers. [91] Within this shear regime, the
shear rate is insufficient to significantly induce a net orientation of
the LC structure and the flow is characterised by the relative motion
of cholesteric domains. Indeed, when Hongladarom and Burghardt
imaged HPC sheared at a very low rate, they observed structurally
coloured reflection, even at high strain values. [92] This indicates that
at least some of the cholesteric structure is maintained.

Figure 2.17: Schematic representation of shear induced deformation of HPC
domain structures from discrete spherulites into ellipsoids and
finally into the shear-aligned states. The arrows represent the
orientation of the polymer chains. For the spherulitic and el-
lipsoidal regimes, the polymer orientation rotates due to the
cholesteric ordering, and therefore, the arrows strictly describe
the projection of the polymer director when these spherulites are
viewed in cross-section. Figure adapted with permission from
Onogi et al. [93] Copyright © 1980. Published by Elsevier B.V.

While the cholesteric ordering is retained in Region I, there remains
an increased degree of disorder in the structure of the cholesteric



2.2 hydroxypropyl cellulose 37

domains. During the shear process, the intensity of reflected colour
decreases with increasing shear rate, [93] and adopts a “frosted” ap-
pearance. [92] The reduction of reflectivity is most likely attributed to
changes in the domain structure. For example, the imposition of shear
might result in a transition from a well-ordered cholesteric sample
to a polydomain structure. [92] Onogi et al. further proposed a flow-
induced domain deformation, as shown in Figure 2.17. [93] In the
quiescent state, the cholesteric LC assembles as discrete spherulites
with polymer chains arranged tangentially to the spherulite surface.
On application of shear, these spherulite domains are subsequently
deformed into ellipsoids. It is likely that these distorted cholesteric
domains undergo a tumbling motion within this shear regime, [94]
although thus far this tumbling motion has yet to be directly observed
in HPC solutions. [95] The distorted domains would ultimately trans-
ition into a shear-aligned phase, which would be described further in
Region II and III of the flow curve.

Figure 2.18: a,b) Sheared HPC meosphase imaged (a) normally and (b)
between crossed polarisers. A clear transition can be observed in
both images, indicating the transition from Region I to Region
II. Reproduced with permission from Hongladarom et al. [92]
Copyright © 1969, Steinkopff Verlag.

As the shear rate is increased into Region II, the viscosity approaches
a plateau value. In some cases, such as HPC mesophases at relatively
low concentrations (close to the biphasic regime), this plateau is re-
placed by a weakly shear-thinning region. [96] Asada et al. suggested
that within this region, the cholesteric domains further disintegrate
into smaller flow units. [89] This transition also results in an abrupt
change in the optical behaviour, which could be clearly observed
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in Figure 2.18. Here, a radially increasing shear rate is applied to
the mesophase. While the centre of the film (Region I) retains some
structural colour, it is colourless in the outer ring of the film (Region
II). [92] Furthermore, the sample, when viewed between crossed linear
polarisers in transmission, possesses clear striations within this outer
region. As such, this region has been attributed to a partial alignment
of the domains as well as deformation of the helices. [94] However, it
is likely that the exact behaviour of the mesophase within this region
depends critically on the material properties and the sample geometry.
For example, in a biphasic CNC suspension, which exhibits a similar
three-domain shear thinning behaviour, Haywood and Davis reported
that the anisotropic phase experiences a “shear induced unwinding
of the cholesteric pitch” while the isotropic phase begins to align to
the shear direction. [97] When wall effects are included, the system
is further complicated. When a small molecule cholesteric sample
is sheared between two plates within the Newtonian region, a five
layered structure is observed with the domain alignment gradually
becoming disordered as we transition from the walls to the central
layer. [10]

Lastly, Region III is arguably the simplest domain orientation to
visualise. Within this region, the polymers completely shear align with
the flow direction, and finally adopts what resembles a nematic liquid
crystal. As such, we can assume that within this region no cholesteric
ordering remains. This increase in ordering is usually accompanied by
a large increase in the birefringence observed. [93] An interesting fea-
ture of sheared HPC is that after relaxation, a banded texture, which
is typically perpendicular to the direction of shear, can be observed
when the sample is viewed between cross polarisers. This is a result of
a “serpentine” or a “zig-zag” trajectory of the polymer (Figure 2.19),
which has been interpreted as a mechanism to reduce the overall dis-
tortion energy after shear deformation. [98] Ernst and Navard reported
that this band texture could only be observed if the molecules are
well-oriented in the flow direction and therefore, the critical shear rate,
above which the band texture could be formed on relaxation, is similar
to the shear rate for the transition to Region III. [99] It should be noted
however that the exact relaxation mechanisms for the band formation
are likely to be shear-rate dependent, which affect the speed of band
formation as well as their disappearance. [100, 101]
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Figure 2.19: Schematic of the relaxation process of a cholesteric liquid crystal
after shear alignment into either a “serpentine” or ”zig-zag”
trajectory. Each line represents the orientation of the polymer
at that point. Adapted with permission from Viney et al. [98]
Copyright © 1995. Published by Elsevier Ltd.

Given that we are primarily interested in the optical behaviour of
these HPC systems, the change in both the pitch and the cholesteric
orientation during the shear process is crucial. Notably, when cho-
lesteric liquid crystals are sheared in the low shear limit, the peak
wavelength is observed to blue-shift. [102] This has been attributed to
a tilt in the cholesteric helix, which results in an effective increase in
the observation angle and therefore a blue-shift according to the Bragg
condition (Equation 2.1). [10] The mechanism with which this tilt oc-
curs is likely to be complicated and has been described by Parmar
as “practically impossible” to suggest definitively. [103] Figure 2.20

demonstrates one proposed model of a cholesteric sheared between
two plates. [103] As shown, when a shear strain γ ≈ σ

d is applied, the
tilt angle ranges from θtilt = 0◦ on one interface to θtilt = θmax on
the other. The tilt angle varies through the thickness of the sample
depending on the total thickness d and the height z:

θ(z) = θmax
sinh z
sinh d

(2.10)
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Figure 2.20: a) Schematic of a cholesteric liquid crystal anchored between
two glass plates that has not been sheared. (σ = 0) b) Schem-
atic indicating the height-dependent and the maximal tilt of
the cholesteric liquid crystal after shear. (σ > 0) Reproduced
with permission from Parmar. [103] Copyright © 1991, American
Institute of Physics. Rights managed by AIP Publishing.

The maximum tilt θtilt depends not only on material and sample para-
meters, but also on the amount of shear and the duration. As such,
the blue-shift would increase with both the magnitude and the time
under shear. This model is in contrast to the observation of Pochan
and Marsh: they described the tilt angle as constant throughout the
sample, [10] which is supported by numerical calculations by Maren-
duzzo et al. [104] As a comparison, for a simple nematic liquid crystal
sheared with free boundary conditions, the steady state solution can
be described with a constant θ relative to the flow direction. [104] This
tilt is occasionally referred to as the Leslie angle θL. [105] An interest-
ing variation to this tilting effect is observed in the case of HPC. While
most authors typically report that the tilt angle increases monotonic-
ally with shear rate, Asada et al. observed that at low shears, the tilt
angle remains constant and only increases rapidly when the shear rate
approaches the Newtonian region (Region II). However, it is difficult
to directly draw parallels between the experimental studies and more
theoretical approaches. [89] Without specifying boundary conditions,
and considering additional effects such as domain tumbling, it is
unsurprising that the observations vary.

Further complicating the shear process, theoretical studies have
indicated that the cholesteric pitch is also likely to be shear-rate de-
pendent. A numerical model of this process is described for one
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Figure 2.21: a) Schematic showing the modelled geometry between the hel-
ical and flow direction. The flow direction points into the page
while the helical direction lies perpendicular to that. Adapted
with permission from Rey. [105] Copyright © 1996. Published
by Elsevier B.V. b) Modelled rotation period at different Erick-
sen numbers indicating that the tumbling slows down as shear
increases and the pitch unwinds until the system reaches a sta-
tionary state (nematic state). Reprinted figure with permission
from Rey. [106] Copyright © 1996, American Physical Society.

situation with a fixed geometry between helical and flow direction,
shown in Figure 2.21a. [105] Rey proposes at a low shear rate, the cho-
lesteric structure lies within an uncoiling regime, in which the helix
unwinds with shear rate and the pitch correspondingly increases. At a
critical shear rate, the pitch exceeds the sample size and the structure
resembles that of a nematic system aligned to θL, equivalent to Region
III described above. In the cholesteric phase, the helix can be modelled
as a travelling waves as it tumbles while the aligned nematic phase
can be considered a stationary solution. As larger proportions of the
polymer directors align to θL, the tumbling slows down represented
by the rotation period increasing over time (Figure 2.21b). [106] When
the system shear aligns, all the directors are aligned to θL and thus,
the rotation period can no longer be defined. It should be noted that
the x-axis is expressed in terms of Ericksen number E, which is a
parameter that combines the imposed shear and material constants.
For a given material and sample geometry, E is linearly proportional
to the shear rate. A similar uncoiling and increase in apparent pitch
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has been calculated for a different shear geometry and boundary
conditions. [104]

Figure 2.22: Modelled director alignment over time when a cholesteric
sample within a shear-aligning regime is sheared. The shad-
ing represents the order parameter, which is observed to be
lowest at defects during the transient aligning state. The con-
trast of the images in the original publication is enhanced here
for clarity. Reproduced with permission from Marenduzzo et
al. [104] Rights managed by AIP Publishing.

In additional to the shear geometry and material properties, it is
necessary to consider the impact of time. This is evident in a numerical
study of cholesteric liquid crystals under high shear by Marenduzzo
et al. [104] As shown in Figure 2.22, as the cholesteric LC transitions
into the nematic region, defects would be formed, and these defects
will be localised in regions where the polymer chains are initially per-
pendicular to the flow direction. As such, during the shear alignment
process, a transient state exists in which the periodicity of the original
cholesteric liquid crystal is retained due to these pinned defects. This
transient state is similar to the proposed helical structure of a CNC
film dried under shear. [107] In that case, the authors opined that
parallel and perpendicular rods represent respectively the primary
and secondary minima of a cholesteric phase under shear flow, and
as such, the shear flow would promote a distortion of the helix from
the typical sinusoidal depiction to one resembling a square wave. This
observation confirms that when processing HPC, or indeed any liquid
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crystalline system, the shear rate and shear duration are crucially
important.

While much of the discussion on liquid crystals under stress focuses
on shear, it is remiss not to mention the effects of extensional stress.
Onogi et al. reports that for the same deformation rate, elongational
flow was able to achieve a larger birefringence and therefore higher
orientation levels relative to a shear flow. [93] In a slit contraction
experiment, the competition between the shear and extensional stress
could be examined. [108] The authors noted that with a 4:1 contraction
ratio, a very large increase of birefringence could be observed, resulting
in a much higher peak orientation than that resulting from simple
shear. However, the alignment due to extensional stress is predicted
to be localised to regions around the centreline and its effectiveness
was reduced significantly when a more gradual contraction was used.
Indeed, when a 2:1 contraction was employed, the effects of shear
dominated over that of extensional stress. Thus, while extensional
stress should be considered, its impact is highly dependent on the
system geometry. Numerical studies of the HPC-water have confirmed
that the application of extensional strain would result in a distortion of
the helix in a similar manner to that of shear flow: the director would
align in the extensional flow direction except for thin layers where
the director is perpendicular to the flow. [41] Thus, this resembles
the square wave approximation for the sheared system, although for
the extensional case, there is no angular offset between the flow and
alignment direction (Leslie angle).

As shown above, HPC-water is a complicated system, whose prop-
erties result from a complex interplay between thermodynamic equi-
libria, transient kinetic effects and external conditions. Although the
main focus of this thesis is nominally simply the optical appearance
and colour, it is critical to fully consider the impact of chemical ad-
ditives and processing in order to tune and control such properties.
In the next few chapters, we will return to the concepts introduced
earlier and from there, examine how different processing strategies
affect the resultant photonic behaviour.
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E X P E R I M E N T A L

Excerpts are reproduced from Chan et al. [109] under the CC-BY license.
Copyright © 2019, The Authors. Published by WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

3.1 materials

Dry hydroxypropyl cellulose powder (HPC SSL SFP, food grade, MW =
40 000 g mol−1 as reported by manufacturer) was obtained from Nisso
Chemical Europe. SSL (super special low) refers to the molecular
weight of HPC, which is the lowest MW HPC supplied commercially
by Nisso, and SFP (super fine powder) describes the morphology of
the HPC powder as supplied. For synthesis of methacrylated HPC,
HPC was dried in vacuo overnight prior to use.

Glutaraldehyde (GA, 50 wt% aqueous solution) and triethylamine
were purchased from Alfa Aesar. Methacrylic anhydride (MAA), L-
cystine dihydrochloride and 2 hydroxy-4’-(2-hydroxyethoxy)-2-methyl-
propiophenone (Irgacure 2959) were purchased from Sigma Aldrich.
Boc-L-phenylalanine N-hydroxysuccinimide ester (Boc-Phe-OSu) was
purchased from Bachem and RayBiotech. All commercial chemicals
mentioned are used as supplied without further purification unless
specified otherwise.

Cucurbit[8]uril (CB[8]) was provided courtesy of Prof. Oren A.
Scherman.

All dialysis was performed using a regenerated cellulose dialysis
tubing with a molecular weight cut-off (MWCO) of 12 000–14 000 g mol−1

(Scientific Laboratory Supplies).

3.2 hpc functionalisation

Methacrylated HPC
The synthesis of methacrylated HPC (HPC-MA) is adapted from a

protocol for the methacrylation of hyaluronic acid. [110] A solution

45
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of dried HPC powder (10.0 g) in water (500 mL) was prepared, to
which methacrylic anhydride (40 mL) was added. An aqueous sodium
hydroxide solution (5 N, 59 mL) was then added dropwise over 30 min,
prior to the reaction mixture being left to stir overnight at room
temperature. The opaque white mixture was then dialysed against
water for at least three days before being lyophilised to yield HPC-MA
as loose white flakes. Typically, prior to lyophilisation, 3–4 batches
were combined for ease of processing to produce a larger quantity of
polymer. The average yield by polymer mass is 75 wt%.

To achieve different degrees of methacrylation, the amounts of
methacrylic anhydride and sodium hydroxide were varied whilst
otherwise maintaining the same experimental procedure above. Spe-
cifically, in order to produce HPC-MA with increasing amount of
methacrylation, 10, 20, 30, 40 and 50 mL of methacrylic anhydride was
added followed by 15, 29, 44, 59 and 74 mL of 5 N sodium hydroxide
respectively.
Synthesis of cysteine-phenylalanine dipeptide (FC-CF)

Boc-L-phenylalanine N-hydroxysuccinimide ester (Boc-Phe-OSu,
10.0 g, 27.6 mmol) was dissolved in dimethylformamide (DMF, 100 mL).
Triethylamine (11.5 mL, 82.8 mmol, 3 eq) and L-cystine dihydrochlor-
ide (3.44 g, 11.0 mmol, 0.4 eq) was then added to the solution, and
the mixture was stirred overnight at room temperature. The solution
was then diluted with ethyl acetate (EA) and water, and acidified
with 1 M aqueous hydrochloride acid (HCl). The organic phase was
then separated and collected, while the aqueous phase was extracted
twice with EA. The organic fractions were combined, washed with 1 M
aqueous HCl, dried with calcium chloride CaCl2 and dried in vacuo to
yield a tacky yellow solid. The crude product was then suspended in
chloroform and subsequently, a pale yellow solid could be collected
by vacuum filtration. It was then further suspended in an equivolume
mixture of dichloromethane (DCM, 50 mL)) and 4 M HCl in dioxane
(50 mL) and stirred for 2 h. The resultant suspension was then dried in
vacuo. The solid was finally resuspended in diethylether and stirred un-
til it is well dispersed as a fine powder. The pale yellow/white powder
was then collected by vacuum filtration, washed with diethylether and
dried in a vacuum oven to yield the product, 3,3’-disulfanediylbis(2-(2-
amino-3-phenylpropanamido)propanoic acid) dihydrochloride (FC-CF,
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3.9 g, 6.4 mmol, 23 % yield). The 1H-NMR matches well with that in
the literature. [110]
Peptide functionalised HPC

Two types of peptide functionalised HPC (HPC-CF) were prepared,
each with different degrees of functionalisation. Low functionalised
HPC-CF (L-HPC-CF) were prepared from HPC-MA with an initial
degree of methacrylation of 0.038. To add the peptide onto HPC-MA,
FC-CF (1.20 g) was dissolved into 40 mL of water and triethylamine
(1.87 mL) was added. The mixture was degassed for 15 min before
adding dithiothreitol (DTT, 0.35 g) and was stirring under an N2 envir-
onment for 4 h. In a separate flask, HPC-MA (20 g) was dissolved in
water (360 mL) and degassed for 1 h. The reduced FC-CF solution was
then added to the HPC-MA solution and stirred overnight at room
temperature. The mixture was subsequently dialysed against water for
at least four days before being lyophilised to yield HPC-CF as white
flakes (16.9 g, 85 wt% yield by polymer mass). The degree of peptide
functionalisation was found by 1H-NMR spectroscopy to be 0.017.

High functionalised HPC-CF (H-HPC-CF) was synthesised in an
analogous manner using a different starting HPC-MA. Two batches
of HPC-MA were combined for this synthesis, with an average de-
gree of methacrylation of 0.11. In this case, due the higher degree of
methacrylation, larger amounts of FC-CF (2.22 g), DTT (1.28 g), and
triethylamine (5.05 mL) were used. In order to allow for more facile
sample preparation, after lyophilisation, H-HPC-CF was redissolved in
acetone, and precipitated in diethyl ether. This yielded a glassy solid
after drying, which was then crushed into a powder (14.6 g, 73 wt%
yield by mass). The degree of peptide functionalisation was found by
1H-NMR spectroscopy to be 0.027.

3.3 sample formulation

3.3.1 HPC-glutaraldehyde

Solvated HPC-glutaraldehyde (HPC-GA) mixtures with a starting
concentration of 2.0 wt% GA and 60 wt% (i.e. 3.2 wt% GA relative to
HPC in the final product) were prepared by first diluting glutaral-
dehyde (0.4 g) in aqueous hydrochloric acid (HCl) (0.5 M, 3.6 g). This
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Starting GA concentration / wt% HPC-GA ratio / wt%

0.00 0.00
0.50 0.83
1.00 1.64
1.50 2.44
2.00 3.23
2.50 4.00
3.00 4.76
3.50 5.51
4.00 6.25

Table 3.1: Relationship between the initial GA concentration (relative to the
HPC mesophase) and the final GA concentration (relative to the
mass of the dry film) when the starting concentration of HPC is
60 wt%

acidic glutaraldehyde solution was subsequently added to dry HPC
(6.0 g), and immediately mixed using a planetary centrifuge (Thinky
ARE-250, with THI150ML container & THI250AD-201 adaptor), fol-
lowed by degassing via centrifugation at 5000×g for 30 min (Ther-
mofisher HeraeusTM MultifugeTM X1R centrifuge with a Thermofisher
FiberliteTM F15 rotor).

Samples with differing amounts of GA were prepared following
the same procedure: the mass of HPC and glutaraldehyde used cor-
responded to their respective weight percentage while the remaining
weight percentage equated to the amount of dilute HCl added. Unless
specified otherwise, the concentration of the GA will be expressed
relative to the mass of the dry HPC-GA film and its relationship to
the starting concentration of GA (relative to the HPC mesophase) is
provided in Table 3.1. In addition, it should be noted that the pH was
not standardised to account for the small amount of water included
with the glutaraldehyde.

3.3.2 Methacrylated mesophase

HPC-MA polymer was dried under vacuum overnight prior to sample
preparation. In order to produce 10 g of 66 wt% HPC-MA solution,
3.4 g of water was added to 6.6 g of polymer, and the mixture was
immediately mixed using a planetary mixer (Thinky ARE-250, with
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THI150ML container & THI250AD-201 adaptor). The mesophase was
then cooled to avoid thermal induced crosslinking. Subsequently, 2-
hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (66 mg, 1 wt%
relative to HPC-MA) was added as a photocatalyst and the formulation
was mixed a second time. The formulation was then degassed by
centrifugation at 5000×g (Thermofisher HeraeusTM MultifugeTM X1R
centrifuge with a Thermofisher FiberliteTM F15 rotor). The duration of
the centrifugation step depended on the application of the solution,
from 30 min for optical characterisation to 2 h for rheological and
printing applications. Samples of different starting concentration and
total mass were prepared using an analogous method.

3.3.3 Peptide functionalised mesophase

The general methodology for the preparation of peptide functionalised
mesophase depends on the concentration of polymer added as well
as the degree of functionalisation. In all cases, the amount of cucur-
bituril[8] (CB[8]) needed was weighed, added to water and dispersed
using in a bath sonicator for at least 30 min prior to use.

For low concentration polymer samples (4 wt%), 0.1 g of H-HPC-CF
was added to a cucurbit[8]uril suspension in water (2.4 g), and stirred
overnight at room temperature. For a ratio of peptide : CB[8] = 1:2,
4.8 mg of CB[8] was added to the initial suspension.

High concentration polymer samples (66 wt%) are prepared by mix-
ing HPC-CF (3.3 g) and CB[8] suspension (1.7 g) using a planetary
mixer (Thinky ARE-250, with THI150ML container & THI250AD-201

adaptor). When low functionalised HPC-CF (L-HPC-CF) was used,
the mesophase was then centrifuged at 5000×g for 30 min (Ther-
mofisher HeraeusTM MultifugeTM X1R centrifuge with a Thermofisher
FiberliteTM F15 rotor). For H-HPC-CF, the mesophase was instead
centrifuged at 10 000×g for 10 min, prior to heat-treatment at 40 ◦C.
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3.4 sample preparation

3.4.1 HPC-GA films

HPC-GA films were coated onto a glass slide (approx. 1.1 × 2.6 ×
7.6 mm) via a custom-made blade-coating setup (Figure 3.1), with a
gap of 2.0 mm (i.e. an effective gap of approx. 0.9 mm after accounting
for the thickness of the glass slide) and speed of 0.5 mm s−1. The films
were then transferred into a furnace oven at room temperature and
heated up to 70 ◦C over 5 min. The samples were then held at 70 ◦C
for 2 h at which point the dry films were removed from the oven and
allowed to cool to room temperature (during which no further colour
change was observed).

Figure 3.1: Photographs of the blade-coating setup, exemplifying (a) the auto-
mated translation stage, and (b) adjustable spacing. Reproduced
from Chan et al. [109] under the CC-BY license. Copyright © 2019,
The Authors. Published by WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

3.4.2 HPC-MA plates

In order to prepare HPC-MA plates for optical characterisation, the
HPC-MA solution was encapsulated in between two parallel glass
microscope slides separated by a rubber O-ring with a thickness of
2 mm and an approximate diameter of 2.2 cm. In order to reduce the
effect of sample preparation and self-assembly kinetics on the optical
measurements, each sample was prepared at least 10 min prior to
analysis, to allow for equilibration and relaxation. To measure the
dependence of the reflected colour on the crosslinking temperature,
the sample was additionally heat treated in a container inside an oil
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bath for at least 10 min prior to UV-crosslinking for 10 min (Schematic
drawn in Figure 3.2). The temperature was recorded using a thermo-
couple (Thorlabs TSP01) placed on the top surface of the sample and
averaged over the duration of the crosslinking. The sample temper-
atures of 22, 25, 29 and 33 ◦C, which are the average temperatures
of those measured in Figure 3.3, correspond respectively to oil bath
temperatures of 22 (room temperature), 30, 40 and 50 ◦C.

Figure 3.2: Schematic of a heating setup used to measure the temperature
dependent colour of HPC-MA. The sample is placed in a glass
dish within an oil bath, which was then irradiated with UV light.

Figure 3.3: Temperature measured on the top surface of a sample during
the crosslinking process when placed in oil baths of different
temperatures.
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3.4.3 HPC-CF gels

HPC-CF gels were prepared by sandwiching the gel in between two
parallel glass microscope slides separated by a rubber O-ring with
a thickness of 2 mm and an approximate diameter of 2.2 cm, which
was was then sealed using vacuum grease in order to prevent water
evaporation during the heat treatment process. The gel was then
transferred into a furnace oven, where it was heat-treated at 40 ◦C for
at least one day.

3.4.4 3D printing of HPC-MA

3D printing was performed in collaboration with Dr. Yan Yan Shery
Huang and Iek Man Lei. All 3D printed samples of HPC-MA were
fabricated with a laboratory-built robotic bioprinter, which will be dis-
cussed in more detail in Section 5.3.1. The 3D STL files of the printed
structures were downloaded from Thingiverse (www.thingiverse.com)
(“All Alphabet Letters” by 6brueder; “Gecko” by Jbecerra). Prior to the
printing process, the 3D CAD files of the printed structures were con-
verted to G-code using a slicing software (Slic3r, https://slic3r.org/).
The printing parameters of the samples fabricated in this study can
be found in Table 3.2. HPC-MA solutions (64 wt% or 68 wt% HPC-
MA) were used as the printing ink, which was drawn into a 1 mL
syringe and was loaded into the syringe holder of the printer. The
3D structure was printed on a petri dish by executing the G-code
instructions. The “gecko” and “staircase” samples were crosslinked
in situ during printing with an UV LED placed approximately 11 cm
away from the stage and with an average peak irradiance Emax,av cal-
culated to be 4.6 mW cm−2. They were then further crosslinked using
the same UV light source for 10 min after printing to ensure complete
crosslinking. To maintain a humid environment during heating and
crosslinking of the “letters” samples, the samples were warmed in
an incubator (Thermo Scientific Midi CO2 incubator) for 10 min after
printing, followed by UV crosslinking for 10 min.

The line filaments of HPC-MA were printed onto the surface of a
petri dish using a similar method as above, with a print head speed of
∼1.6 mm s−1 and an extrusion rate of ∼1.2 mm3 s−1. Three different
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Samples Nozzle

gauge

Infill

density / %

Layer

height / mm

Infill

pattern

Extrusion

rate / mm3 s−1

Print head

speed / mm s−1

Gecko 27 G 90 0.4 Rectilinear 1.2 1.6

Staircase 30 G 100 0.3 Rectilinear 1.2 1.6

Letters 27 G 80 0.4 Rectilinear 1.2 1.6

Table 3.2: Table detailing the printing parameters for the 3D printed samples
presented in this thesis.

nozzle sizes were explored here: 25 G (outlet inner diameter (ID)
= 0.25 mm), 27 G (ID = 0.2 mm) and 30 G (ID = 0.15 mm). The line
filaments were crosslinked with a UV light source (LED ENGIN LZ1-
00UV00l; λmax = 365 nm) that was placed next to the stage immediately
after the printing process, such that the beginning of the filament,
which was dispensed first, experienced a longer relaxation time before
crosslinking compared to the end of the filament. All filaments were
irradiated for at least 1 min to ensure complete crosslinking.

3.5 characterisation

3.5.1 Chemical analysis

Fourier-transformed IR spectroscopy (FT-IR) was performed using a
PerkinElmer Spectrum 100 FT-IR spectrometer.

1H NMR spectroscopy was performed with a spectrometer at 500 MHz
(Avance 500) equipped with a Bruker TCI ATM cryoprobe, which has
been optimised for proton NMR. A standard pulse program and D2O
as NMR solvent were employed unless specified otherwise.

NMR titration of FC-CF against CB[8] was first conducted preparing
an aqueous solution of FC-CF in D2O. The concentration of the FC-
CF solution (500 µL) was measured by adding a standard solution
of sodium trimethylsilylpropanesulfonate (DSS, 100 mmol, 5 µL) and
comparing the intensities of the 1H-NMR signal. In a separate NMR
tube, a standard solution of CB[8] in D2O (0.05 mmol) was added in
small aliquots to the FC-CF solution (500 µL). After the addition of
each aliquot, the tube was vigorously shaken and a 1H-NMR spectrum
was recorded. The standard solutions of DSS and CB[8] were provided
courtesy of Dr. Paraskevi M. Kasapidou and Saif Baquain.
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3.5.2 Optical and electron microscopy

Figure 3.4: a) General set-up of the goniometer for the angular-resolved spec-
trometer measurements. In all experiments, the incident angle
θin is set to 0◦. b) Variation of a used to isolate either RCP or
LCP in the scattered signal. c) Variation of a used to measure
optical properties under crossed and parallel polarisers. In b and
c, both the quarter-wave plate and linear polarisers can be tuned
to achieve the desired lighting and measuring conditions. Repro-
duced from Chan et al. [109] under the CC-BY license. Copyright
© 2019, The Authors. Published by WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

Dark-field microscopy was carried out using a Zeiss Scope.A1 micro-
scope at 5× magnification (Zeiss EC Epiplan-NEOFLUAR 5x/0.13

HD DIC objective). To record reflectance spectra, the microscope was
coupled to a spectrometer (Avantes AvaSpec-HS2048), with a 600 µm
core optical fiber (Thorlabs FC-UV600). All spectra were measured
relative to a standard white diffuser (Labsphere SRS-99-010). Circular
polarised optical microscopy was performed using an analyser com-
posed of a linear polariser and a quarter-wave plate with its slow axis
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oriented either at 45◦ or −45◦ relative to the analyser to selectively
probe RCP or LCP. For HPC-GA films, of which three were prepared
per GA concentration, spectra were recorded at ten locations and the
reported λpeak for each is an average of all thirty measurements.

Angular-resolved optical spectroscopy measurements were performed
mainly by Dr. Gianni Iacucci and Mélanie M. Bay using the setup
drawn in Figure 3.4. The sample was illuminated by a collimated light
source (Ocean Optics HPX-2000 xenon lamp) at a normal incidence
(θin = 0◦). The scattered light was collected as a function of angles,
θout, using a moving arm to scan either between −90◦ < θout < 90◦

or 0◦ < θout < 90◦. Unless stated otherwise, spectra were recorded
at 1◦ increments. To examine the polarisation of the scattered light,
a linear polariser and quarter-wave plates were introduced when
required (Figure 3.4b,c). The data obtained were typically fitted using
Fergason’s equation, [21] assuming an average refractive index of 1.49
for all samples. [111] The refractive index describes the average of
the ordinary no and extraordinary ne refractive indices measured at a
volume fraction ΦHPC = 1.

A double-ended probe (Ocean Insight R200-7-SR) was employed to meas-
ure the refection spectra of HPC-MA plates. The probe was posi-
tioned below the sample, using a broadband light source (Thorlabs
SLS201L/M) coupled to a spectrometer (Avantes AvaSpec-HS2048).
The spectra were measured relative to a glass slide placed in front
of a white diffuser (Labsphere SRS-99-010). For samples prior to UV
crosslinking, a longpass filter with a cut-on wavelength of 400 nm
(Thorlabs FELH0400) was additionally placed in the light path. In
order to measure the effect of UV crosslinking, a UV LED (LED EN-
GIN LZ1-00UV00; λmax = 365 nm) was directed from the top of the
sample. A schematic of this setup is depicted in Figure 3.5 and the
time-dependent irradiance of the UV source at difference substrate
distances is represented in Figure 3.6.

Stereomicroscopy was performed using a Zeiss Stemi 305 stereomicro-
scope. The position of the light source is mentioned explicitly in each
case.

Scanning electron microscopy was conducted on a TESCAN MIRA3

FEG-SEM system in collaboration with Gea T. Van de Kerkhof. Cross-
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Figure 3.5: Schematic of a double-ended probe system used to measure the
optical spectra of HPC-MA during and after UV crosslinking.
The spectra were measured from the bottom to allow for the UV
source to irradiate from the top surface.

Figure 3.6: a) Irradiance of UV source measured at various distances as a
function of time. b) Irradiance of UV source at different distances
averaged over the duration the UV source is switched on (blue
crosses) overlaid with a fitted inverse square function (red line).
The relatively good fit of the inverse square law suggests that the
UV source can be broadly approximated as a point source.
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sectional samples were mounted either between two aluminium plates
or onto a vertical stub via carbon tape and sputter coated with Pt
(10 nm) prior to measurements (Quorum Technologies Q150T ES).
Cross-sectional HPC-MA samples were fractured under liquid nitro-
gen.

3.5.3 Other characterisation techniques

Profilometry was conducted in collaboration with Dr. Cyan A. Williams
for HPC-GA films using a Bruker DekTakXT system using a stylus tip
with a radius of 12.5 µm, applying a force of 2 mg. Along the width
of the film, the horizontal resolution of the scan was 0.33 µm and the
baseline was corrected by assuming the two sides of the film were at
the same level. Along the length, the horizontal resolution is 0.66 µm
and in this case, the tilt of the sample was corrected using the gradient
of the exposed glass surface.

Rheometry was performed on a TA Instruments Discovery HR-2 system.
The geometry and program employed depended on the sample being
measured and the measurement type. The viscosity of the HPC-GA
mesophases was measured using flow sweep with varying shear rates
from 10−1–102 s−1. The geometry used was a parallel plate geometry
(20 mm) and the sample was maintained at 20 ◦C via a Peltier plate.

For HPC-MA mesophases, flow sweeps were conducted using a
cone-plane geometry (20 mm, 1.0◦) with a truncation gap of 28 µm.
Prior to each flow sweep, the sample was sheared at a rate of 0.01 s−1

for at least 30 min in order to allow the system to approach equilibrium.
UV-coupled rheometer measurements were conducted using a parallel
plate geometry (20 mm) with a gap of 1000 µm. The UV light source
for rheometry measurements was supplied by a Omnicure S2000 Spot
UV curing system. Any deviations to these parameters would be
described specifically within the associated discussion.

HPC-CF gels/mesophases were characterised using flow, frequency
and amplitude sweeps conducted using a parallel plate geometry
(20 mm). For non-gelated samples, the gap was fixed at 800 µm (low
concentration H-HPC-CF solutions) or 1000 µm (L-HPC-CF cholesteric
mesophases). For the gelated samples (H-HPC-CF), the gap varied de-
pending on the height and stiffness of the samples. The highly stiff gel
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incorporating CB[8] was deposited on the rheometer by freezing the
heat-treated gel sample in liquid nitrogen (N2) and placing the frozen
gel in between the parallel plates. The top plate was then lowered
such that it is in complete contact with the gel without applying signi-
ficant compression. The less stiff control sample (without CB[8]) was
deposited directly onto the rheometer and compressed to achieve a
1000 µm gap.

The irradiance of the UV source was measured using a photodiode
power sensor with an operating range of 200-1100 nm (Thorlabs
S120VC). The distance from the UV power source was measured
using an estimate of the position of the photodiode surface within the
power sensor unit.

3.6 simulation

Prediction of the reflection spectra from a cholesteric domain was
performed by Mélanie M. Bay using using Berreman’s 4×4 transfer
matrix. [112] A freely-available code implementing this method in
Python [69] was used to model the system.

Simulations were performed for domains of 20 helicoids (which
equals to 40 pitches where one pitch is defined specifically in this
case to be a 180◦ rotation) with a pitch of 250 nm. The helical axis is
aligned to the z-axis. One pitch is split into 20 layers of anisotropic
material with ordinary and extraordinary indices no = 1.484 and
ne = 1.493, [111] respectively defined along the x-axis and the y-
axis for the first layer. The refractive indices for the next layers are
obtained by multiplying the permittivity tensor by a rotation matrix.
After 20 layers, the permittivity is again the one of the first layer.
The anisotropic layers are encapsulated between isotropic half-spaces
whose refractive index is the arithmetic average between no and ne. It
should be emphasised that in all other discussions within this thesis,
the pitch is defined as a 360◦ rotation.

The distorted helicoid was modelled according to Frka-Petesic et
al., [113] providing physical distortion profiles: when a helicoid is dis-
torted, the rotation of the permittivity tensor between one layer and
the next one is not evenly spaced over one pitch. The distortion from
the vertical compression described by Godinho et al. was implemen-
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ted: [62] a helicoid of 250 nm pitch was tilted with respect to the z-axis,
compressed vertically with a compression coefficient (described as α

in Godinho et al. [62]) ranging from 0.01 to 1, restored to its original
pitch, and aligned back to the z-axis. Then, the distorted permittivities
for the 20 layers were extracted and used as inputs to compute the
spectra.
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Excerpts and all figures are reproduced or adapted from Chan et al. [109]
under the CC-BY license. Copyright © 2019, The Authors. Published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Collaborator contributions: Mélanie M. Bay performed the goniomet-
ric measurements and simulations with the Berreman model; Dr. Gi-
anni Iacucci performed additional goniometric measurements; Gea
T. van de Kerkhof collected scanning electron microscopy data; Dr.
Bruno Frka-Petesic performed the mathematical analysis of the buck-
ling wavelength; Dr. Cyan A. Williams performed the profilometric
scans.

While HPC is an attractive material for responsive and low cost
photonic materials, the angular and polarisation dependence of its
optical response limits its application as a pigment. Similarly, since
the reflected colour is only in the visible range when solvated with
drying resulting in a blue-shift into a colourless state, this complicates
the material processability into films or coatings. To this end, several
strategies have been developed to retain colour in the solid-state, as
discussed in the introduction. However, further studies are required in
order to simultaneously control the reflected wavelength and optical
appearance in order to maximise HPC’s potential as a biocompatible
pigment.

Here we demonstrate that by exploiting the interplay between ther-
modynamic and kinetic effects during the self-assembly and cross-
linking processes, we can tailor the desired photonic response of
the resultant HPC photonic films. Using glutaraldehyde (GA) as a
model crosslinker, the level of order and disorder in the mesophase
in controlled in terms of both scattering response (from the signal
of individual cholesteric domains convoluted by their orientational
distribution within the mesophase) and polarisation (due to the pitch
deformation in highly tilted domains as well as phase retardation of
the reflected signal by such domains). This combination allows for the
production of macroscopically angular-independent photonic films

61
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that reflect both right-handed and left-handed circularly polarised
light.

4.1 colour control

4.1.1 Effect of glutaraldehyde and heat treatment

As a dialdehyde, glutaraldehyde can form acetal or hemiacetal bonds
with hydroxyl groups and as such, possess the ability to crosslink HPC
chains. A small amount of acid was introduced in order to catalyse
the reaction, which can affect the configuration and conformation
adopted by the glutaraldehyde. [76] The formation of acetal bonds with
hydroxyl groups tends to be reversible and this offers a few advantages
to the system. Firstly, the formation of the cholesteric state would
be less impeded and the ability to successfully self-assemble is not
dependent on the relative kinetics of the crosslinking reaction and the
mesophase formation. This allows the crosslinker to be homogeneously
premixed into the solution. Secondly, the reversible nature of the
reaction means that the system can reequilibrate as the material dries,
allowing for subsequent control of the colour via a heat treatment
process.

Figure 4.1: Photographs of HPC-GA mesophases prior to drying with vary-
ing amounts of glutaraldehyde. A small red-shift can be observed
with higher amounts of GA, but the magnitude of the shift is rel-
atively small. The concentration of GA reported here is measured
relative to the mesophase prior to drying, whereas for the dried
films, the concentration is typically calculated relative to the mass
of the dry film.
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In this study, HPC was dissolved in an acidic solution of glutaral-
dehyde such that the total concentration of HPC remains at 60 wt%.
Since the introduction of these crosslinkers at such concentrations
(0–5.5 wt%) does not significantly impede the self-assembly of HPC,
the HPC mesophase organised into a cholesteric liquid crystal that
reflected at “red” wavelengths and appears to be strongly iridescent.
As shown in Figure 4.1, the peak wavelength only varies slightly with
the proportion of glutaraldehyde crosslinker, with a small red-shift at
higher concentration. This is slightly counter intuitive as the replace-
ment of water with GA by mass should result in an effective increase
in the volume percent of HPC, and therefore lead to a blue-shift. It is
likely that the red-shift arises from the change in interactions between
the solvent and HPC, although the overall effect is insignificant due to
the small amounts of glutaraldehyde involved. By evaporating water,
the reaction between the glutaraldehyde and the hydroxyl groups is
driven to completion. In this process, the evaporation also triggers
a faster drying process. As such, by blade-coating and subsequently
drying films of HPC solutions with differing amounts of GA, dry
films can be produced with structural colour ranging from violet to
infrared (Figure 4.2). This is in accordance to previous studies by Suto
et al., who observed that an increasing amount of GA resulted in a red
shift. [77]

Figure 4.2: Photographs of dried HPC-GA films with varying amounts of
glutaraldehyde. Colour across the entire visible spectrum can be
attained by varying the GA concentration from 0.0–5.5 wt%.

The pitch change during the evaporation process is a complex
process and a few factors need to be evaluated to understand its
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evolution upon drying. To isolate the effect of the crosslinker and heat
treatment, a control study of the HPC mesophase in the absence of
crosslinker (0 wt% GA) was first considered. As discussed previously,
if HPC is allowed to dry at room temperature, the resultant film
will become colourless as the reflected wavelength shifts far into the
UV regime. By comparison, when dried at 70 ◦C for 2 h, the heat-
treated film reflects a weak violet colour, which indicates a reflection
peak that straddles that of the visible and ultraviolet region. The
preservation of colour could be interpreted as an interplay between
the thermodynamic equilibrium state, which depends mainly on the
temperature and the concentration, and the kinetics of the drying
process.

During the drying of the HPC mesophase, the cholesteric pitch
scales with the concentration according to a power law [62] and as
such would decrease rapidly. However, at a certain concentration,
the viscosity is such that the HPC mesophase is no longer able to
rearrange and twist to achieve thermodynamic equilibrium. After this
point, termed kinetic arrest, the decrease of the pitch is limited by
the geometry of the system. [114] In other words, the pitch can only
shrink at the same rate as the overall height of the sample, which
for a film reduces linearly as the concentration increases. While this
process would apply irrespective of temperature, the pitch at the
kinetic arrest would change depending on the temperature. As the
temperature increases, the colour for a given concentration is red-
shifted as the temperature increases. This is partially offset by the
increased mobility provided by the high temperature, which would
likely shift the point of kinetic arrest to higher concentrations. Overall,
drying at higher temperature leads to a net red-shift of the kinetic
arrest position, which then translates to a red-shift in the dried state.
Complicating the situation, it is necessary to consider the impact of
heating an HPC solution above its LCST. At 60 wtpercent, the LCST of
the mesophase is relatively low and heating to 70 ◦C would cause the
“melting” of the water structure around the HPC. [40] Whilst it is yet
unclear the exact effect of this transition with regards to the kinetics
of drying and pitch shrinkage, the lack of sufficient solvation would
likely prevent the cholesteric structure to attain its thermodynamic
pitch. This might lead to an earlier onset of the kinetically arrested
state, further inhibiting the blue-shift of the sample during drying.
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Figure 4.3: FT-IR spectra of dried HPC-GA films with varying amounts of
GA. The spectra are broadly unchanged with the GA content and
therefore the three spectra are overlapped onto each other.

The introduction of a crosslinker, glutaraldehyde, further complic-
ates the situation. In the simplest scenario, glutaraldehyde can be
considered a non-volatile solvent, simply acting as an intercalator to
increase the average intermolecular distance in the mesophase. How-
ever, this is unlikely due to the high reactivity of the aldehyde groups
as well as the relative abundance of hydroxyl groups. When the dried
HPC-GA films were examined by Fourier-transformed infrared spec-
troscopy (FT-IR), no residual carbonyl peak could be observed and the
FT-IR spectra remain largely unchanged with increasing GA content
(Figure 4.3), indicating that glutaraldehyde has fully reacted and that
its effect on the mesophase extends beyond that of a “non-volatile
solvent” spacer. Here, GA crosslinks the cholesteric mesophase by
binding the HPC chains together using flexible, but crucially short
chains. It is proposed that this would impact the drying process and
therefore the colour in two main ways. Firstly, by constraining HPC
molecules, defects to the cholesteric structure are introduced, and as
water evaporates, the ability of HPC molecules to maintain thermody-
namic equilibrium is reduced. Thus, the pitch would therefore “lag”
behind equilibrium, and is accordingly larger. Secondly, as shown in
Figure 4.4, the HPC mesophase becomes more viscous as more GA
is included, which is likely a combined effect of the crosslinking and
the replacement of water molecules with GA. The increased viscosity
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leads to an earlier onset of kinetic arrest, which further contributes to
the overall red-shift of the dried film (compared to one without any
GA). As the water is evaporated, the concurrent loss of water drives
the formation of acetal bonds, further amplifying the crosslinking
effects.

Figure 4.4: a) Dynamic viscosity of HPC-GA mesophases prior to heat treat-
ment measured as a function of the shear rate at varying GA
content. Each viscosity is an average over three separate measure-
ments and the standard deviation at each shear rate is indicated
by the shaded area. The black dashed line marks the position at
which the shear rate is 0.5 s−1, which is comparable to the shear
during the coating process. b) Dynamic viscosity derived from
a, measured at a shear rate of 0.5 s−1 and averaged over three
measurements, as a function of GA concentration.

Regarding the flow sweep of the HPC-GA mesophase, a few ad-
ditional points could be observed. Notably, although there is a large
increase in the dynamic viscosity with increasing GA content, the
form of the flow sweep plot remains unperturbed, broadly reflect-
ing the classic three regime structure discussed previously. [89] This
suggests that at high shear rates, it is still possible to shear align the
HPC-GA mesophase, reflecting the low crosslinking density at this
loading of crosslinker. However, the error bars increase significantly
with increasing GA content, which indicates that GA can introduce
local variations in the intermolecular interactions. Lastly, at the es-
timated shear rate experienced by the mesophase during the blade
coating process (γ̇ ∼ 0.5 s−1), the mesophase always remains in the
tumbling region of the flow sweep and as such, the coating process
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does not significantly disrupt the cholesteric ordering of the system.
The effects of the processing on the cholesteric ordering and visual
appearance will be discussed in more detail in subsequent sections.

4.1.2 Varying colour

Figure 4.5: a) Dark-field reflectance spectra of HPC-GA films, demonstrating
a strong red-shift upon increasing the proportion of GA cross-
linker. b,c) Average position (b) and intensity (c) of the peak
wavelength λpeak plotted as a function of GA concentration in
the dried film. Each point corresponds to the average of the peak
wavelength or intensity of thirty dark-field spectra per composi-
tion.

As observed from Figure 4.2, the colour of the HPC-GA films red-
shifts with increasing GA concentration. However, the effect of cross-
linker appears to be non-linear, with it being more effective at higher
concentrations. A quantitative relationship between the crosslinker
concentration and the resultant colour can be verified via spectroscopy.
By examining the sample under the microscope in dark-field (DF)
geometry, reflection spectra were obtained for each of these films. A
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representative spectrum for each composition is shown in Figure 4.5a.
It should be noted that in the DF geometry, slightly tilted domains
are measured. Due to the angular dependent reflection of cholesteric
liquid crystals, the peak reflected wavelength (λpeak) is slightly more
blue-shifted than that of the colour observed directly. [15] However,
measurements using a bright-field (BF) geometry are not possible as
the flat geometry of the films meant that the broadband reflection from
the air-film interface obscured the selective reflection of the cholesteric
LC. Regardless, the λpeak in the DF geometry still provides a general
description of the visual appearance and a good point of comparison
between samples with different GA content.

When λpeak is plotted against the GA concentration (Figure 4b), it
can be observed that the relationship can be broadly divided into two
regimes: a low-loading phase in which λpeak is relatively constant and
a high-loading phase where λpeak increases approximately linearly
with GA concentration. The presence of these two domains is likely
due to how glutaraldehyde linkers alter the packing efficiency of the
HPC mesophase. At low GA concentrations, glutaraldehyde will only
disrupt the packing of HPC chains locally, but macroscopically, the
overall arrangement efficiently accommodates the defects. As such,
the cholesteric structure can still achieve thermodynamic equilibrium
relatively facilely, and the final colour is therefore mainly determined
by the position of kinetic arrest and the viscosity of the mesophase. In
this regime, the inclusion of GA only results in a small change to the
viscosity, ultimately resulting in a minor variation of λpeak. However,
at higher GA loading, the degree to which the structure can rearrange
is limited, pushing the system further from equilibrium. Combined
with the increasing viscosity with GA concentration, the red-shift of
the reflection peak will be much more significant, leading to a series
of films that span the entire visible regime.

The disruption of the cholesteric structure by the crosslinker is
further reflected in an increase in the number of packing defects
with increasing crosslinking density, and therefore the disorder of
the mesophase. This is evidenced by the larger error bars in λpeak at
high GA content. In other words, the pitch can no longer be defined
by a discrete value, but rather as a distribution that broadens with
crosslinking amount. Not only does that reduce the colour purity, this
would also have further effects on the visual appearance of the film.
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Figure 4.6: a) Average peak width plotted as a function of GA concentration.
Each point corresponds to the average of the estimated FWHM of
thirty dark-field spectra per composition. b) Example of bimodal
dark-field reflectance spectra and the subsequent overprediction
of the peak width. These anomalous estimations of the peak width
contribute to larger error bars in a. The width is represented by
the FWHM, estimated by modelling each spectra with a Gaussian

function of the form he
−(λ−λpeak)

2

2σ2 + b, where h is a function of the
peak intensity and b is the baseline. The FWHM is then taken as
2
√

2 ln 2σ.

The multitude of pitches present can be quantified by the spectral
width of the measured spectra, shown in Figure 4.6 by approximating
the full width at half maximum (FWHM) value of each spectrum.
Interestingly, the broadening of the spectra is not accompanied by a
reduction in the intensity of λpeak, as shown in Figure 4.5c. In some
cases, at high loading of GA, the increased disorder in the system
results in the formation of bimodal peaks and shoulders, which reflect
either two distinct or an uneven distribution of pitch. The appearance
of these anomalous presents a challenge in the analysis of the spectral
results: by fitting a modified Gaussian function to the spectrum, the
precise morphology and nuance of the spectrum is obscured, but this
method allows for a better illustration of the “average” colour and
is therefore retained when comparing the colour of different films. It
is however important to note that, as exemplified in Figure 4.6b, this
type of analysis can result in an overestimation of the peak width,
contributing to larger error bars for the spectral width.
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Figure 4.7: a,d) Photographs of HPC-GA films containing (a) 2.4 wt% and
(d) 3.2 wt% GA. b, c) Profilometric measurements of the blue
HPC-GA films shown in a recorded along (b) the length and (c)
the width. e, f) Profilometric measurements of the green HPC-GA
film shown in d recorded along (e) the length and (f) the width.

Once the kinetic arrest has occurred, the evaporation dynamics
also becomes important. Notably, the drying rate is not homogeneous
through the depth of the film, which becomes more significant as
the thickness of the film increases. The loss of water occurs faster
at the surface, and a “skin” is quickly formed that acts as a water
barrier, slowing down further evaporation. As such, the rate of drying
decreases significantly away from the surface, resulting in potentially
two different kinetic regimes: a rapidly-dried surface layer and a
deeper encapsulated part that dries much slower. Importantly, the
encapsulated region is pinned at both its top (dried HPC “skin”)
and bottom surface (glass substrate), and thus restricts any further
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volume decrease. As a result, once kinetic arrest has been achieved,
this region is unable to blue-shift further and therefore when dry,
become more red-shifted in comparison to the skin. However, this
red-shifted region can only be observed when the film is sufficiently
thick (estimated to be around 500 µm), and therefore, whether this
phenomenon significantly impacts on the visual appearance of the
film depends critically on the local thickness of the films.

Figure 4.8: a,d) Photographs of HPC-GA films containing (a) 2.4 wt% and
(d) 3.2 wt% GA. b,e) Dark-field spectra recorded at different focal
planes inside the coloured spot (white circle) for HPC-GA films in
a and d respectively. c,d) Dark-field spectra recorded at different
focal planes outside the coloured spot for HPC-GA films in a and
d respectively. Note these DF measurements were taken using a
20x Apochromat objective lens.

While the mesophases were coated onto the glass substrate using
the same spacer and at a constant speed, there is a variation in film
thickness along both the length and width of the final film, as shown
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by the profilometric plots in Figure 4.7 (obtained by Dr. Cyan A. Willi-
ams). The increase in film thickness along the length is likely a result
of the direction of coating while the hemispherical topology across
the width is due to the flow of the mesophase prior to drying. The
combined effect is the formation of a thicker spot, in which the height
variation in evaporation kinetics becomes more significant. This res-
ults in a visibly red-shifted region that represents the convolution of
two distribution of pitches, which was verified by both spectral meas-
urements and direct observations with scanning electron microscopy
(SEM) performed in collaboration with Gea T. van de Kerkhof. By
examining this red-shifted spot using a 20x Apochromat objective,
which has a relatively narrow depth of field, and varying the focal
plane, it could be observed that the measured spectra are bimodal with
the more red-shifted peaks increasing in relative prominence when the
focal plane is placed deeper in the sample (Figure 4.8). Furthermore,
the cross-sectional SEM micrographs of the top and bottom regions
of the film indicate that the pitch is much smaller at the top layer (p
= 275 nm) compared to the bottom layer of the sample (p = 340 nm).
The impact of the surface pinning can be reproduced artificially by
drying an HPC mesophase between two glass plates. As the edge dries,
the spacing between the substrates becomes fixed and this pinning
prevents any further reduction of the pitch, and therefore, the final
dried colour resembles that of the initial starting solution. Whilst this
alternative method appears promising as it results in easily predict-
able solid-state colour, the long time frame required for drying, which
spanned weeks even at elevated temperature, limits its application for
large-scale production of photonic materials.

4.2 angular independent optical behaviour of hpc -
ga films

4.2.1 Disorder and visual appearance

Although greater disorder results in a decrease in the colour purity, it
also endows the HPC-GA film with very different optical appearance
to that of conventionally ordered cholesteric phases of solution-state
HPC or HPC-GA. Whereas solution-state HPC-GA appears metallic
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Figure 4.9: Photographs of an HPC-GA film (3.2 wt% GA) taken at different
observation angles under diffuse lighting conditions, demonstrat-
ing a matte and angular independent optical appearance. The
width of the film is 2.6 cm.

Figure 4.10: a,b) Reflected intensity of an HPC-GA film (3.2 wt% GA) at (a) λ
= 534 nm and (b) a series of wavelengths plotted as a function of
observation angle θout and overlaid by a Lambertian distribution.
The lighter dotted regions indicate data points that include the
broadband specular reflection from the film-air interface, and
therefore not included in the modelling. The detector was rotated
around the long axis of the film.

and strongly angular dependent, the HPC-GA films appear matte after
the drying process. This can be observed when an HPC-GA film is
illuminated under diffuse illumination and imaged at different obser-
vation angles, as shown in Figure 4.9. This matte appearance is likely
due to the fact that regardless of the viewing angle, there are always
cholesteric domains aligned favourably to reflect towards the observer.
Importantly, as light is incident at all angles under diffuse illumination,
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these observable domains are not limited to a single tilt, and as such,
the observer would perceive a convolution of multiple colours at the
same time, lending a degree of angular dependence to the structural
colouration. The diffuse character of the film’s scattering response can
be quantitatively described by angular-resolved scattering goniometer
measurements acquired using the laboratory-built goniometer by Dr.
Gianni Iacucci and Mélanie M. Bay. Here, the spectra were collected
from the centre of the film shown in Figure 4.9 and the dectector was
rotated around its length (long axis). Under direct illumination at nor-
mal incidence, the reflected intensity at 534 nm measured at different
observation angles can be fitted remarkably well with a function of
the form cos θout (Figure 4.10a) and this close match extends over a
large wavelength range (Figure 4.10b). This is similar to that of the
Lambertian distribution, which describes the scattering behaviour of a
perfect diffuser, although strictly, the reflected intensity for a Lamber-
tian diffuser is proportional to cos θin rather than cos θout. [115] This
phenomenon is likely due to a combination of a large multiplicity in
both the pitch and the tilt angle, such that within the area of the beam,
there is always a domain that satisfies the Bragg condition for any
given λ and θout. As such, the reflective properties of the solid-state
HPC film are remarkably similar to that of a perfect diffuser, which
further contributes to its angular independent appearance.

Since the introduction of GA can disrupt the cholesteric structure,
films with different GA content would exhibit differences in their an-
gular dependent behaviour, which can again be quantified by angular-
resolved optical spectroscopy. Figure 4.11a-c represents the intensity
of scattered light of three HPC-GA samples at different wavelengths
and observation angles θout. Here, the samples are rotated around the
width (short axis) of the film. At low GA loading, the sharp intensity
plot indicates a uniform pitch across the sample. As the proportion
of GA increases, the intensity plot becomes more diffuse, indicating
a larger variance in the pitch and a concurrent reduction in colour
purity. This is attributed to the growing restriction to rearrangement
with increasing crosslinking density that results in greater local dis-
order. Such an increase in the pitch distribution can be shown by
examining the spectra of individual observation angles θout. For a
given θout (Figure 4.11d-f), the convolution of signals from domains
with a corresponding tilt is collected, and the spectral width increase
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Figure 4.11: a-c) Intensity plots of reflectance spectra recorded as a function of
observation angle for HPC-GA films at three GA concentrations.
The detector was rotated around the short axis of the films. The
peak wavelengths at each angle are modelled via Fergason’s
equation (white dashed line), allowing for the average pitch of
the film to be calculated. d-f) Reflectance spectra recorded at
three observation angles, as extracted respectively from a-c.

with GA concentration is indicative of a larger multiplicity of pitches.
Similar behaviour has been reported in the case of another solid-state
photonic system, in which larger molecular weight block copolymers
self-assemble into red-shifted structures with a concurrent loss of col-
our purity. [116] In that case, the decreased chain mobility is a direct
result of the increasing chain length, while for HPC-GA, the limited
self-assembly efficacy is due to the crosslinker binding several polymer
chains together.
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Figure 4.12: a,b) λpeak at different observation angles θout fitted using Fer-
gason’s law for HPC-GA films at (a) 2.4 wt% and (b) 4.8 wt% GA.
λpeak excluded from the fit at high or low angles are drawn as
red circles. At high angles, the reflected peak is too weak while
at low angles, the signal is convoluted by the specular reflection
off the film surface.

Typically, these goniometer plots can be analysed by Fergason’s
equation (Equation 2.4 in Section 2.1.2), which accounts for the angular
effects of both the Bragg condition and refraction at the interface. [21]
However, the Fergason’s equation can only consider systems in which
the pitch can be defined by a discrete value regardless of the domain
orientation. As demonstrated in Figure 4.12, at low GA concentrations,
the pitch is relatively uniform and therefore λmax as a function of
θout can be comfortably fit using this expression, although λmax for
high and low θout are excluded due to the specular reflection and
low intensity respectively. Conversely, for higher concentrations of
GA, the fit is increasingly poor, and at a GA concentration of 4.8 wt%,
λmax no longer appears to be well described by Fergason’s equation.
This suggests that the distribution of the pitches is broad and changes
slightly depending on the tilt of the domains. The deviation from the
predicted λmax can be observed in another self-assembled cholesteric
system in which the kinetic arrest plays an important role in determ-
ining the final pitch: in dried CNC films, the pitch of each domain
depends critically on the tilt angle, resulting in a larger λmax (red-shift)
at large θout and an apparent contradiction to the prediction from the
Bragg condition. [113] For HPC-GA, the thermodynamic and kinetic
parameters are such that this drastic result is not observed, but at
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high GA content, a deviation for the theoretical prediction can still be
resolved.

4.2.2 Microstructure analysis

For a structurally coloured system, the colour is intrinsically connected
to the internal architecture. The most direct way to access features such
as domain spacing and orientation is via analysis of cross-sectional
SEM micrographs (data collected by Gea T. van de Kerkhof). However,
SEM of HPC-GA, and in fact most HPC systems, is not facile: while
these liquid crystalline film might not be considered “homogeneous”,
it remains that the chemical composition is the same regardless of
the alignment of the polymer. Thus, under electron microscopy, no
contrast is expected. However, as the preferential fracture planes can
be different depending on the alignment of the polymers, the fracture
position would differ along the cholesteric pitch, leading to periodic
changes in the sample height. While this allows the cholesteric domain
to be revealed by the undulations of such fracture planes, the approach
poses a few additional challenges. Most importantly, the quality of the
SEM image is highly dependent on the fracture itself. The presence of
defects, such as bubbles, can dominate over the efficacy of the fracture
within a local area. Moreover, the fracture plane is not necessarily
perpendicular to the sample, which can distort the perceived geometry
of the micrograph obtained and introduce additional artefacts. While
these effects could be alleviated by only considering smaller regions
that are away from defects or anomalous regions, they precluded a
large-scale analysis of the microstructure.

By examining micrographs of local domain orientations where the
contours representing the cholesteric domains are more clearly visible,
it is possible to find the microstructural features that cause the more
angular independent appearance. As shown in Figure 4.13, the domain
orientations of HPC-GA films are disordered and not well-aligned to
the film surface, which is attributed here to a buckling effect. This
buckling appears to be periodic, as indicated by the yellow dashed line.
The presence of periodicity suggests that the tilting of the domains
is not a result of random fluctuations of domain alignment, and the
origin of this effect will be discussed in more detail in the following
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Figure 4.13: Scanning electron micrograph of a cross-sectional area of an
HPC-GA film (2.4 wt% GA) cut perpendicular to the long axis.
The domains are observed to buckle periodically, as indicated
by the dashed lines.

section. It is possible to obtain a more mathematical understanding
of this buckling effect by performing Fourier analysis on the SEM
micrographs. However, as discussed previously, it is difficult to obtain
large-scale SEM micrographs with sufficient contrasts. As such, to
predict the order parameter S2, an indirect method was adapted from
that originally developed by Lemaire et al. for anisotropic small angle
X-ray scattering measurements. [117]

When a fast Fourier transform (FFT) is applied to the SEM micro-
graph shown in Figure 4.13, the transformed image (Figure 4.14b)
appears to be lacking in measurable features. However, information
can be derived about the orientation of the domains, defined by an ori-
entation distribution function (ODF) f (ψ), by performing an azimuthal
scan of the image intensity averaged radially over length scales close
to the cholesteric periodicity. [118, 119] In this case, the radii chosen
are between 180 and 300 nm, as highlighted by the white dotted circles
in Figure 4.14b. The averaged intensity as a function of the azimuthal
angle I(ψ) can then be modelled to derive an orientational parameter
m characterising the ODF, which has been assumed to be of the form
f (ψ) ∼ em cos2 ψ.

I(ψ) = C(q)
i erf(

√
m cos ψ)

4π erf(i
√

m) cos ψ
em cos2 ψ + a (4.1)

C(q) is a function that depends on the form of the layering, which in
this case, is assumed to be a constant while a is a constant introduced
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Figure 4.14: a) Cross-sectional scanning electron micrograph of an HPC-GA
film (2.4 wt% GA) identical to that shown in Figure 4.13. For a
quantitative analysis, an axis system is defined and displayed
on the micrograph. b) Fourier transformed image of a. The
radii and their corresponding length scales between which the
azimuthal average is calculated are represented by the dashed
lines. c) Average intensity of b as a function of the azimuthal
angle ψ overlaid with a modelled intensity.

to offset the background intensity of the SEM micrograph. From
the value of m, the associated quadrupolar order parameter S2 =

⟨ 3 cos2 ψ−1
2 ⟩ can be calculated from Equation 4.2 below:

S2 =
3

4m

(
2i
√

m√
π erf(i

√
m)

em − 1
)
− 1

2
(4.2)

For the case of Figure 4.14c, the orientational parameter m = 1.01
while the order parameter S2 = 0.15. Lemaire et al. also proposed an
alternative approach based on a model developed by Deutsch [120]
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to calculate S2 without assuming that the ODF assumes a particular
form. [117] Following this model, the order parameter can be defined
directly from a background-corrected azimuthal intensity I′(ψ). In
order to account for the background intensity, we define I′(ψ) =

I(ψ)− a, in which a is the background constant derived using Equation
4.1.

S2 = 1 −
3
∫ π/2

0 dψI′(ψ)
[
sin2 ψ + sin ψ cos2 ψ ln

(
1+sin ψ

cos ψ

)]
2
∫ π/2

0 dψI′(ψ)
(4.3)

With this alternative approach, we obtain S2 = 0.15, which is in
good agreement with the previous model. This order parameter can
be understood by comparing it with a perfectly aligned sample and an
isotropic sample. For a perfectly aligned sample, the azimuthal angle
ψ = 0◦. As a result, cos2 ψ = 1, and therefore S2 = 1. Conversely,
for an isotropic sample, ψ is randomly distributed, and therefore,
⟨cos2⟩ = 1

3 (when integrated in three dimensions) and S2 = 0. As such,
given that the order parameter for the HPC-GA film S2 tends towards
the isotropic case, the system possesses very low degree of order,
which reflects the disorder observed visually in the SEM micrographs.

Figure 4.15: Micrograph of the HPC-GA film (2.4 wt% GA) shown in Figure
4.9 taken using a stereomicroscope with oblique lighting from
the left hand side. Instead of a homogeneous colour, a banded
appearance can be observed. The coating direction is highlighted,
demonstrating that these bands are particularly noticeable paral-
lel to the length of the film.

Besides direct observation by SEM, the buckled domains can also be
observed under a stereomicroscope. By examining a green HPC-GA
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film under an oblique incident of light (in a geometry akin to dark-field
microscopy), it was observed that instead of a homogeneous green
colour, stripes of different colours were present (Figure 4.15). Each
colour reflected corresponds to a different domain orientation and
accordingly, a different incident angle. This observation also reinforces
the macroscopic angular independence of the reflected colour. While
microscopically each domain remains angular dependent, an average
of a large number of domains and colours is observed macroscopically.
As such, the observer will perceive a similar colour regardless of
the observation angle. Interestingly, these bands are only noticeable
parallel to the length of the film and bands across the width were
not evident even when the sample was rotated by 90◦ relative to the
illumination source. In order to discuss the apparent bias towards
lengthwise bands, the origins of the buckling should be examined in
more detail.

4.2.3 Drying and domain buckling

While the presence of a crosslinker can increase the disorder in the
HPC-GA film, we propose that the origin of the buckling is a result of
the competition between film compression and cholesteric winding
during the evaporation process. A simple theoretical model, developed
by Dr. Bruno Frka-Petesic, could be used to illustrate this phenomenon.
For simplicity, we assume a starting state in which the HPC-GA
mesophase forms a film that presents no curvature and is pinned by
the glass substrate in the horizontal plane. Here, the starting volume
fraction is defined as ϕ0 with an initial pitch p0, and the starting film
thickness is set at h0.

During the evaporation process, both the volume fraction ϕ and
the film height h would decrease. Since the film is pinned on the
glass substrate, the surface area along the horizontal plane cannot
change, and as such, the decrease in height must vary linearly with
the drop in concentration. Out-of-equilibrium effects that could distort
the morphology of the film, such as the formation of a skin, are not
considered in this case.

h = h0

(
ϕ

ϕ0

)−1

(4.4)
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However, the change in the volume fraction of HPC also results in
the decrease of the pitch p, as dictated by local free energy minimisa-
tion. This follows, empirically, a power law:

p = p0

(
ϕ

ϕ0

)−µ

(4.5)

While the exact exponent µ remains debated in the literature and
likely varies with the source of HPC, µ has generally been reported to
be between 2.4 and 4.0. [62] Regardless of the value, as long as µ > 1,
it can be seen that the pitch p decreases faster than the height h. When
the system is at thermodynamic equilibrium, the cholesteric domain
would twist in order to accommodate the mismatch in h and p. Thus,
the number of full turns N the cholesteric needs to adopt in the new
equilibrium would also be varied:

N =
h
p
=

h0

p0

(
ϕ

ϕ0

)µ−1

(4.6)

While it might be possible for the cholesteric to rearrange and a new N
to be achieved at low concentrations or low crosslinking content, the
introduction of GA and the high viscosity towards the latter portion
of the drying process mean that this rearrangement process would
be hampered. As a result, the required increase in N would become
difficult to achieve. In such conditions, the thickness h would be
larger than the height needed to accommodate the fully equilibrated
cholesteric structure (Np; the thermodynamic pitch multiplied by the
number of full turns). This would result in an effective tensile stress on
the helix along the vertical direction. This strain appears to be counter
intuitive, as one would typically imagine that the cholesteric helix
would experience vertical compression during the solvent evaporation
process.

The imposition of a tensile strain on the cholesteric helix is known
to trigger the strain-induced version of the Helfrich-Hurault instabil-
ity, [121, 122] which results in a buckling of the domains with a
wavelength λHH given by: [123, 124]

λHH =

(
hp

√
3K33

2K22

)1/2

(4.7)



4.2 angular independent optical behaviour of hpc -ga films 83

where K22 and K33 refer respectively to the Frank elastic constants asso-
ciated with the twist and bend deformation of the liquid crystal. [65] A
crude estimate of the buckling periodicity can be obtained from Equa-
tion 4.7 by substituting in sample parameters. For simplicity, while
the twist or the bend parameters for HPC have not been calculated
and likely to vary depending on concentration, it is assumed here
that K22 = K33. Thus, if we take h = 0.9 mm and p = 400 nm nm, a
λHH of 21 µm can be observed. However, a more precise quantification
of the buckling wavelength would be difficult. Over the evaporation
process, both h and p would decrease, resulting in a smaller λHH over
time. This would result in a range of periodicities that lead to a more
irregular instability pattern. However, the estimated λHH matches
approximately with the periodicity directly observed in the SEM mi-
crograph in Figure 4.13, supporting this interpretation of the origin of
buckling.

Figure 4.16: Cross-sectional scanning electron micrograph of an HPC-GA
film (2.4 wt% GA). The sample is cut perpendicular to the short
axis of the sample and the buckled domains observed here
correspond to coloured bands across the width of the film.

The buckling pattern observed in the HPC-GA film however devi-
ates from that expected for a strain-induced Helfrich-Hurault instabil-
ity, in which the buckling effect should be equivalent within the two
axes in the horizontal plane. This typically results in a periodic square
pattern. [123] However, as observed under the stereomicroscope in
Figure 4.15, the coloured bands that are indicative of these buckled
domains, are especially prominent along the length of the films, which
corresponds additionally to the coating direction. Along the width
of the film, a weak banding effect can still be observed with some
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Figure 4.17: a) Photograph of an HPC-GA film (3.2 wt% GA) coated in a
“square” geometry. b-e) Stereomicroscope micrographs repres-
enting the different regions of a: (b) bulk, (c) top and bottom
edges, (d) top corners and (e) bottom corners are recorded with
oblique illumination from the right hand side. In the bulk of the
sample, the colour bands are aligned with the coating direction
while edge effects can be observed near the corners and edges.

buckled domains visualised by SEM (Figure 4.16). The apparent bias
towards bands along the length, and therefore buckling across the
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width of the film is likely to either be a result of shear alignment
during the coating process or the more convex shape of the film across
the shorter axis.

In order to distinguish these two effects, a “square” sample was
constructed (Figure 4.17a). Here the curvature of the sample is equi-
valent along both axes, and as such, the effect of the coating and
geometry should be able to be ascertained independently. As shown
in Figure 4.17b, within the bulk of the film, the banding remain paral-
lel to the coating direction, indicating that the prominence of bands in
this direction is a likely consequence of the shear during the coating.
As discussed previously, the shear rate during the coating process is
insufficient to align the polymer chains completely, but it is likely that
it could impact the domain orientation in such a way that favours
buckling along one axis. However, the exact mechanism is yet to be
investigated. Further complicating the situation, the edges and corners
of the “square” sample reveal bands that follow the contour of the
system, as illustrated in Figure 4.17c-e. This indicates that edge ef-
fects can play a significant role in directing the predominant buckling
direction. It is therefore likely that the banding direction observed is
predominately induced by the coating and is further reinforced by the
film morphology within regions of high curvature.

4.2.4 Sample asymmetry and edge effects

Figure 4.18: Photographs of an HPC-GA film (4.0 wt% GA) taken at different
observation angles under diffuse lighting conditions.
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The edges not only play a role in determining the orientation of
the buckling, but also have an impact upon the overall visual appear-
ance by altering domain orientations and therefore introducing some
angular dependence. Near the edges, the samples appear slightly red-
shifted at higher angles and the intensities of the reflected spectra are
no longer symmetric when the samples are rotated about their long
axis. The asymmetry observed is reversed from one edge to the other,
as shown macroscopically in Figure 4.18: when rotated to the left, the
left of the film appears to be more strongly coloured while the right
side looks more colourful when rotated in the other direction. This
effect could be quantified by measuring the angular dependent spectra
at different positions of the film. Along the centreline, the spectra is
symmetric and in that position, the HPC-GA film behaves akin to a
perfect diffuser. However, away from this centreline, significant asym-
metry can be observed, and as such, the optical behaviour deviates
from that of a diffuser. This deviation towards the edges is likely due
to a greater degree of domain alignment due to the reduced thickness,
leading to more effective anchoring to the substrate, while the convex
shape of the film-air interface can bias the orientation of the domains.

Figure 4.19: a) Photograph of an HPC-GA film (3.2 wt% GA) b) Intensity
plots of reflectance spectra recorded as a function of observation
angle for three different locations on the sample. The approx-
imate locations (marked with white circles) and the detector
geometry of the measurements are shown in a.
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Figure 4.20: a-c) Cross-sectional scanning electron micrographs of the edge
of an HPC-GA film (4.8 wt% GA) at increasing magnification,
demonstrating a well-ordered domain arrangement.

Interestingly, the direction of the asymmetry appears to be counter
intuitive. It might be expected that the domains would be biased
towards the curvature of the film and therefore on the left side of
the sample shown in Figure 4.19a, light should accordingly reflect
more strongly towards the left (defined as increasing θout in this
case). However, the reverse was observed in the goniometric plots,
suggesting that domains that align to the convex surface is disfavoured.
Such observations reflect that the impact of the curvature and edges
is complex and as various effects compete against each other, the
result becomes difficult to predict. Furthermore, the drying kinetics
are different at the edges, which can create stresses in the drying
solution that affect domain buckling and further distort the domain
arrangement. The complexity of these effects is highlighted by the
microstructure at the edge of an HPC-GA film: from the cross-sectional
SEM micrograph in Figure 4.20, the domains can be seen to be well-
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ordered, but the domain alignment does not appear to follow the
contours of the surface and rather diverges from the centre line.

A further contribution to the optical appearance of the HPC-GA
film that should be considered is the effects of the surface. Given that
the top surface (HPC-GA/air interface), discounting the formation of
a “skin”, behaves as a free surface while the bottom surface (HPC-
GA/glass interface) is pinned, it is likely that the surface features
would be different on the two sides. This could present different
optical effects that can affect the visual appearance when imaged from
either side. However, as shown in Figure 4.21, when angular-resolved
spectra were recorded from either the top or the bottom surface, it can
be observed that the forms of the intensity maps are similar and the
asymmetry present from one side appears mirrored from the other.
This indicates that the optical response of the HPC-GA films is not
dominated by surface features and is instead, mainly a function of the
bulk system.

Figure 4.21: a) Intensity plots of spectra recorded as a function of observation
angle for the top and bottom surface of an HPC GA film (3.2 wt%
GA). The glass substrate of the film was removed for this meas-
urement. The detector was rotated around the long axis of the
sample. In contrast to other angular-resolved measurements,
spectra are recorded at 2◦ increments. b) Reflected intensity of
the same sample represented in a with light at 583 nm when
illuminated from the top and bottom surface.
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4.3 polarisation effects

4.3.1 Reflection of LCP

For aqueous HPC, the helicoidal twist of the cholesteric phase is
right-handed and in normal incidence, only right-handed circular
polarised light is reflected. [24, 50] In contrast, HPC-GA films reflect a
large amount of LCP light over all observation angles. This could be
observed when viewing the film under circular polarisers: in Figure
4.22, colour could be observed in both lens of a circular polarised 3D
cinema glasses, albeit the colour reflected in the LCP channel appears
to be weaker. As such, instead of behaving as a perfect cholesteric,
HPC-GA can interact with both RCP and LCP light.

Figure 4.22: Photographs of an HPC-GA film (3.2 wt% GA) viewed with 3D
cinema glasses, which consists of left and right circular polarised
filters.

In order to quantify the relative intensity of RCP and LCP reflections,
a degree of circular polarisation (DCP) can be defined, which reflects
the difference between the intensities at the peak wavelength (IRCP

and ILCP) normalised by the total intensity.

DCP =
(IRCP − ILCP)

(IRCP + ILCP)
(4.8)

As shown, Equation 4.8 would reflect the bias towards one polar-
isation in the reflected light. Here, a DCP of 1 would correspond to
a purely RCP reflection whereas an equal reflection of RCP and LCP
would result in a DCP of 0. An ideal right-handed helicoid will there-
fore exhibit a DCP of 1 at normal incidence, which would gradually
reduce for higher angles of incidence at which a small amount of
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LCP light would be reflected. [23] The angular behaviour could be
verified by simulating the spectra via the Berreman model [112]. This
simulation was performed by Mélanie M. Bay and the methodology is
described in Section 3.6. The simulated spectra for a perfectly right-
handed helicoid given different incident angles θin in air is shown
in Figure 4.23. In this case, these spectra are referenced relative to a
mirror with incident light of a given polarisation (a relative intensity
of 1 represents a perfect reflection of light of that polarisation). In
addition, it should noted that these simulations were performed on a
single domain and does not take into account multiple scattering or
linear polarising effects, which will be discussed in more details in
subsequent sections.

Figure 4.23: Simulated RCP and LCP spectra using the Berreman model
for a perfect helicoid when viewed at different angles from air.
The spectra are referenced with respect to a mirror (a relative
intensity of 1 represents a perfect reflection of light of that
polarisation) and only spectra with peaks within the visible
spectrum (400–800 nm) are shown.

The simulated spectra demonstrates that even at high incident
angles, the reflection of LCP light is weak and a DCP > 0.5 is pre-
dicted across all incident angles. Furthermore, considering that even
at high sample observation angles, only reflections corresponding to
relatively small incident angles can be accessed within the sample
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Figure 4.24: a) Intensity plot of RCP and LCP spectra of a green HPC-GA film
(3.2 wt% GA) recorded as a function of observation angle and
with the peak wavelength at each angle modelled via Fergason’s
equation (white dashed line). The average pitch is calculated
using the fitted equation from the Fergason model. The detector
was rotated around the long axis of the sample. b) Plot of the
measured DCP as a function of observation angle, calculated
from the spectra in a.

(due to refraction), it is expected that the relative intensity of the LCP
reflection should always be negligible. However, when angular and
polarisation-resolved spectroscopy was performed for HPC-GA films,
strong reflection was observed in both polarisation channels (Figure
4.8). At small θout, DCP is < 0.4 and trends towards 0 as θout increases.
Intriguingly, there is a small shift between the peak positions of the
left- and right-handed signal, especially at small incident angles. While
such a gap has not been explicitly described in the literature, it can be
inferred from previous studies of cholesteric systems illuminated with
linear polarised light at oblique angles. When the polariser-analyser
geometry is shifted from σ-σ to π-π, the peak position was reported
to shift and the difference can be shown to be dependent on the angle
of the incident wave vector. [24, 25]

The angular dependence of the DCP further suggests an interesting
spatial distribution of the polarisation effects. At low θout, the reflected
signal originates from domains more aligned to the surface while
more tilted domains are responsible for signal at higher θout. Given
the large decrease in DCP at high θout, this suggests that more tilted
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Figure 4.25: Dark-field micrographs of a green HPC-GA film (3.2 wt% GA)
collected in both RCP and LCP.

domains contribute disproportionately to the LCP signal while the
RCP signal is predominately from aligned domains. The spatial distri-
bution of the tilted domains, which contribute to the aforementioned
banded colouration, can be visualised via circular-polarised dark-field
microscopy. Here, these tilted domains appear as bright bands within
the LCP micrograph.

4.3.2 Distorted helix

The origin of the LCP signal can be predominately attributed to a
distortion of the cholesteric helix. The possibility to “engineer” the
polarisation response by deforming the helix from its ideal sinusoidal
depiction has been previously reported in other cholesteric system,
by either mechanical deformation or inducing local stratification. [27,
28] In the case of HPC-GA, the distortion of the cholesteric helix can
be explained as a result of the kinetic trapping of the stresses on the
film during the crosslinking and drying processes. While the exact
effects of the Helfrich-Hurault instability and subsequent buckling
to the form of the helix are difficult to discern, we adopt a simple
deformation model, adapted from Frka-Petesic et al., [113] in order to
predict the optical effects of a helical distortion. Physically, this model
considers only the vertical compression of a tilted domain along the
thickness of the film, being initially developed to describe misaligned
domains during drying of CNC films. The profile of the helix, shown
schematically in Figure 4.26, is constructed by simply tilting the helix
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Figure 4.26: Schematic of a perfect and a distorted helicoid, indicating the
polarisation dependent reflection when unpolarised light is in-
cident on each cholesteric.

with respect to the z-axis, and then applying a vertical compression
in the z-axis. The helix is subsequently restored to its original pitch
(prior to compression) and aligned back to the z-axis to allow for easy
comparison with an undistorted helix.

With a distortion profile, it is then possible to simulate angular-
dependent spectra using the Berreman model, as performed for the
perfect helicoid previously. A series of spectra is shown in Figure 4.27,
corresponding to the spectral response at different incident angles.
Compared to the simulation of the perfect helicoid in Figure 4.23, the
incident angle is measured within the sample as opposed to that in
air and as such, this simulation more closely represents one distorted
domain within a polydomain film. From the simulated spectra, it can
be observed that although the amount of LCP light reflected remains
low at normal incidence, the relative proportion of LCP reflection
rapidly increases at larger angles of incidence. The angular dependent
polarisation behaviour of such a distorted domain can be compared to
that of a perfect helicoid by examining the DCP. As shown in Figure
4.28, the DCP is much closer to 0 at large θin for a distorted helix,
indicating a larger contribution of the LCP signal. Coupled to that,
within an HPC-GA film, it is likely that these highly tilted domains
would experience a higher shear force, resulting in a larger distortion.
As such, these domains tend to exhibit lower DCP not only due to the
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Figure 4.27: Simulated RCP and LCP spectra using the Berreman model for
a distorted helicoid when viewed at different angles from within
the cholesteric sample. The spectra are referenced with respect
to a mirror (an intensity of 1 represents a perfect reflection of
light of that polarisation) and only spectra with peaks within
the visible spectrum (400–800 nm) are shown.

Figure 4.28: Predicted degree of circular polarisation as a function of incident
angle upon reflecting light from a perfect (red line) or distorted
(blue line) cholesteric domain, as derived using the Berreman
model. Simulated RCP and LCP reflection spectra at an incident
angle of 50◦ are shown in the inset.
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geometry of the illumination, but also due to the amount of induced
distortion.

Figure 4.29: a-b) Schematic of two reflection geometries of cholesteric do-
mains: (a) Direct reflection from a domain, (b) Multiple scat-
tering of incident light. It should be noted that although the
observation angle θout is the same, the incident angle θI differs
between a and b, and that in the case of b, reflections with a
much higher incident angle can be observed. In this case, ad-
ditional reflections originate from another cholesteric domain,
but such scattering events can also occur at defects and domain
boundaries.

For a polydomain system, the effects of multiple scattering can
introduce further complexities into the polarisation behaviour of the
HPC-GA film. In a perfectly ordered (monodomain) sample, very
high incident angles, which contributes to the majority of the LCP
reflection, corresponds directly to larger output angles. Thus, these
tilted domains cannot easily be recorded experimentally, especially
when θout exceeds 90◦ and therefore becomes convoluted with the
transmission signal. However, in the case of the multi-domain HPC-
GA film, these higher angles of incidence can be easily accessed due
to multiple scattering within the mesophase, shown schematically in
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Figure 4.29b. Since a multitude of pitches are present, the incident
angle θI would no longer have to be the same for each scattering
event, effectively resulting in a relaxation of the Bragg condition and
allowing for a higher incidence of scattering effects. Furthermore, the
effect of multiple scattering on the polarisation state within these
complex polydomain system is as yet unstudied.

4.3.3 Linear birefringence

Figure 4.30: a-b) Dark-field micrographs and spectra of an HPC-GA film
(3.2 wt% GA) imaged between a polariser and an analyser (a) in
crossed or (b) in parallel configuration, with different sample
rotations. The initial angle (0◦) is chosen at random and does
not necessarily align with any structural features.
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The presence of distorted helicoids not only affects the circular
polarisation state, but also results in linear birefringence in the final
film. This was observed when the HPC-GA film was rotated between
two linear polarisers. As shown in Figure 4.30, when the sample is
rotated between two cross polarisers, the intensity of the observed
colour changes depending on the relative orientation of the sample and
the polarisers. The reverse effect can be observed when the polariser
and analyser are placed parallel to each other rather than crossed.
The presence of linearly birefringent domains can then result in phase
retardation effects. [125] On transmission through such a domain,
the reflected RCP signal can be partially converted to LCP, therefore
amplifying the amount of LCP observed.

Figure 4.31: Intensity of the reflected peaks upon rotating an HPC-GA film
(3.2 wt% GA), under four dark-field imaging conditions: RCP;
LCP; crossed polariser/analyser (Cross); aligned polariser/ana-
lyser (Par).

The presence of linear birefringence suggests that the distortion
of the helicoid causes the chain orientation to no longer be evenly
distributed, introducing an alignment in a preferential direction. As
such, the strength of the reflection at a given position would depend
on the relative orientation between the locally preferred alignment
direction and the polarisers. When the intensities of the reflected peak
are plotted relative to the rotation angle (Figure 4.31), it can be seen
that there is a periodic change in the reflection intensity for linear
polarisation states (crossed or parallel) while the impact of rotation for
circular polarisation is much smaller. Importantly, this effect differs
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according to local distortions and from the micrographs, the intensity
does not change homogeneously throughout the imaged area. As
such, it is unlikely that the shear alignment from the coating process is
the main cause of the observed birefringence as we would otherwise
expect that the entire imaged area would alternate between bright and
dark.

4.4 conclusion

In this chapter, the interplay between order and disorder within the
optical behaviour of solid-state cholesteric liquid crystalline films was
disentangled. We show that through small variations in the amount
of crosslinker added, solid HPC-GA films with specific colours across
the entire visible spectrum can easily be produced. In addition, we
demonstrate that the produced films possess drastically different
optical behaviour compared to that of solution-state HPC, showing a
buckled domain structure that results in a matte and non-iridescent
appearance. Furthermore, due to distortions of the helicoidal domains,
significant intensity is reflected in both LCP and RCP, even at low
angles of incidence. The achievement of angular independent colour
with a low polarisation dependence constitutes an important step
towards further development of HPC as a versatile photonic material
with potential applications as a colourant and for sensing.



5
P H O T O N I C 3 D P R I N T I N G

Collaborator contributions: Gea T. van de Kerkhof collected scanning
electron microscopy data; Iek Man Lei performed the 3D printing of
the HPC-MA mesophase under the supervision of Dr. Yan Yan Shery
Huang from the Department of Engineering, University of Cambridge.

While many methods have been developed to preserve the colour
of the HPC mesophase in the solid-state, the resultant materials have
been limited to simple geometries, such as slabs, [86] cylinders [85] or
thin film. [77] Furthermore, the colour and visual appearance are often
intrinsically connected to the geometry of the sample. For example,
the angular independent colouration of an dried HPC film crosslinked
with glutaraldehyde (as dicussed in Chapter 4) is a direct result of
the film geometry and drying kinetics. As such, the colour is likely to
deviate if the sample is prepared in a different shape or even with a
different thickness. Consequently, to develop photonic HPC systems
with complex shapes, it is necessary to adopt an approach that could
decouple the visual appearance from the processing conditions.

One method to do so is to introduce photo-crosslinkable moieties
either by functionalising HPC directly [82–84] or by blending photo-
polymerisable monomers into the formulation. [126] This approach is
a promising method to preserve the HPC mesophase for a number of
reasons. Firstly, if the background rate of crosslinking is sufficiently
low, the cholesteric phase can form prior to any crosslinking, poten-
tially resulting in very well-ordered systems. Secondly, the “trigger-
able” nature of photo-crosslinking leads to a strong temporal control
over the process. As such, the structure can be trapped in any desired
state, which may entail a specific shape or a particular stage of self-
assembly. This would lend a great deal of flexibility to the structures
available for solid-state HPC systems. Such photo-crosslinkable HPC
systems was first demonstrated by Bhadani and Gray, who functional-
ised HPC with acrylate groups, [82] and subsequently expanded upon
by Müller and Zentel, who showed that by crosslinking functionalised
HPC mesophases at different concentrations and temperatures the
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lyotropic and thermochromic properties of HPC can be exploited to
create films with different colours. [83, 84]

In this chapter, methacrylate-functionalised hydroxypropyl cellulose
(HPC-MA) was combined with in situ UV crosslinking to produce
filaments with an internal helicoidal nanoarchitecture. This enabled
the 3D printing of solid, volumetric objects with specific structural
colours. In addition, by investigating the shear-induced processes that
determine the microstructure of the extruded material, it is shown that
the cholesteric mesophase is first distorted and then aligned during
extrusion. This understanding allows for a greater degree of control
over the final structure both at the microscopic and macroscopic
levels, while also unlocking the development of sustainable photonic
filaments for 3D printing.

5.1 synthesis of methacrylated hpc and character -
i sation

Scheme 5.1: One-step synthesis of methacrylated hydroxypropyl cellulose
(HPC-MA) from HPC. This is adapted from a similar reaction
for hyaluronic acid reported by Rowland et al. [110]

To combine the lyotropic liquid crystalline behaviour of a cellulosic
polymer with a photo-crosslinkable system, hydroxypropyl cellulose
(HPC) was functionalised with methacrylic anhydride (MAA) to yield
“HPC-MA” in a single step, as described in Scheme 5.1. This reaction,
adapted from a similar reaction to functionalise hyaluronic acid, [110]
is catalysed by the addition of base, in this case concentrated sodium
hydroxide (NaOH). However, the mixture of methacrylic anhydride
and base in an aqueous reaction could pose an additional issue as
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base can also catalyse the hydrolysis of the anhydride into methacrylic
acid. [127] Since the acid moiety is much less prone to nucleophilic
attack, especially in acidic conditions, hydrolysed MAA is no longer
able to attach on the HPC. As such, the methacrylation of HPC is
unlikely to be stoichiometric in nature, and the conversion would be
affected by the relative kinetics of the methacrylation and hydrolysis
reactions, which is likely to be pH dependent. Although the kinetics
of this reaction were not examined further, the addition of base was
controlled in order to ensure the repeatability of the reaction. By
adding the sodium hydroxide solution dropwise, the rate of the pH
change becomes more gradual and controlled. In addition, relatively
high stirring speeds were employed such that MAA and the HPC
solution, which are immiscible and typically phase-separated, were
well-mixed.

After the reaction mixture was stirred overnight, a white milky
solution was yielded. When allowed to rest, the mixture would separ-
ate into two distinct phases, consisting of a viscous white sediment
and a clear liquid, which could be redispersed and combined with
vigorous shaking. When the transparent liquid was collected sep-
arately, dialysed and lyophilised, it was found that the amount of
polymer extracted was very low and thus, most of the HPC-MA was
contained within the sedimented phase. That an HPC-MA rich phase
has separated from the bulk solution is likely due to the change in
solubility of the HPC through the reaction process; the introduction
of methacrylate groups, while concurrently capping hydroxyl groups,
would result in an increase in the hydrophobicity and reduce HPC’s
solubility in aqueous solution. In fact, Marsano et al. has previously
reported that above a certain degree of methacrylation (approxim-
ately 20 mol% of glucopyranose repeating unit), HPC-MA becomes no
longer soluble in water. [128] In the study reported here, the HPC-MA
synthesised (after purification) retains aqueous solubility and during
dialysis, the milky phase-separated solution gradually becomes clear.
One explanation for the phase separation observed is that as HPC-MA
becomes more hydrophobic, it is preferentially soluble in methacrylic
anhydride compared to water and therefore, the white sediment con-
sists of a mixture of HPC-MA and unreacted MAA. These issues were
not observed when lower degrees of methacrylation were targeted as
the solution remains clear throughout the reaction process. In those
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cases, HPC-MA is less hydrophobic and more soluble in water, while
the smaller amounts of MAA added are more easily consumed, either
by methacrylation or hydrolysis. This phase separation phenomenon
is likely to have an effect on the efficacy of the reaction as the kinetics
of methacrylation would be altered when HPC is no longer fully solu-
bilised, potentially capping the degree of methacrylation achievable
in aqueous media.

Figure 5.1: a,b) 1H-NMR spectra of (a) HPC and (b) HPC-MA. The water
peak at 4.79 ppm has been truncated. c) Enhancement of the
1H-NMR spectrum of HPC-MA, highlighting the characteristic
methacrylate peaks. At this scale, both the water and the HPC
methyl peaks have been truncated.
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In order to characterise the degree of methacrylation (DMA) of the
HPC-MA synthesised, the polymers were analysed via 1H-NMR spec-
tra, as shown in Figure 5.1. Here, the DMA is defined by the ratio of
methacrylate groups to glucopyranose units. In some polysaccharide
systems, this can be performed by comparing the distinct protons on
the methacrylate double bonds with the protons of the sugar unit. [129]
However, in this case, while the peaks of the methacrylate protons
remain well-resolved and separated from the HPC protons, calculating
an accurate DMA is complicated by the presence of the hydroxypropyl
sidechains and the solvent peak. The number of sidechains, repres-
ented by the molar substitution (MS), is not well-defined, and as
such, it is preferable to use peaks corresponding to the ring protons
as a reference. However, the secondary and tertiary protons on the
hydroxypropyl sidechains are incorporated within the sugar peaks
and as such the ring protons could not be independently measured.
Compounding this issue, the presence of the water peak, which is
prominent given that deuterated water is chosen as the NMR solvent,
can affect the peak intensity of the neighbouring peaks, notably the
methacrylate double bond protons and sugar ring protons. As a result,
the DMA of HPC-MA samples with varying water content would
become incomparable. A number of ways were attempted to optimise
the spectra and alleviate the issues caused by the water peak, but
they resulted in other complications that have limited their efficacy.
For example, using d6-dimethylsulfoxide (d6-DMSO) instead of D2O
could in theory eliminate the water peak altogether, but given the
hygroscopic nature of HPC (and DMSO), a certain amount of water
was unavoidable. The water peak could also be shifted by changing
the pH and temperature. However, analysing HPC-MA in an acidic en-
vironment resulted in large changes to the peak shape and ultimately
polymer degradation, while high temperature NMR techniques were
limited by the LCST of HPC. Lastly, the water peak could be directly
removed by implementing a water suppression pulse program. In this
case, the peak position and form are unaffected, but even at low pulse
powers, the intensities of the peaks neighbouring the water peak are
adversely affected, which would subsequently distort the calculation
of DMA. The forms of the 1H-NMR spectra using water suppression
pulses with a series of different powers are compared in Figure 5.2.
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Figure 5.2: a, b) 1H-NMR spectra of HPC-MA at two different scales with
water suppression pulses applied at different powers. The intens-
ities of the spectra are normalised to the methyl peak at 1.17 ppm.
In a, the water peak is truncated while both the methyl and water
peaks are truncated in b.

In order to avoid introducing additional artefacts, the method ad-
opted here employs standard 1H-NMR spectra, and instead mitigates
some of the issues by comparing peaks further away from the water
peak. Thus, instead of the methacrylate double bond protons and
sugar protons typically used, the methyl peak (0.88–1.47 ppm) and the
methacrylate alkyl peak (1.91–2.04 ppm) were chosen as references.
If the effect of end groups is assumed to be negligible, the methyl
groups on the hydroxypropyl sidechains could be used to calculate
the amount of anhydroglucose units, and therefore, by comparing
this to the methacrlyate alkyl peak, the DMA can be calculated. Here,
the MS, or the number of hydroxypropyl sidechains for each anhyd-
roglucose unit, which is estimated from the 1H-NMR spectrum of
non-functionalised HPC by comparing the methyl peak with the sugar
protons, is assumed to be 3.39. It should be noted the methyl peak at
2.12–2.23 ppm is attributed to nucleophilic attack on the more substi-
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tuted side of propylene oxide during HPC production and is omitted
from the spectral analysis due to its low intensity. Using this method,
the average DMA of HPC-MA used in this study is estimated to be
0.110 ± 0.003, as averaged over 16 batches. The low error in the DMA
indicates that the methacrylation reaction is relatively reproducible
and suitable for synthesising HPC-MA with a controlled DMA. Fur-
thermore, this DMA is equivalent to approximately 3–5 % of hydroxyl
groups being functionalised along the HPC chain. This relatively high
degree of substitution allows for a high crosslinking density as well as
fast crosslinking kinetics, which should help prevent distortion of the
photonic nanoarchitecture upon subsequent loss of solvent.

Figure 5.3: a, b) 1H-NMR spectra of HPC-MA samples with five different
degrees of methacrylation (DMA), focusing on the methacrylate
peaks (double bond and methyl group in b and c respectively).
The spectra are all normalised based on the height of the methyl
peak at 1.17 ppm. The DMA is calculated from either the double
bond intensity or the methyl peak intensity are shown for com-
parison.

By comparison, when the methacrylate double bond peak is used as
a marker for the amount of methacrylate, a higher DMA of 0.13 ± 0.01
can be obtained (if the double bond peak between 6.11–6.42 ppm is
used). However, as mentioned previously, this peak remains close to
the solvent peak, and combined with a relatively small peak area, small
errors in peak shape, slight deviations in phasing or the local baseline
would result in deviations to the DMA calculated. Figure 5.3 compares
the methacrylate double bond peaks of HPC-MA with different DMA
when the 1H-NMR spectra are all normalised to the methyl peak. As
shown, although the intensity of the green line appears to be higher
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than that of the purple line, the different peak shape and the slightly
elevated baseline around that peak means that the calculated DMA
is smaller for the green than the purple. A similar situation occurs
between the yellow and red line. Conversely, if the methacrylate alkyl
peak is used as the reference, the magnitude of the calculated DMA
would appear in the same order as that predicted by visual inspection
of the NMR spectra.

5.2 colour and crosslinking effects

5.2.1 Effects of methacrylation and crosslinking

Since the liquid crystalline behaviour of cellulosic polymers critically
depends on the side chain chemistry, the effect of methacrylation upon
the photonic architecture prior to printing was first verified. When
dissolved in aqueous solution, HPC-MA was found to form a choles-
teric phase, but with an increased pitch relative to an equivalent HPC
solution of the same concentration (Figure 5.4a,b). Upon increasing
the DMA, a red-shift in the reflected colour was also observed for
HPC-MA. This pitch increase is likely an effect of introducing hydro-
phobic moieties, which could increase the volume of the side groups
and therefore alter the interchain interactions within the mesophase.
Interestingly, when HPC is functionalised by acrylic and propionic
groups, which results in a thermotropic liquid crystal (i.e. without
solvent), a blue-shift could be observed with higher degree of substitu-
tion. [83] This indicates that the interaction of the methacrylate moiety
with water is key to the red-shift observed here.

In addition, the hydrophobicity of the methacrylate groups can amp-
lify the effect of water structuring on the lyotropic behaviour, which
was reported previously by Marsano et al. [128] They observed that
with increasing DMA, the critical concentration above which HPC-MA
forms the cholesteric phase in water decreases, but when an equival-
ent experiment was performed for HPC-MA in dimethylacrylamide
(DMAc), an increase could be observed. The authors account for this
discrepancy by suggesting that the water structuring caused by the
methacrylate groups increases the hydrophobic interactions between
chains, thus promoting the formation of the cholesteric phase at lower
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Figure 5.4: a,b) Photographs respectively of a 64 wt% HPC mesophase and
an equivalent mesophase of HPC-MA with a DMA of 0.11. c)
Peak reflected wavelength of 64 wt% HPC-MA with different
DMA (relative to HPC without any methacrylation). Two samples
are shown for each DMA and the peak wavelength shown for
each sample is an average over approximately 600 spectra taken
over a period of 10 min in order to represent the equilibrium
reflection. The standard deviation of each data point is small
(< 3 nm) and is therefore not shown for clarity. The differences in
the peak reflected wavelength for samples with the same DMA
are attributed to concentration increase due to water evaporation
between sample preparations.

concentrations. While it is difficult to ascertain the exact changes to the
intermolecular interaction, they are likely to further affect the twisting
power of the cholesteric phase and ultimately the pitch. However, it
should be noted that the effect of changing DMA remains relatively
small and is likely to be dominated by other effects. For example,
as shown in Figure 5.4b, there are fluctuations in the peak reflected
wavelength λpeak for samples with the same DMA, although they
were drawn from the same mixture. These differences are attributed
to concentration increase due to water evaporation between sample
preparations, which induces a small blue-shift.

After the self-assembly of the cholesteric structure is complete, the
mesophase was then crosslinked using UV irradiation. The pitch and
colour change during the UV crosslinking and the subsequent loss of
water is a relatively complex process, ultimately leading to a red-shift
after crosslinking. This red-shift can be attributed to small increases
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Figure 5.5: a,b) Peak reflection wavelength λpeak prior to, during and after
UV irradiation at two different irradiances of a 64 wt% HPC
and b 64 wt% HPC-MA solutions. c,d) Change in λpeak relative
to the starting λpeak for (c) 64 wt% HPC and (d) 64 wt% HPC-
MA respectively prior to, during and after UV irradiation at
two different irradiances. The time at which UV is turned on
and off is marked respectively by a green and purple cross. The
difference in λpeak between HPC or HPC-MA samples prior to
UV irradiation is a result of concentration fluctuations caused by
water evaporation in between sample preparations.

in temperature as the cholesteric HPC-MA solution is thermochromic
and red-shifts with increasing temperature. [40] The origin of the
heating effect was confirmed by irradiating unfunctionalised HPC
(DMA = 0) with UV irradiation. As shown in Figure 5.5a,c, depending
on the power of the UV irradiation, a small red-shift can be observed,
which is attributed to the heating arising from the UV lamp itself or
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from UV absorption by the glass substrate or the HPC mesophase.
Given the mesophase is not crosslinked, the thermochromic effect is
reversible and the colour then blue-shifts. Interestingly, in some cases,
the final wavelength appears to plateau at a different value to that of
the starting mesophase, suggesting either that the heat dissipation is
slow or that there is some hysteresis in the thermochromic behaviour.

Figure 5.6: Change in peak reflected wavelength ∆λpeak of 64 wt% HPC-MA
with different DMA (compared to HPC without any methacryla-
tion) before and after photo-crosslinking at different UV irradi-
ances. The peak reflected wavelengths for both before and after
UV crosslinking are averages over approximately 600 spectra
taken over a period of 10 min in order to represent the equi-
librium reflection. The error bars shown represent the standard
deviations of the peak reflected wavelength before and after photo-
crosslinking summed in quadrature.

Compared to unfunctionalised HPC, HPC-MA exhibits a larger red-
shift (Figure 5.5b,d). The additional increase in temperature is likely
due to the enthalpy of reaction as the polymerisation of methacrylate
groups is typically exothermic. [130] Furthermore, given that after
crosslinking the pitch is unable to reequilibrate, the thermochromic
effect is no longer reversible and the crosslinked HPC-MA retains its
red-shifted state. The enthalpic origins of the temperature increase
was confirmed by the fact that the shift in colour is dependent on
the reaction rate. Increasing the reaction rate would result in a larger
amount of heat generated, which could not be dissipated as quickly.
The reaction rate could be controlled by changing either the initiation
rate through altering the intensity of the UV irradiation or the effective
reagent concentration from different degrees of methacrylation. As
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shown in Figure 5.6, when the change in reflected wavelength ∆λpeak

is plotted for HPC-MA of various DMA at two different irradiation
powers, a larger red-shift is observed for higher DMA and stronger
UV irradiation, reflecting the larger amounts of heat generated. It
should however be noted that Maxein and Zentel reported that no
colour change could be observed when thermotropic acrylated HPC
was crosslinked. [83] This discrepancy could be a result of a lower
enthalpy of reaction or a different sample geometry, which will affect
the relative rates of heat generation and dissipation.

5.2.2 Varying concentration and colour

Given that the photo-crosslinking process very quickly freezes the mi-
crostructure of the HPC-MA film, this technique opens up a pathway
towards a solid state system whose colour does not depend critically
on the drying kinetics. Instead, the colour of the crosslinked system
is predominately determined by the pitch of the mesophase prior to
crosslinking. As such, it is possible to generate crosslinked HPC-GA
films with a variety of colour by changing the starting pitch, which is
most easily achievable by varying its concentration. As shown in Fig-
ure 5.7a,b, crosslinked mesophases from IR to UV could be prepared
from HPC-MA mesophases with different amounts of water. After the
crosslinking, water evaporation would still induce a blue-shift. How-
ever, the covalent crosslinking restricts the ability of the mesogens to
twist and rearrange, and any reduction in the pitch would be limited
to a vertical compression of the film due to volume change. As such,
although all of these films would dry to the same colourless state if
not crosslinked, here they demonstrate a rainbow of visible colours in
the dried state.

In Figure 5.7c, λpeak of the samples were measured before and after
the drying process, showing an almost linear trend between the start-
ing concentration and λpeak. Whilst it might be expected that the λpeak

follows a power law, the pitch expansion during UV irradiation and
compression during drying would likely distort the trend. These λpeak

were extracted from measurements using a double-ended probe, which
allows for larger spot size and depth of field, and therefore represents
the “average” reflection wavelength of each sample. However, λpeak for
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Figure 5.7: a,b) Photographs of aqueous HPC-MA mesophases with increas-
ing concentration recorded (a) after UV crosslinking and (b) after
subsequent loss of water to form a free-standing film. c) Average
peak reflected wavelength λpeak of HPC-MA films with differ-
ent concentrations before (red points) and after (blue points) the
loss of water. Each point represents an average of 15 spectra (3
samples prepared per composition and 5 spectra measured for
each sample) with the standard deviation represented by the error
bars. The peak reflected wavelengths prior to drying for 58 and
60 wt% extend into the infrared region, and as such are outside
the detection range of the spectrometer.

wet samples starting from 58 and 60 wt% could not be measured using
this technique as the reflected wavelengths extend into the infrared
region, and thus exceed the detection range of the spectrometer.

An additional method to vary the pitch of the starting solution is
via temperature. As shown previously where a small change in the
temperature during the crosslinking process could induce a macro-
scopic red-shift, the HPC-MA mesophase is very sensitive to changes
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Figure 5.8: a-c) Photographs of a 70 wt% HPC-MA solution (a) at room tem-
perature, (b) after crosslinking at different temperatures and (c)
after drying, showing a strong red-shift with increasing crosslink-
ing temperature. d) Average peak reflected wavelength λpeak of
HPC-MA films shown in b (red points) and c (blue points). Each
point represents an average of 5 spectra with the standard devi-
ation represented by the error bars. The temperature recorded is
taken as an average over the crosslinking duration and measured
on the top surface of the sample.

in temperature, [40] which can be subsequently “locked in” by UV
irradiation. [83] Figure 5.8 show the result of UV irradiating samples
of the same mesophase (70 wt%) at different temperatures, whereby
the red-shift at higher temperatures due to the thermochromic effect
becomes irreversible after the crosslinking. It should be noted that
given the HPC-MA mesophase was encased between two glass plates,
the temperature was measured on the top surface of the sample. As a
result, although the sample was allowed to equilibrate in the oil bath
used, the temperature presented on Figure 5.8 might be an underes-
timate of the temperature within the HPC-MA mesophase, especially
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as the temperature of the oil bath was typically much higher. Once the
HPC-MA mesophase was allowed to evaporate, dried films across the
visible regime can again be attained. This opens up a second avenue
towards accessing different colours without changing the composition
of the feedstock, lending further flexibility to this approach.

Figure 5.9: a) Percentage change of λpeak of HPC-MA solution with differ-
ent starting concentrations crosslinked at 23 ◦C (average room
temperature) before and after the drying process. b) Percentage
change of λpeak of 70 wt% HPC-MA solution crosslinked at differ-
ent temperatures before and after the drying process. The scales
on the y axis of (a) and (b) are chosen to be identical to illustrate
this.

By comparing the pitch changes during the drying process for the
concentration and temperature series, an interesting observation can
be attained. Figure 5.9 plots the percentage pitch change (defined
as the change of pitch ∆λpeak divided by the starting pitch λpeak)
when either the crosslinking temperature (a) or initial concentration
(b) is fixed. When the concentration is fixed, the percentage pitch
change always remains similar, although the pitch is significantly
larger at higher crosslinking temperatures. This indicates that pitch
change, as a percentage of the initial pitch, is only connected to the
starting concentration of the mesophase, or perhaps more accurately,
the amount of water to be evaporated. The linear relationship between
concentration and ∆λpeak further reinforces this proposition. If we
assume that the mesophase is unable to twist due to crosslinking
and is also well-aligned, the pitch varies linearly with changes to the
film thickness. Furthermore, if the film overall can only contract in
one direction (fixed in width), we can derive a simple relationship
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between the initial pitch pi and the final pitch p f , as a function of the
thicknesses ti,t f and volume fraction ϕi,ϕ f .

p f = pi

(
t f

ti

)
= pi

(
ϕi

ϕ f

)
(5.1)

In this case, p f
pi

and therefore, percentage pitch change
(

∆λpeak
λpeak

∝ p f
pi
− 1
)

,
are only dependent on ϕi, since ϕ f is 100 % when the mesophase has
been completely dried. However, there is likely to be a number of
factors that can cause deviations from the expected trend. Firstly, the
concentration is measured here as a mass fraction, which is unlikely
to have an exact linear relationship with the volume fraction. Secondly,
the reflected peak wavelength is dependent on not only the pitch, but
the refractive indices as well. As the sample dries, the refractive index
is likely to change, potentially affecting the linearity of the relation-
ship shown in Figure 5.9b. Lastly, some macroscopic bending and
buckling could be observed in a portion of the films prepared, which
would suggest that the volume change is no longer limited to uniaxial
compression.

5.3 3d printing

5.3.1 Setup and in situ crosslinking

The 3D printing of HPC-MA was studied in collaboration with Iek Man
Lei and Dr. Yan Yan Shery Huang at the Department of Engineering,
University of Cambridge. An aqueous HPC-MA mesophase (64 wt%)
was selected as an ink to 3D print photonic structures. The printing
set-up is demonstrated in Figure 5.10, which consists mainly of a
syringe pump and movable stage. As such, HPC-MA is deposited
onto a polystyrene petri dish with the position and height of the stage
controlled by a mechanical arm while the rate of extrusion is controlled
by the syringe pump. However, at this concentration, the HPC-MA
mesophase behaves as a viscous liquid (in the quiescent state) and as
such is able to flow after deposition, both during and after printing.
As a result, in stark contrast to conventional melt-based 3D printing
approaches, when more complex structures which span several layers
in height are printed, visible deformation of the printed object could
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Figure 5.10: Schematic of the direct-write 3D printing setup with in-situ UV
crosslinking.

be observed. Therefore, to target taller and complex structures, the
gelation of the mesophase was induced by photocrosslinking the
pendant methacrylate groups in situ.

One method to induce photocrosslinking is to irradiate the structure
in a layer-by-layer manner by which the sample was removed and
crosslinked after one (or a few) layers were deposited. However, this
method requires the precise stopping and restarting of the extrusion
process. For the HPC-MA, it was found that the flow of the mater-
ial did not immediately stop when the syringe pump was stopped,
which is likely due to the large amounts of residual pressure within
the syringe. As a result, the layer-by-layer method often resulted in
difficulties printing accurately. As such, an ultraviolet light source
was directly coupled to the printing set-up such that the HPC-MA
was continuously crosslinked during deposition, thus allowing a solid
HPC-MA structure to be created without the need to periodically stop
the extrusion process. After the printing, the entire structure was then
further exposed to the UV source to ensure complete crosslinking.
There are however a few considerations regarding the UV source used.
If the power of the UV light is insufficient, the crosslinking speed is
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Figure 5.11: a,b) Storage modulus (G’) and loss modulus (G”) of HPC-MA
solutions with 1 mm thickness at two different starting concen-
trations (64 and 68 wt% respectively) during UV crosslinking.
Elapsed time refer to the time from the start of the UV irradi-
ation, which was set to 4.6 mW cm−2. The black star represents
the point of gelation, which is estimated by a linear interpolation
between the two sets of moduli (in logarithmic scale) immedi-
ately before and after the two lines crossover.

not fast enough to ensure that the previous layer has gelated before the
deposition of a new layer. Not only could this result in macroscopic
flow, in some cases the nozzle would begin to “drag” through the
previous layers, disrupting the printed structure and causing accu-
mulation of HPC-MA on the nozzle tip. Ultimately, the accumulated
mesophase on the nozzle would crosslink and preclude further efforts
to extrude using that nozzle.

For this in situ crosslinking approach, a UV source with an average
peak irradiance of 4.6 mW cm−2 and a λpeak of 365 nm was chosen. The
gelation time could be estimated by measuring the storage modulus
G′ and loss modulus G′′ as the HPC-MA mesophase is exposed to
a UV source set to the same frequency and irradiance. As shown in
Figure 5.11, prior to UV irradiation, which is defined to start at 0 s, G′′

exceeds G′ for the given shear frequency and amplitude, indicating
that the mesophase behaves like a liquid. However, once UV is applied,
G′ quickly increases such that it crosses over with G′′, at which point
the mesophase becomes a gel. The crossover point, or gel point. can be
estimated by a linear interpolation between the two sets of moduli (in



5.3 3d printing 117

logarithmic scale) immediately before and after the two lines crossover.
For a sample with a thickness of 1 mm, the estimated gelation time
depends on the starting concentration, being 19 and 24 s for 64 and
68 wt% HPC-MA respectively. Whilst the crosslinking remains incom-
plete at the point of gelation (as shown by the continuing changes to
the moduli), the gelation point marks a state after which the structure
becomes more solid-like and difficult to deform. As a result, such a
rapid gelation time allowed for the cumulative build-up of printed lay-
ers with good control of the structure. However, crucially, the gelation
still occurs over a small period of time and is not instantaneous, thus
allowing for the deposited HPC-MA solution to laminate well to the
substrate. Using this setup, complex objects with many layers could
be prepared, although it was not possible to incorporate overhanging
features.

5.3.2 Optical effects

Figure 5.12: a) Photograph of a printed model three layer “staircase” struc-
ture produced from an initial concentration of 64 wt% HPC-MA.
b,c) Top-down (b) and cross-sectional (c) schematic of the “stair-
case” in a The cut for the cross-sectional schematic (c) is repres-
ented by the black dotted line in b.

The visual appearance of a cholesteric mesophase is not solely de-
pendent on the length of the cholesteric pitch, but also on the arrange-
ment and alignment of individual domains. Here, the printed object,
which is formed from an assemblage of printed HPC-MA filaments,
possesses a different appearance compared to a bulk film cast from the
same solution. In order to better understand the optical appearance
of these printed structures, a model structure consisting of a three
layered “staircase” structure is printed, as shown in Figure 5.12a-c. The
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structure is printed in a rectilinear arrangement, meaning that these
filaments are parallel to each other within each layer, and perpendicu-
lar between the layers. With only three layers, the alignment of each
filament can be easy to discerned. When this modelled structure was
imaged using a stereomicroscope (Figure 5.13a-f), the pattern of the fil-
ament can be observed. Under bright-field (BF) geometry, the colour is
not evident due to the strong specular reflection, and the structure has
a faint red colour, which corresponds to that expected from a structure
dried from 64 wt% HPC-MA. However, when oblique incident light
is used, the colour blue-shifts, becoming blue at very high angles of
incidence. This highly angle dependent optical behaviour suggests
well-aligned cholesteric domains that align to the surface of the fila-
ments, as shown schematically in Figure 5.13g,h. The microstructural
origins of such domain orientations are investigated in detail in the
subsequent section. Regardless, the contribution of these blue-shifted
reflections (corresponding to higher angles of incidence) reflects why
under diffuse illumination, the printed “staircase” appears blue-green,
rather than red as expected for that starting HPC-MA concentration.

Besides iridescence from the curved domains, the appearance of the
printed HPC-MA structures can be affected by other optical effects,
notably scattering. Broadband scattering can occur at the air-object
interface or between individual printed HPC-MA filaments within the
printed object itself. Thus, these can be convoluted with the selective
Bragg reflection to impart a whitish appearance that can overwhelm
the structural colour. In Figure 5.14, a “gecko” was 3D printed from
an initial concentration of 64 wt% HPC-MA. However, the colour
of the structure could be difficult to view if imaged in air. These
effects, especially specular reflection at the air-object interface, can
be minimised by illuminating only at oblique angles. This could be
observed in stereomicroscope in a dark-field (DF) geometry, in which
the green colour is a lot more evident. It should be noted that due to
the limited field of view on the stereomicroscope, the micrograph was
stitched together computationally using an ImageJ stitching plugin
from 8 separate micrographs. [131] However, it is not convenient to
have a system that could only be visualised under specific condition,
and in order to better observe the colour under diffuse illumination,
the 3D printed “gecko” was encased in polydimethylsiloxane (PDMS),
as shown in Figure 5.15. Thus, the surrounding medium changes
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Figure 5.13: a-c) Schematic of imaging conditions for a stereomicroscope.
a represents a bright field setup while b & c resembles dark
field setups with increasing incident angle. d-f) Micrographs of
a printed HPC-MA structure from an initial concentration of
64 wt% HPC-MA under the imaging conditions shown in a-c
respectively. At higher incident angles, the reflected colour is
blue-shifted while at low incident angles, the observed colour
is weak as the reflection is dominated by specular reflection of
the surface. g) Schematic of a cross-section of a printed HPC-
MA structure. h) Schematic of the proposed cholesteric domain
alignment within the black box shown in g to produce the optical
behaviour observed in d-f.

from air to PDMS, resulting in a refractive index increase from 1 to
approximately 1.43, [132] which better matches the refractive index
of dried HPC (nHPC ∼ 1.49). [111] As a result, the refractive index
contrast between the printed structure and the medium is reduced,
leading to less scattering at the medium-object interface and a more
visible structural colouration.

The scattering could also be reduced by allowing the structure to
relax prior to crosslinking. If the sample was only crosslinked after the
entire structure had been printed, the material could flow during the
printing process, resulting in structures with less well-defined features.
However, the relaxation process also results in a smoothing of any
surface roughness and fusion of internal interfaces, such as domain
boundaries. This leads to a reduction of scattering and more intense
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Figure 5.14: a) A 3D printed “gecko” produced from an initial concentration
of 64 wt% HPC-MA and imaged in air. The white and scattering
appearance occurs due to the roughness of the surface as well as
any interfaces and defects within the structure. b) Micrograph
of the gecko shown in a imaged using light at an oblique incid-
ence using a stereomicroscope. The colour appears a lot stronger
when there is less scattering present. b was stitched together
computationally using an ImageJ stitching plugin from 8 separ-
ate micrographs. [131]

Figure 5.15: a,b) Photographs of the 3D printed “gecko” shown in Figure 5.14

after encapsulation in polydimethylsiloxane, as viewed from (a)
the top and (b) the side.

structural colouration, which can be observed in the absence of an
index-matching medium. This trade-off between structure and colour
could be observed in the two “geckos” crosslinked after printing
in Figure 5.16. Finally, a common strategy to reduce scattering in
structural coloured materials is to include broadband absorbers, such
as black dye or carbon black. [86] However, it is difficult to implement
here as the absorbers severely attenuate UV irradiation. Since the
HPC-MA solution was not degassed prior to crosslinking, it is likely
that the free radical crosslinking reaction is unable to fully propagate
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through the sample without continuous UV irradiation. As such, only
the surface of the HPC-MA sample could be crosslinked when black
dyes were incorporated.

Figure 5.16: a,b) Dried “geckos” printed with (a) 64 wt% and (b) 68 wt%
HPC-MA. Compared to Figure 5.14, these structures are printed
completely prior to crosslinking. As a result, these structures are
generally less precise, especially with 64 wt% HPC-MA, but has
a more intense colouration, even when imaged in air.

5.4 origins of microstructure

5.4.1 Microstructural analysis

Figure 5.17: Cross-sectional SEM micrograph of the “staircase” structure
reported in Figure 5.12. The white dotted lines are used to
highlight the approximate interfaces between the three layers.

The microstructure that results in the optical appearance can be
directly visualised by scanning electron microscopy (SEM), performed
by Gea T. van de Kerkhof. Here, the model “staircase” was imaged in
cross section such that the fracture is perpendicular to the filaments in
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Figure 5.18: a) Cross-sectional SEM micrographs of a constituent filament in
the “staircase” structure, highlighting an ordered region near
the edge (green box) and a more disordered region towards the
core (red box). The inset represents the approximate position
within the structure at which the SEM was recorded, and the
approximate interface of the constituent filament is indicated
as the black dotted line. b,c) Cross-sectional SEM micrographs
of the regions indicated by the green and red boxes in a. d,e)
Cross-sectional SEM micrographs at a higher magnification of
c and d respectively, demonstrating the characteristic fracture
planes of the ordered and disordered regions.

one of the layers. As shown in Figure 5.17, the three layers (delineated
approximately using the white dotted lines) could be differentiated.
The top and bottom layers consist of cross-sectional cuts of a filament
while the middle one represents a side-view of one filament. The layers
appear to become thinner and the filaments more deformed towards
the bottom layer, which can be attributed both to an increased time for
flow prior to gelation and to compression from the subsequent layers.
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It should be noted that since it is difficult to control the fracture, which
often occurs at preferential fracture planes and defects, not all the
filaments shown have clearly observable domain structures. However,
for some filaments where the fracture was favourable, the domain
orientation could be discerned.

In Figure 5.18a, the SEM micrograph of one single filament, which
is chosen to be at the edge of the “staircase” structure for clarity, is
shown and its approximate contours are highlighted by the black
dotted outline. The filament displays a deformation from the circular
cross-section at the exit of the nozzle due to flow prior to gelation.
Under higher magnification, the periodic fracture planes characteristic
of a cholesteric structure can be observed. These planes indicate that
the liquid crystalline ordering is retained in the printed structure,
allowing for the reflection of structural colour. Notably, these fracture
planes, as shown in Figure 5.18b,d, are very well-ordered and follow
the contours of the filament, which confirms the origin of the highly
angular-dependent optical appearance. A good surface alignment can
also be observed in many of the other filaments imaged. However,
in some filaments examined, a disordered region can be observed in
the core of the filament, in which domains adopt a “swirling” pattern
(Figure 5.18c,e). The high overall degree of order is intriguing as the
initial HPC-MA mesophase is polydomain, and here, the transition
to surface-aligned ordering is attributed to the shear applied during
extrusion.

5.4.2 Rheological response of HPC-MA

To understand the behaviour of HPC-MA solution under extrusion,
it is first necessary to discuss the rheological behaviour of HPC-MA
under shear. Exemplified in Figure 5.19, the shear thinning beha-
viour of HPC is well understood and can be typically divided into
three regimes: a low shear rate tumbling regime, an intermediate
Newtonian-like plateau and a high shear alignment regime. [89] As
HPC transitions into the high shear regime at a critical shear rate γ̇c,
the polymers adopt a shear-aligned state and the cholesteric liquid
crystal is destroyed. When the viscosity of the HPC-MA mesophase
(64 and 68 wt%) is measured as a function of the shear rate on a
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Figure 5.19: a) Viscosity of a 64 wt% solution of HPC-MA as a function of
shear rate measured through one single flow sweep experiment.
The approximate range of the three shear thinning regimes are
highlighted. b) Flow sweeps of 64 wt% HPC, 64 wt% HPC-MA
and 68 wt% HPC-MA as a function of shear rate. The viscosity
displayed is an average over 3 (for HPC-MA) and 4 (for HPC)
separate runs while the shaded region represents the standard
deviation at each shear rate. Shear rates above 102 s−1 are unreli-
able and as such omitted in both a and b.

rheometer with a cone-plate geometry, it was found that the over-
all shear-rate dependent behaviour of the mesophase appears to be
similar, although the absolute viscosity does vary with concentration
and functionalisation. In all three plots, we can estimate γ̇c, which is
approximately 0.9 s−1 in the case of 64 wt% HPC-MA. As the overall
viscosity increases, such as from 64 to 68 wt% HPC-MA, γ̇c shifts to
lower shear rates. This counter intuitive observation suggests that as
the polymers become more entangled it becomes easier to shear align
the system.
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Figure 5.20: Viscosity of a 64 wt% solution of HPC-MA as a function of shear
rate and measured using two different shear “programs”. For
coarse spacing, the viscosity was measured 10 times a decade
while it was measured 30 times a decade for fine spacing. The
shear “program” variation was performed with a parallel plate
geometry and therefore not directly comparable to flow sweeps
in Figure 5.19.

A key point to note about the shear behaviour of HPC is that it
is not only shear rate dependent, but also heavily time-dependent.
Grizzuti et al. observed that the viscosity varies over time even when
sheared at a constant rate and equilibrium behaviour can only be
reached after 104 s. [133] This might be due to the residual stress
applied to the mesophase during the sample loading process on the
rheometer. In order to account for this behaviour, the measurements
shown in Figure 5.19 were all equilibrated at 10−2 s−1 for at least
30 min prior to measurement. However, this property of HPC also
suggests that the speed at which the shear rate is varied could play
an important role. Indeed, in Figure 5.20, the shear rate dependent
viscosity was measured for the same composition with two different
shear “programs”. In one case, only 10 points were measured in a
“decade” in a logarithmic scale (coarse spacing) while in the other,
30 points were measured (fine spacing). Since the time required to
collect one datapoint is generally uniform, a finer spacing implies a
slower increase in shear rate and longer equilibration times. In the
coarse spacing case, the shear behaviour matches well with the three
regime model within the literature, with a near monotonic decrease
of shear rate after γ̇c. Conversely, at a finer spacing, for which the
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shear rate increases more slowly, a more complex behaviour can be
observed, with various plateaus and dips occurring after γ̇c. This
could also be observed in Figure 5.19b where a secondary dip could
be observed near 102 s−1 for 64 wt% HPC. Since it is unlikely that HPC-
MA could reach an equilibrium state during the 3D printing process,
no further studies were performed here to elucidate the structural
origins of these additional features. Regardless, this experiment affirms
that the time-dependent transient behaviour of the HPC mesophase
could be more important than the equilibrium properties. This is
particularly applicable in the context of 3D printing as the HPC-
MA mesophase only remains within the nozzle for a short period of
time. The importance of the shear duration is highlighted in a study
investigating the 3D printing of a nematic liquid crystalline system:
Studart et al. observed that the shear alignment of CNCs is localised
to regions of high shear (near the walls) and the degree of alignment
increases with time. [134]

5.4.3 Shear modelling

5.4.3.1 Theoretical prediction of maximal shear

Figure 5.21: Schematic of a model tapered nozzle with a taper angle of .3.6◦.

Since the behaviour of HPC-MA within the nozzle is highly de-
pendent on the shear experienced in the extrusion process, the shear
rate and duration, described here as a “residence time”, are estimated.
Here, the shear rate is calculated using a model tapered nozzle (Figure



5.4 origins of microstructure 127

5.21), characterised by a taper angle θ of 3.6◦, and a Poiseuille flow
model. The application of such a simple flow model does not reflect
the exact situation perfectly as the assumption of Newtonian beha-
viour is clearly not accurate given the shear thinning of HPC-MA and
it is likely that the extrusion process cannot be characterised entirely
by laminar flow. However, this estimation provides a model by which
the effect of shear within the nozzle could be examined by both rhe-
ological methods and direct imaging. Given these assumptions, the
shear rate γ̇ at the wall can be given as: [135]

γ̇ =
4Q

πR3 (5.2)

where Q is the volumetric flow rate and R is the radius. For a tapered
nozzle, it is apparent that the shear rate would increase greatly as
the radius decreases. Indeed, assuming a taper angle of 3.6◦ and a
flow rate of 1.2 mm3 s−1 , the maximal shear rate from the base of
the nozzle to the tip can be calculated (Figure 5.22a). It should be
noted that the flow rate was estimated from a flow calibration with a
3 mL mL syringe using water and a flow sensor (Elveflow). The shear
rate would decrease from the wall to the centre line, at which point,
according to the model, the mesophase would not experience any
shear.

Furthermore, if a no slip condition is applied at the walls, the total
residence time τ of the material at a distance l from the base can be
calculated. The average volumetric velocity c̄ for a given cross-section
is given as: [135]

c̄ =
dl
dt

=
Q

πR2 (5.3)

Integrating from the base of the nozzle results in:

∫ τ

0
Qdt =

∫ l

0
πR2dl (5.4)

Qτ =
∫ l

0
πR2dl (5.5)

Since R = W+2(L−l) tan θ
2 , where L is the total length of the nozzle

and w is the exit diameter, τ, as a function of l, can be calculated given
a fixed taper angle:
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τ =
π

4Q
[
(
W2 + 4WL tan θ + 4L2 tan2 θ

)
l

− 2
(
2L tan2 θ + W tan θ

)
l2 +

4
3

tan2 θl3]
(5.6)

By combining τ and γ̇, it is subsequently possible to estimate the
amount and duration of shear cumulatively experienced by the meso-
phase within the nozzle. However, Figure 5.22b compares the average
duration time under the maximal shear in the nozzle and does not
account for differences between local regions in the nozzle. Notably, γ̇

describes the shear at the wall, where the flow speed is assumed to
be very slow (no slip condition). Regardless, Figure 5.22b provides a
starting point from which the microstructure evolution of HPC-MA
in the nozzle can be elucidated. As shown, although the shear rate
applied is quite large and exceeds the critical shear rate of HPC-MA
towards the tip, the residence time indicates that the material only
experiences such high shear rates for short periods of time.

Figure 5.22: a) Modelled wall shear rate of the nozzle shown in Figure 5.21.
The distance is defined from the base of the nozzle. b) Mod-
elled wall shear rate as a function of residence time of material
extruded from the nozzle shown in Figure 5.21 starting from
the base. The red dotted line show the segments inputted into
rheological experiments to represent the shear applied. It should
be noted that the speed at which the shear rate can be increased
is limited by the rheometer set up.

One additional consideration about the strain in the nozzle is that
only the shear stress has been considered thus far and the extensional
stress has not been considered. To obtain an estimate of the average
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extensional strain rate, the Gibson model for a tapered nozzle can be
applied: [135]

ϵ̇ =
4Q

πR3
sin θ (1 + cos θ)

4
(5.7)

Here, the radius R is defined here as the exit radius, or W
2 as defined

above. Using the model nozzle defined earlier, the average extensional
strain rate is calculated to be 24.5 s−1. It has been reported previously
that extensional strain, combined with shear strain in the slit con-
traction geometry, can contribute to the alignment of HPC, which
is marked by an increase in birefringence. However, for this study,
the domain alignment was observed most strongly at the edges of
the filament whilst the core is comparably disordered. As such, it
is likely that the effects of shear stress, which is strongest near the
walls, dominate over those of extensional stress, which applies mostly
through the centreline.

Figure 5.23: a) Viscosity of a 64 wt% HPC-MA solution under the maximum
wall shear rate estimated in Figure 5.22. b) Shear rate applied
prior, during and after the shear profile. The shaded region is
immediately prior to the termination of shear, and therefore
represents relatively unstable shear rate and viscosities. Within
this region, negative values, which are likely to be measurement
artefacts, are not plotted.
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5.4.3.2 Application of shear model

If we then consider only the shear stress, the shear rate modelled
earlier can be segmented in order to be applied as a shear profile on a
rheometer. When coupled with a cone/plate geometry, the viscosity
can be observed through the shear and subsequent recovery process.
As shown in Figure 5.23, through the shear profile, the viscosity
remains relatively stable, suggesting that the HPC-MA mesophase has
not reached a shear aligned state where the cholesteric ordering is
completely lost. For 3D printing, no further shear is applied to the
mesophase after extrusion (ignoring any shear due to the substrate),
and this could be simulated on a rheometer using a very low shear
rate (10−2 s−1). During this recovery process, the viscosity is observed
to increase, which reflects an increase in the degree of order. This
implies that although the applied shear does not completely align the
polymer director, it has disrupted the cholesteric domain structure,
which reforms after the termination of shear stress. Interestingly, the
viscosity reached at the end of the recovery process exceeds that of
the starting system. This indicates that a higher degree of order could
be attained, which has been previously observed when HPC was
completely shear aligned and allowed to relax. [95] The authors in that
case proposed that by destroying the initial domain alignment, a more
ordered system could be achieved after recovery.

While interpreting the domain orientation using the viscosity is
convenient as it can provide information about the mesophase during
the shear process, there remain some limitations to this method. For
example, there is a degree of uncertainty over the viscosity reported
at high shear rates and immediately following the shear profile. To-
wards the end of the shear profile, the speed at which the shear rates
increased approaches the mechanical limit of the rheometer while the
shear rate applied immediately following the profile was very unstable.
This resulted in anomalous results, such as negative viscosity values
(not plotted in Figure 5.23), and as a result, those regions need to be
interpreted with care. Moreover, given a cone/plate geometry was
employed, the truncation gap, or the distance between the plates, is
fixed at a very small value (∼ 30 µm). As a result, the impact of shear
to the domains might be different compared to that at a different
lengthscale; by comparison, the exit diameter of the model tapered
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nozzle is 250 µm. Lastly, the type of flow in such an experimental set
up is Couette flow rather than the Poiseuille flow within the nozzle.
As a result, more experiments are needed to validate some of the
observations above.

Some of these limitations can be alleviated by combining rheometry
with UV crosslinking. In this experiment, the HPC-MA mesophase is
sheared using the same shear profile and immediately following that,
crosslinked at 4.6 mW cm−2 (the same UV power as that measured on
the 3D printing set up). In this way, the timeframe allowed for recovery
during the printing process as well as any effects of increasing viscosity
on the recovery process are also accounted for. Furthermore, using
a parallel plate geometry, the interplate gap is more flexible and in
this case chosen to be 1000 µm to better match the lengthscale of the
filaments themselves. However, compared to a cone/plate geometry,
the shear rate is no longer even across the radius of the plate, and
as a result, the shear rate applied becomes an average value. This
phenomenon is evident when the crosslinked plate (Figure 5.24) was
examined; the plate was colourless except for a small region within
the centre of the plate, corresponding to areas of lower shear. The loss
of colour has been interpreted previously as a transition from shear
rates within Region I (of the shear thinning model) to that of Region
II. [92]

Figure 5.24: a,b) Photographs of a crosslinked HPC-MA plate (with an initial
concentration of 64 wt%) (a) before and (b) after drying which
was sheared at the shear rate shown in Figure 5.22 on a parallel
plate rheometer and then immediately irradiated by UV at an
irradiance of 4.6 mW cm−2 for 10 min. It should be noted that
after drying, the sample macroscopically distorts and is therefore
no longer flat.
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Examination of the microstructure via SEM within the non-coloured
region revealed a highly disordered structure with some regions re-
sembling that of cholesteric ordering (Figure 5.25), although this is
complicated by the buckling observed throughout the sample and a
large apparent pitch (> 1 µm). This larger pitch could be a result of the
“unwinding” effect of shear, as predicted for certain combinations of
cholesteric orientation and shear directions. [104, 106] Therefore, these
observations confirm that while the applied shear rate does exceed
that of the critical shear rate typically required to align HPC-MA, the
short shear duration means that the cholesteric structure is disrupted
rather than completely destroyed. This is reasonable considering the
relative timescale of the gelation and recovery: it has been previously
reported that HPC only recovers into a cholesteric structure from
the shear-aligned state after several minutes, [93, 133], but HPC-MA
gelates in less than 30 s. As such, there is unlikely sufficient time for
the cholesteric structure to reform if it has been destroyed.

Figure 5.25: a-b) Cross-sectional SEM micrographs of HPC-MA plates (with
an initial concentration of 64 wt%) sheared with the shear rate
profile shown in Figure 5.22 and crosslinked with UV at an irra-
diance of 4.6 mW cm−2. a and b demonstrate domain structures
resembling disordered cholesteric liquid crystalline domains at
two different magnifications, albeit with a large pitch.

Interestingly, when the sample was cross-sectioned along the shear
direction, the fractured region displayed a fibrillar texture, as shown
in Figure 5.26. This texture can also be observed to a lesser extent
in the printed structures, suggesting that this effect is not a result of
the freeze fracture process. Nishio et al. previously reported that such
textures can be observed in a sheared HPC mesophase. [126, 136, 137]
The authors describe this fibrillar phase as an intermediate structure
towards the shear aligned phase. In this model, the “fundamental
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structural unit” of the HPC system is proposed to be a particle com-
posed of parallel-stacked disks. [136] As shear is applied, this “particle”
elongates and subsequently subdivides into finer fibrils, [137] which
can account for the fibrillar morphology observed in the SEM. Fur-
thermore, as shown in Figure 5.26, these “fibrils” appear to adopt a
“serpentine” arrangement perpendicular to the shear direction, which
is a likely result of the banding relaxation mechanism of HPC. [94]
Since these bands typically only form when the molecules are well ori-
ented to the shear direction, [99] it can be inferred that the cholesteric
structures within sheared plate (shown in Figure 5.24-5.26) have been
significantly distorted.

Figure 5.26: a-b) Cross-sectional SEM micrographs of HPC-MA (with an ini-
tial concentration of 64 wt%) sheared with the shear rate profile
shown in Figure 5.22 and crosslinked with UV at an irradiance
of 4.6 mW cm−2. a and b represents a fracture along the shear
directions, highlighting the fibrous morphology along the shear
direction.

5.4.4 Distortion model

Following these observations, we propose a mechanism to account for
both the retention of the cholesteric structure and the alignment of
the domains. Under shear, the cholesteric ordering is distorted and
the procession of the director along the helicoidal axis more closely
resembles a square wave rather than the typical sinusoidal depiction,
in which the majority of polymer chains becomes aligned towards
the shear direction. This distortion of cholesteric structure has been
reported previously by Park et al. to account for the microstructure
of cellulose nanocellulose dried under shear. [107] Park et al. further
reports that the shear process further aligns the cholesteric domains by
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shearing the tactoids and resulting in a confined geometry that directs
the formation of the liquid crystal. However, in this case, the cholesteric
domains have already been formed and thus, this mechanism is not
applicable in the case of HPC-MA.

Figure 5.27: Schematic showing the rotation of the cholesteric axis (marked as
a black arrow) when under shear (orientation shown by the two
half arrows). The characteristic domain tilt (measured relative to
the normal of the shear orientation) for the given shear process
is shown by θtilt.

Instead, we examine the behaviour of HPC mesophases when placed
under uniaxial shear. When liquid crystalline HPC is sheared between
two glass plates, a blue-shift is typically observed, which has been
interpreted as a tilting of the helical axis and the tilt depends on the
magnitude of the shear. [89, 102] From a fixed observation angle, the
tilting would result in an increase in the effective incident angle (on
the cholesteric) and therefore in a blue shift. This represents the low
shear regime, in which the cholesteric ordering is retained. Under high
shear, shear alignment, where the polymer chains all tend to a small
angle (Leslie angle) relative to the shear direction, is predicted. [104,
106] However, it passes through a transient state where “defects” are
pinned and these regions take the longest to align. [104] Here, the
defects primarily refer to polymer chains that are initially oriented
perpendicular to the shear direction, and as such, the periodicity of
these defects is exactly that of the cholesteric, preserving the periodic
behaviour and effectively resulting in a deformation of the liquid
crystal. We propose that the sheared state of HPC-MA, preserved
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Figure 5.28: Photographs of 64 wt% HPC-MA solution sheared by a blade
coater with a gap of 250 µm and a coating speed of 0.5 mm s−1,
equivalent to an approximate shear rate of 2.0 s−1, recorded at
different times. As shown in the region indicated by the white ar-
row, the mesophase can recover to its equilibrium colour quickly
after shear, although water evaporation ultimately resulted in an
overall blue-shift.

after UV crosslinking, resembles such a transient state, where the
cholesteric distorts and rotates to an tilt angle normal to the shear
direction, as indicated by θtilt in Figure 5.27. However, much of these
fundamental studies were performed on monodomain structures that
are initially well-aligned to the substrates. The exact impact of shear
on a cholesteric where the initial orientation is unknown or where
there are multiple domains is yet to be reported and likely to be very
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complicated. That said, when a globule of 64 wt% HPC-MA solution,
which was initially red, was sheared into a thin film using a blade-
coater, the film appears blue immediately after the coating process
(Figure 5.28), suggesting that these shear-induced tilt and blue-shift
remain applicable to more complex domain orientations. As shown in
the region indicated by the white arrow, the colour would red-shift
quickly back to its equilibrium colour as the mesophase recovers,
although for these thin films, this red-shift is counteracted by the
blue-shift from water evaporation.

Figure 5.29: Schematic showing how the domain alignment and distribution
evolve within the nozzle during the extrusion process such that
the extruded HPC-MA filaments have radially aligned domains.

The distortion-induced alignment mechanism, coupled with surface
anchoring effects, can, therefore, explain the observed microstructure
in the printed filaments. As shown schematically in Figure 5.29, the
mesophase is initially polydomain at the top of the nozzle, but as the
material is extruded, shear-induced helical axis rotation within the
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Figure 5.30: Photograph of a nozzle containing 64 wt% HPC-MA, which has
been crosslinked during the printing process. A transparent
nozzle is specifically chosen for this experiment.

nozzle causes the helical axes of each domain to become increasingly
aligned and tend towards a fixed angle relative to the nozzle wall.
The resultant blue-shift increases in magnitude towards the tip of
the nozzle as the shear rate increases, which can be observed in real-
time and preserved in the nozzle that has been crosslinked during
the extrusion process (Figure 5.30). Once the filament is extruded,
the helical axes of the cholesteric domains remain radially oriented,
as there is little time for reorganisation of the microstructure within
the timescale of the UV-crosslinking process. It should be noted that
further examination of the crosslinked nozzle by SEM was not possible
as a result of the experimental setup. As the nozzle was crosslinked
while extrusion continued, the rate of reaction depends not only on the
penetration of UV irradiation through the sample, but also on the flow
rate. The centreline flows the fastest and as such, would be exposed
cumulatively to the least amount of UV. Ultimately, this means that
the core was not crosslinked, leading to a hollow structure that was
very difficult to fracture precisely. Also, given that crosslinking occurs
slower towards the core of the nozzle, this might introduce additional
artefacts in this region as the effective radius of the nozzle would
decrease as the outer layers crosslink, leading to a higher shear profile.

The fixed domain alignment upon exit from the nozzle was veri-
fied by printing a filament that was crosslinked immediately after it
had been fully extruded, as shown in Figure 5.31. In this way, the
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temporal change can be mapped onto a spatial dimension: regions
further away from the nozzle has been allowed to relax for longer
while near the nozzle, very little relaxation is permitted. As such, the
microstructural change post-extrusion can be investigated by examin-
ing the microstructure at different points on the filament. It was found
that the microstructure remains very similar when points at either end
of the filaments are compared, indicating that the cholesteric align-
ment is fixed upon exit of the nozzle and does not evolve significantly
during the relaxation process. This is shown via SEM in Figure 5.32,
in which the domains align to the contours of the filament for both
long and short relaxation times. In terms of overall visual appearance,
an increased relaxation time results in a small red-shift, in this case
transitioning from blue-UV to blue. This suggests that the domains
“untilt” during the relaxation process and the tilt angle relative to the
surface becomes smaller over time. Macroscopically, these filaments
can also be observed to become wider and more deformed due to
lateral flow under gravity when compared to those that have been con-
tinuously crosslinked. When filaments printed with different gauge
nozzles are compared, similar results can be observed. However, at
small gauge sizes (i.e., a larger nozzle diameter) a disordered region

Figure 5.31: Micrographs of HPC-MA filaments printed along the extrusion
direction using nozzles with three different gauges, as imaged on
a stereomicroscope. All filaments were fully printed prior to UV
crosslinking. These images are composed of 3 or 4 micrographs
stitched together using an ImageJ plugin, [131] with the incident
light positioned to be from both sides of the filament.
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Figure 5.32: a-b) Cross-sectional SEM micrographs of a filament printed us-
ing a 30 G nozzle fractured at two different positions. a was
fractured towards the end of the filament and represents a state
with a long relaxation process prior the crosslinking while b was
fractured at the beginning of the filament and therefore only has
a short relaxation time. The flat bottom is due to deformation
prior to crosslinking. c-d) Cross-sectional SEM micrographs at
the corners of the filament at the positions shown in a and b
respectively. c is constructed by stacking together 4 separate mi-
crographs at different focal planes using an ImageJ plugin. [138]

can be observed at the core, as exemplified for a 25 G nozzle (outlet
inner diameter = 0.25 mm) in Figure 5.33. Such an observation, which
matches that reported earlier for the “staircase” structure, suggests
that the orientating effects of the wall shear arising from extrusion
through the nozzle are limited in range and weaken towards the core
of the filament.

An interesting observations from the SEM micrographs of these
filaments is that at some of the interfaces, either filament/air or fil-
ament/substrate, a very buckled region can be observed, such as
that in Figure 5.32d. This is likely attributed to the stresses experi-
enced during the crosslinking process. Since the filaments were rapidly
crosslinked, the interfaces could become pinned as the top surface
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Figure 5.33: a) Cross-sectional SEM micrographs of a filament printed us-
ing a 25 G nozzle fractured at two different positions. This was
fractured towards the end of the filament and was therefore
allowed to relax before crosslinking. The relaxation caused sig-
nificant flow and therefore deformation of the filament. b-e)
Cross-sectional SEMs of the filament in a at different magnific-
ations and positions. c represents regions closer to the surface
and displays a higher order while d is closer to the core and
possesses much higher disorder. e displays these disordered
domains at higher magnification.

crosslinks first to form a shell. Combined with the volume change
induced by crosslinking, this could lead to large tensile stresses at
the interfaces, resulting in buckling. There does not appear to be a
clear trend regarding the degree of buckling at increased relaxation
time, indicating that the buckling is principally determined by the
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local crosslinking kinetics and does not rearrange over the timeframe
of the relaxation. Furthermore, this strong buckling was not observed
in the bulk printed system, which indicates further that the buckling
is caused by a very fast crosslinking process.

5.5 thermochromic printing

Figure 5.34: Viscosity of a 68 wt% HPC-MA solution measured at different
temperatures.

The thermochromicity of HPC mesophases offers an additional flex-
ibility towards in situ tuning of the structural colour of the 3D printed
object. As discussed previously in Section 5.2.2, by crosslinking at
different temperatures, solid-state films of different colours can be
accessed, with the full visible range achieved simply by mild heating
of a 70 wt% solution from 22 ◦C to 30 ◦C. In theory, this thermochromic
behaviour allows for multi-colour printing from a single HPC-MA
feedstock by simply tuning the temperature of the printhead. The
most direct method to incorporate this process into the in situ cross-
linking implemented above is to place the syringe within a heated
jacket. However, implementing this system in practise turned out to be
a rather challenging prospect. The most significant issue is the balance
between temperature control and evaporation. As the heated material
is deposited, the mesophase quickly cools, limiting the control over
the colour during the crosslinking. This necessitated “overheating” the
sample and introducing a heated stage to maintain an elevated tem-
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perature, which resulted in a much faster evaporation kinetics. If the
evaporation then becomes faster than the crosslinking, the blue-shift
caused would compete with any red-shift due to the heating, while
any changes to the volume of the sample during printing (as a result of
evaporation) can impede the effective build up of layers. Furthermore,
at 68 wt%, the viscosity of HPC-MA decreases with increasing temper-
ature (Figure 5.34), and as such, the printing parameters would need
to be re-optimised to achieve the same extrusion properties. Lastly, the
wetting behaviour of HPC on the substrate also appears to change at
higher temperature. As such, the first layer was difficult to construct,
which increase the challenge of building subsequent layers. As a result,
the in situ heating and crosslinking approach resulted in poor colour
control as well as inexact printing quality.

Figure 5.35: Photographs of 3D printed “letters”: “H”, “P”, “C” produced
from a single 68 wt% HPC-MA solution, but crosslinked at tem-
peratures of 27, 33 and 35 ◦C, respectively.

Given that the in situ method is difficult to achieve, the thermo-
chromic property of HPC-MA was instead exploited by separating
the printing and crosslinking step. Thus, a 3D design was printed
without in situ crosslinking. The sample was then equilibrated and
subsequently, crosslinked at an elevated temperature. This is shown
in Figure 5.35 where different “letters” were printed using the same
concentration of HPC-MA (68 wt%) and crosslinked at a series of
different temperatures. While this method places a limitation on the
complexity of the designs achievable due to flow, it reduces some
of the issues experienced previously. As the sample could be heated
and crosslinked in a sealed environment, the crosslinking and cooling
rates are no longer in competition. Furthermore, a high humidity en-
vironment can now be maintained by heating and crosslinking within
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an incubator. This, combined with the reduced need to “overheat”
the sample, reduced water evaporation and allowed for more precise
control over concentration and shape.

5.6 conclusion

In summary, an aqueous solution of methacrylate-functionalised hy-
droxypropyl cellulose was employed as a sustainable, green and non-
toxic feedstock for additive manufacturing. By combining this material
with an in situ UV crosslinking approach, 3D printed cellulosic objects
with predefined structural colours were produced. While there is a
trade-off between print resolution and the intensity of the reflected
colour, the printed system offers independent control over the visual
appearance and structure. Furthermore, owing to the thermochromic
behaviour of liquid crystalline HPC, objects with different colours
could be produced by simply changing the crosslinking temperature
after printing, opening up the opportunity to print different colours
using the same feedstock. Lastly, by examining the microstructure
of the printed filaments as well as the rheological behaviour of the
mesophase, a mechanism has been proposed to account for the well-
aligned microstructure after the print process, which opens a pathway
towards the 3D printing of a wide variety of cholesteric liquid crystal
systems.
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Collaborator contributions: Dr. Zehuan Huang performed the iso-
thermal titration calorimetry measurements.

Although several methods have already been discussed to “lock
in” the cholesteric structure and tune the colour of HPC within the
solid-state, a number of challenges still need to be addressed for the
conversion of a structurally coloured HPC mesophase to a solid-state
photonic structure . One of the principal benefits of structural colour
is the easy tunability, notably its mechanochromic behaviour. When
aqueous HPC solution is compressed or sheared, the pitch is altered,
resulting in a colour change that enables HPC to be used as a pres-
sure sensor.[59, 69, 70] However, when HPC is transformed into a
solid-state photonic material, the structure typically becomes very
stiff and brittle. As such, it becomes very difficult to deform and the
mechanochromic effect is lost. In similar glassy photonic cellulosic
films, a mechanochromic effect could be retained by compressing
at high pressure (> 500 MPa and temperature.[68]. However, these
processing conditions appear unrealistic in most processing condi-
tions, and new chemical approaches need to be developed to retain
the mechanochromic behaviour in the solid-state. In this chapter, a
preliminary study to use supramolecular chemistry to form photonic
HPC gels will be discussed.

6.1 glass transit ion of hpc

In order to examine the mechanical properties of solid-state HPC, an
instructive parameter to examine is the glass transition temperature
Tg. However, similar to many other properties of HPC, understanding
the Tg of HPC is not straightforward. Through dynamic mechanical
measurements, Rials and Glasser observed two relaxation peaks at
around 10 and 80 ◦C.[139] The authors attributed these peaks respect-
ively to the glass transition of an amorphous HPC phase and to the
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glass transition of a vitrified cholesteric phase. Given that the bulk
of solid-state HPC, especially when photonic properties are desired,
would exist in the higher Tg cholesteric state, HPC typically behaves as
a glass at room temperature. This is exacerbated by any crosslinking
reactions as both of the glass transition temperatures were observed
to increase significantly when the HPC was crosslinked.[139] In order
to bypass the high Tg, one strategy is to include plasticisers. While
many methods and equations have been developed to predict the Tg

of such mixtures, the simplest such method is the Fox equation, where
W1 and W2 respectively represent the proportions of the constituent
(as a weight percent).[140]

1
Tg,m

=
W1

Tg,1
+

W2

Tg,2
(6.1)

Given that the photonic range for HPC approximately begins at
60 wt% (W1 = 0.6), and assuming a Tg,1 of 80 ◦C, the Tg of the plas-
ticiser Tg,2 can be estimated if we are to target an overall Tg,m of
25 ◦C. Following these assumptions, a maximum Tg,2 of approximately
−30 ◦C is desired. However, it is difficult to entirely replace the solvent
with a low Tg non-volatile plasticiser (such that W2 = 0.4) whilst re-
taining a similar self-assembly behaviour and as such, this blending
approach is challenging.

Figure 6.1: a,b) Dimethoxydimethylsilane (DMDMS) and dichlorodimethyl-
silane (DCDMS) used to form an HPC-siloxane composite.
DCDMS is used as a source of acid catalyst. c) HPC-siloxane
organogel prepared with dimethylsulfoxide (DMSO). It should
be noted that the sample is sealed as the organogel is not stable
in air.
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One possible candidate for such a low Tg plasticiser is polydimethyl-
siloxane (PDMS), which is a well-known elastomer with a low Tg

of −123 ◦C [141]. As such, a preliminary experiment was conducted
to examine the feasibility of such a blend of HPC and PDMS. Fol-
lowing an approach by Thomas and Antonietti to form HPC/silicate
composites using tetramethylorthosilicate (TMOS),[85] HPC dissolved
in dimethylsulfoxide (DMSO) at 60 wt% was blended with siloxane
precursors such that ratio between HPC and siloxane precursor is
1:1 by mass. In this case, the precursor used, dimethoxydimethylsil-
ane (DMDMS), replaces two of the methoxy groups in TMOS with
methyl groups and thus, PDMS should be formed after the condensa-
tion process. With this precursor and dimethydichlorosilane (DCDMS,
3 wt% of siloxane precursors), which acts as a source of catalytic acid,
a transparent organogel could be prepared (Figure 6.1c). However,
on prolonged exposure to air, the material becomes “sticky” and ul-
timately dries to a white solid. This suggests that interaction with
moisture in the atmosphere could result in depolymerisation reactions
and that the gel collapses on solvent evaporation. Most importantly,
no photonic behaviour could be observed in the organogel, and as
such, this approach was not pursued further.

Instead of attempting to introduce plasticisers, an alternative ap-
proach that has garnered some recent success is to produce free-
standing HPC-based hydrogels. While this method would still suffer
from water evaporation, being a free-standing solid would alleviate
much of the practical issues associated with handling a very viscous li-
quid and allow the mechanochromic behaviour of HPC to be exploited
in more situations. This was recently demonstrated by Barty-King et
al. by mixing gelatin and an aqueous HPC mesophase. [86] It was ob-
served that at rest, the composite behaves as a free-standing gel which
could be moulded into desirable shapes. Since the supermolecular
structures formed respectively by HPC and gelatin are not strictly
orthogonal, the gelation could affect the cholesteric structure. Indeed,
the authors noted that the optical appearance is adversely affected
by the introduction of gelation, which has been attributed to phase
separation into a gelatin-rich and an HPC-rich phase. As a result, it is
desirable to develop monophasic systems that do not depend on the
mutual compatibility of two major components.
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6.2 supramolecular crosslinking and cucurbituril

An approach to achieve photonic hydrogels with HPC is to exploit
supramolecular interactions. Compared to many of the crosslinking
systems discussed in previous chapters, these interactions are non-
covalent. As such, the gels formed are typically more dynamic and
could therefore reform after the crosslinks have been broken. As
such, some of them can exhibit interesting properties, such as self-
healing. [142] There are a number of different methods and chemical
structures with which this could be achieved, ranging from simple
hydrogen bonding to π-π interactions. [143] One method to achieve
these supramolecular crosslinks is to use host-guest chemistry, and in
this study, one such host would be investigated.

Scheme 6.1: Synthetic procedure for the synthesis of CB[n] from glycoluril
and formaldehyde. n denotes the size of the CB in terms of
the number of glycoluril/formaldehyde units. The scheme is
adapted with permission from Barrow et al. [144] Copyright ©
2015, American Chemical Society.

Cucurbituril (CB) is a family of macrocycles formed by the con-
densation reaction between glycoluril and formaldehyde, as shown in
Scheme 6.1. During the synthesis, the reaction between the two com-
ponents form linear oligomeric structures which then cyclise to form a
ring-like structure of different sizes. The size is typically denoted by n
in CB[n], which represents the number of glycouril or formaldehyde
units consumed in the ring formation. The ratio of CB[n] with different
ring size depends on the reaction condition as well as from batch to
batch. Kim et al. suggests that a typical product mixture would contain
∼ 60 % CB[6], ∼ 10 % CB[5], ∼ 20 % CB[6], with the remaining 10 %
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consisting of the higher homologues (which extends to CB[11]). [145]
As a consequence, CB[8], which will be the focus of this study, not
only requires much effort to separate and purify, but the extracted
yield is also very low. As such CB[8], which is represented by the
space filling model in Figure 6.2a, is relatively difficult to obtain in
large amounts, which has a bearing on the experimental design for
this study.

Figure 6.2: a) Space filling models of CB[8] from the top view and side view.
The red spheres represent the carbonyl oxygen that provide the
hydrophilic portal. Reproduced with permission from Barrow et
al. [144] Copyright © 2015, American Chemical Society b) Schem-
atic showing the 1:2 binding mode of CB[8] which allows the
crosslinking of two polymer chains. The guests, indicated by the
red rods, are covalently bonded to separate polymer chains.

One property of CB[n] is its ability to form host-guest complexes in
water: the polar carbonyl-lined outer edge, oft-described as portals,
interacts well with cations while the cavity interacts strongly with
hydrophobic moieties, such as alkyl chains. [144] Thus, CB[n] binds
well to guests with a particular molecular motif combining a cationic
group and a hydrophobic chain. The host-guest interaction also de-
pends critically on the relative size between the CB[n] cavity and the
guest, as well as the number of guests. The ability to bind more than
one guest within one cavity raises the prospect of employing CB[n]
as a supramolecular crosslinker. An example is shown in Figure 6.2b:
CB[8], in combination with some guests, exhibit a 1:2 binding mode,
meaning that two guests bind within one CB[8] molecule. [146] This
ternary complex has been demonstrated for both guests of the same
moiety (homodimer) [147] and different moeities (heterodimer). [148]
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In either case, if the guests are covalently connected to polymer chains,
these crosslinks can result in a network that can subsequently lead to
gelation. This property has been exploited by Scherman and cowork-
ers to develop a number of hydrogels using a variety of polymeric
substrates, including both synthetic polymers and functionalised poly-
saccharides. [129, 147, 148]

However, a cursory examination of HPC’s structure would reveal
that there are no groups that could easily bind with CB[n]. As such,
further functionalisation is required. Here, a method is designed based
on CB[n] based gels with hydroxyethyl cellulose (HEC). [129] Chem-
ically, HEC is very similar to HPC with the sole difference being
that the side chains in HPC are decorated with an additional methyl
group. Interestingly, HEC is not known to form a LC phase, although
cholesteric phases have been observed when HEC is acetylated. [149]
Although the polymer conformation and intermolecular interactions
might therefore differ between HEC and HPC, the chemical simil-
arities suggest that the gelation behaviour remains similar. In order
to functionalise HEC with a guest, Rowland et al. first decorated
HEC with a methacrylate moiety, which was then coupled with a
cysteine-phenylalanine (Cys-Phe, CF) dipeptide to yield HEC-CF. [129]
The methacrylate group acts as a functional handle for Michael ad-
dition with the thiol groups in CF. This reaction results in pendant
phenylalanine groups that are known to form homoternary complexes
with CB[8]. The phenyl group binds well to the hydrophobic core of
the CB while the amine group interacts strongly with the hydrophilic
portal. [146] Crucially, the binding ratio of CB[8] to phenylalanine
(CB[8]:CF) has been shown by isothermal titration calorimetry (ITC)
to be 1:2. [129] Crystal structures of the 1:2 binding complex for a
similar phenylalanine-containing peptide indicate that the two guests
approach the CB8] from opposite portals and within the cavity, the
phenyl groups interact via a slipped π-π stacking interaction. [150]
Due to this binding mode, gelation can be observed when HEC-CF is
mixed with CB in aqueous solution. [129]

The binding interaction between CB and CF was investigated by
NMR titration: the 1H-NMR spectrum was monitored as a standard
solution of CB[8] (0.08 mmol) was titrated against a solution of FC-CF
(3.81 mmol, dimer of CF), although the molar ratios shown in Figure
6.3 are calculated relative to the concentration of the monomer unit
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Figure 6.3: 1H-NMR spectra of a CB[8] solution (0.08 mmol) with different
molar ratios of CF added. They are all normalised relative to the
intensity of the water peak for reference and cropped to highlight
the relevant CB[8] and CF NMR signals. Since such normalisation
is not precise, no quantitative information about the peak heights
can be extracted.
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(7.61 mmol). As shown in Figure 6.3, when FC-CF was added up to
the stoichiometric molar ratio (1:2), the phenyl peak characteristic of
the peptide cannot be observed, indicating that they are all bound
within the CB molecules. When this stoichiometric amount of CF is
exceeded, as shown in the 1:4 ratio, the excess peptide can be observed.
As such, the NMR titration is able to confirm the homoternary binding
mode of CF in CB[8]. Furthermore, an interesting behaviour can be
observed in the 1H-NMR peaks of CB[8]. When no guest was added,
the CB[8] peaks are sharp, while at a 1:2 ratio, which is the optimal
binding ratio, no CB[8] peaks can be observed. This indicates that
the complexes have precipitated out of solution and are therefore not
visible with 1H-NMR spectroscopy. The lack of solubility can also be
seen in the sample itself, which becomes increasingly cloudy with the
addition of FC-CF. One possible explanation is that the dimers of CF
could form complexes on both sides and therefore “polymerise” into
a chain of CB[8] that is insoluble in water. This type of supramolecular
polymerisation has been observed previously for other host-guest
systems with difunctional guests. [151, 152] In between these two
ratios, the CB[8] peaks could still be observed, but becomes visibly
broader. The broadening peak could represent CB[8] “oligomers” that
retain a certain degree of solubility in water. In order to avoid the
formation of these “polymers”, a similar experiment was conducted
where prior to the titration, the FC-CF was split into the monomer by
in situ reduction of the disulfide bond into the thiol with dithiothreitol
(in a small excess). However, a similar precipitation could be observed,
suggesting oxidation and dimerisation occur quickly.

The enthalpy of binding as well as the binding constant can be
obtained using ITC measurements, which was previously performed
by Rowland et al.. Using methylated CF, where the thiol group is
capped by a methyl group, the overall binding constant K is found
to be 3.70 × 109 mol−2 dm6. [129] However, a similar ITC experiment
on non-functionalised CF (reduced in situ from FC-CF), which was
conducted by Dr. Zehuan Huang, was not possible due to the precip-
itation of the CB[8] “polymers”. The heat change when CB and CF
are mixed was observed to extend beyond the detection limit of the
system, which could be attributed to the heat of precipitation that can
overwhelm any enthalpy changes associated with binding.
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6.3 hpc -cf

6.3.1 Synthesis and gels

Scheme 6.2: Synthetic pathway from methacrylated HPC (HPC-MA) to
peptide-functionalised HPC (HPC-CF) using a dimer of the
phenylalanine-cysteine peptide (FC-CF). The reaction was con-
ducted in presence of dithiotreitol (DTT) and triethylamine
NEt3). It should be noted that the substitution pattern shown in
the scheme is only illustrative and does not reflect every repeat-
ing unit in HPC.

HPC-CF was synthesised using the HPC-MA employed in the pre-
vious chapter as a precursor, with HPC-MA coupled with the FC-CF
dipeptide following the pathway shown in Scheme 6.2. After dialysis
and lyophilisation, HPC-CF was yielded, as shown by the 1H-NMR
spectrum shown in Figure 6.4. The aromatic peak from 7.2–7.5 ppm is
characteristic of the phenylalanine group and the lack of methacrylate
double bond peaks suggests that Michael addition has resulted in
100 % conversion. The degree of substitution (DCF) can be calculated
using a similar method to that described previously for HPC-MA.
By comparison between the aromatic protons and the HPC methyl
groups, the DCF can be estimated, assuming a molar substitution of
hydroxypropyl side chains of 3.49 (see Section 5.1 for more detail). It
should be noted that in this case the methyl peak also includes a small
contribution from the methyl group previously on the methacrylate
group, which has shifted upfield after the loss of the double bond,
but due to its low relative intensity, it was not included in the calcu-
lation. For this study, HPC-CF of two different DCF were prepared,
respectively at 0.027 and 0.018. These will be respectively labelled as
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Figure 6.4: 1H-NMR of H-HPC-CF at two different magnification, highlight-
ing the aromatic peaks from the phenylalanine substituent. The
water peak has been truncated in both spectra.

high functionalised (H-HPC-CF) and low functionalised (L-HPC-CF).
Interestingly, although the conversion is 100 %, a large discrepancy
can be observed between the DCF and DMA of the starting material.
For L-HPC-CF, the DMA of the starting material is 0.038, and thus,
there is a 50 % drop in functionalisation after the Michael addition.
The discrepancy is even larger for H-HPC-CF, where there is a 75 %
drop from a starting DMA of 0.11. Such deviations have been observed
in similar polysaccharide systems [110, 129], although the difference is
typically smaller. It is likely in this case, that the DCF calculated is an
underestimation as the behaviour of H-HPC-CF is very different from
that of L-HPC-CF, which is unlikely to be reflected in the small gap in
DCF.

While the synthetic protocol is relatively simple to adapt from that
of Rowland et al., there is one minor, but notable difference between
their protocol and the one presented here. [129] Specifically, Rowland
et al. first dialysed the crude product in brine in order to more effi-
ciently extract the reducing agent DTT. However, when H-HPC-FC
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was dialysed against brine, a stiff gel was formed within the dialysis
bag, which could not be redissolved in aqueous solution. The gelation
without the inclusion of CB[8] is peculiar and one possible explan-
ation is that dialysis against brine concentrates HPC-FC within the
solution, enhancing any intermolecular interactions and resulting in
crosslinking. The presence of such an interaction will become signi-
ficant and be discussed in the following sections. However, for the
purpose of polymer synthesis, the dialysis against brine was replaced
with dialysis against water.

Figure 6.5: a) Photographs of low concentration H-HPC-CF solution (4 wt%)
with different ratios of CB[8] added. b) Shear rate dependent
viscosities of the low concentration HPC-CF solution shown in a.
Each point is an average of three measurements while the shaded
area represents the standard deviation of each point.

In order to examine the efficacy of crosslinking HPC-CF with CB, a
low concentration solution of H-HPC-CF (4 wt%) and CB[8] was pre-
pared in water. The solution was prepared by first sonicating a mixture
of CB[8] powder and water to create a homogeneous CB[8] suspension
and subsequently, stirring in HPC-CF. Although the complexation was
allowed to proceed by stirring overnight, gelation was not observed, al-
though compared to the control sample without CB, the viscosity was
significantly increased. This was confirmed by the flow sweep plots
shown in Figure 6.5a. However, when the ratio between CF and CB is
increased from 1:2 to 1:1, no significant change in the viscosity could
be observed. Given that the second binding is less thermodynamically
favourable than the first binding interaction, [129] it might be expected
that increasing the ratio would discourage the 1:2 binding mode and
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lead to a reduction in viscosity. That no such drop can be observed
indicates that the excess CB[8] does not interact with the solution and
is instead suspended in solution. This is supported by the increasing
turbidity when the ratio is 1:1 (Figure 6.5b). However, in both cases,
the crosslinking interaction is insufficent to achieve gelation and the
mixture remains a viscous solution. A comparison can be made to the
HEC gels formed by Rowland et al., in which a turbid gel is formed
on addition of CB[8]. [129] However, in comparison, both the degree
of functionalisation and the molecular weight of HEC used are much
higher. Indeed, the MW of HEC used (1.3 MDa) is more than 50 times
the molecular weight of the HPC used in this study. The shorter chains
of HPC-CF and reduced crosslinking density could result in a less
effective network formation, and therefore a weaker gel. Consequently,
although the gelation of HPC-CF in a low concentration solution was
unsuccessful, the large increase in viscosity suggests that within the
cholesteric phase, where the starting viscosity is much higher, the
required density of crosslinks required for gelation would be lower.

6.3.2 Low-functionalisation HPC-CF gels

Initially, gels were attempted using HPC-CF with a low degree of func-
tionalisation (L-HPC-CF). Although a larger amount of guest might
result in denser crosslinking, a large degree of functionalisation might
not be desirable in this situation. Firstly, as observed previously for
the methacrylate system, introducing additional substituents, espe-
cially hydrophobic side chains such as phenyl groups, could affect
the formation of the cholesteric phase. Secondly and more import-
antly, the solubility of CB[8] is reported to be less than 10 nmol dm−3

in pure water. [153] If the amount of guest present is high, then the
amount of CB[8] that needs to be added, while maintaining the same
stoichiometry, would naturally increase. It is possible to imagine that
as the CB[8] bound to the polymer, they are taken out of the solution,
allowing more CB[8] to be progressively solubilised. However, this
process is likely to be inefficient when the amount of CB[8] added
far exceeds the solubility limit and can result in aggregates of CB
that precipitates. Lastly, given the high viscosity of typical HPC meso-
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phases even without functionalisation or crosslinking, the density of
crosslinking might not need to be very high to achieve gelation.

Figure 6.6: Photographs of L-HPC-CF mesophases (66 wt%) with different
ratios of CB[8] added.

Here, a series of L-HPC-CF/water mesophases (66 wt%) are pre-
pared with an increasing amount of CB[8] while maintaining the same
concentration of HPC-CF. As summarised in Figure 6.6, the colour
of the formed mesophase appears to shift depending on the amount
of CB[8] added, but the shift in pitch does not appear to follow a
particular trend. While it is difficult to pinpoint the exact cause of
this colour change, the presence of crosslinkers could distort the helix,
resulting in out-of-equilibrium behaviour. At a ratio of 1:6 (CB[8]:CF),
the mesophase becomes significantly more turbid, and therefore only
appears faintly coloured (blue/green). The cloudiness could result
from the formation of locally crosslinked domains that result in light
scattering or insoluble aggregates of CB[8] which were unable to
completely disperse in solution. Thus, this ratio represents a cap at
which the further addition of CB[8] is no longer effective or desirable,
in terms of both solubility and optical behaviour. This is confirmed
when CB[8] was added at an even higher stoichiometry and large
aggregates of CB[8] were observed. Since water only constitutes a
minor component in this mixture, CB[8]’s effects to the mesophase
need to be considered not only in terms of crosslinking, but also with
respect to its interaction with water. When solubilised, CB[n] binds
free water within its cavity, the release of which plays an important
role in the guest binding thermodynamics. [144] This process could
reduce the effective amount of water available for HPC-CF and lead
to the variation of colour observed at different ratios of CB[8] and CF.
Furthermore, since the CB[8] employed might have been produced
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in different batches, they could have varying degrees of dryness or
even purity, and given the sensitivity of the microstructure to minutes
changes, could lead to varying effects on the pitch.

Figure 6.7: a) Storage G′ (solid line) and loss G′′ (dotted line) modulus of
L-HPC-CF mesophase ((66 wt%)) with different ratios of CB[8] ad-
ded. b) Ratio of G′ and G′′ (tan δ) extracted from a. The transition
between a viscous liquid and gel state (tan δ = 1) is highlighted.
In a and b, each data point is an average over 3 runs.

When the rheological behaviour of these meosphases were examined
(Figure 6.7a), it was shown that through an oscillatory frequency
sweep, the storage modulus G′ is always lower than the loss modulus
G′′ at all frequencies, indicating that the HPC-CF behaves as a viscous
liquid rather than a gel. It should be noted that the material remains
in the linear viscoelastic (LVE) region at the amplitude chosen, which
was informed by an oscillatory amplitude sweep. As such, the lack
of gelation is intrinsic to the material rather than a result of the ap-
plied stress destroying the material. At higher loading of CB[8] (and
corresponding a higher crosslinking density) both G′ and G′′ were
observed to increase, suggesting that the stiffness does increase with
more CB[8]. Similarly, the ratio between G′ and G′′, often represented
by tan δ, suggests that at low frequencies, the behaviour of the meso-
phases approaches that of a gel (tan δ < 1), especially when CB[8] is
introduced (Figure 6.7b). Overall, it can be envisioned that at even
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higher loading of CB[8], a critical threshold could be reached where
the gelation can be achieved. However, as discussed previously, the
lack of solubility places a practical limit on the total CB[8] concentra-
tion. Besides the low CB[8]:CF ratio, the ability to crosslink could be
inhibited by a number of factors. In most cases, molecular mobility
and the formation of the crosslinks can be encouraged by stirring.
However, here, stirring is difficult due to the high viscosity of the
mesophase. As such, the ability to form the host-guest complex is
limited by diffusion and the network formation would therefore be im-
peded. Furthermore, it is unclear how the conformation of the polymer
within the cholesteric phase affects the formation of the 1:2 binding
mode. X-ray diffraction studies of aromatic-containing cellulose deriv-
atives, such as cellulose tricarbanilate (CTC), suggest that the phenyl
groups would adopt fixed orientation relative to the sugar backbone
within the cholesteric phase. [154] While the chains connecting the CF
to the HPC backbone are more flexible compared to the amide linkage
for CTC, the liquid crystalline behaviour could impose constraints on
the conformation of these aromatic groups, which might affect the
efficiency of the host-guest interaction.

6.3.3 High-functionalisation HPC-CF gels

Some of the issues mentioned above for L-HPC-CF gel can be over-
come by increasing the amount of functionalisation, and therefore
the number of guests in the mesophase. In this way, guest moieties
would be more accessible and that would reduce the amount of time
required for network formation. Ideally, the gelation behaviour would
increase in both strength and speed. Preliminary experiments using
H-HPC-CF reveal that a drastic increase in both of these factors can be
observed: when H-HPC-CF comes into contact with an aqueous CB
solution, the gelation appears to be very fast. The solution becomes
gel-like within minutes, and this process occurs even prior to complete
dissolution of the polymer. The result is that a layer of undissolved
polymer would rest on top of the gel. Given that the concentration
of the polymer must be well-controlled and within a certain range to
achieve a photonic response, the difficulties in dissolving the polymer
pose a significant challenge towards the preparation of a photonic gel
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using CB[8]. Various attempts, such as using a salt solution to delay
the onset of host-guest binding, were attempted but unsuccessful. As
a result, only mixtures with a very small amount of CB[8] (CB[8]:CF
= 1:160) were able to be prepared. By blending the solution using a
planetary centrifuge for sufficient time and at high speeds, a relatively
homogeneous mixture could be prepared insofar as all the polymer
powder had been dissolved. During this mixing process, a significant
increase in temperature within the mixing pot was observed and it
is likely that this elevated temperature also allows for the sample to
reequilibrate faster and dissolve.

Unfortunately, although a good mixture can be achieved, the mater-
ial only exhibits a faint colour due to the air bubbles in the solution,
which results in a large amount of scattering. These air bubbles, typ-
ically introduced by the mixing process, can be observed in all of
the HPC-water mesophases prepared in this thesis, but they were
previously easily removed by centrifugation. However, due to the
gel-like nature of this system, the bubbles remained trapped after
centrifugation. The sample, which becomes a very tacky and stiff gel,
was therefore encased between two glass plates separated by a rubber
spacer and sealed using vacuum grease, and heat-treated at 40 ◦C for
a few days. While heat treatment is not anticipated to yield any chem-
ical changes to the crosslinking system, the dynamic nature of CB[8]
binding suggests that the equilibrium between bound and unbound
states can occur faster at elevated temperatures, which might allow
for easier diffusion of these air bubbles. As such, while the air bubbles
are still unable to escape, they would coalesce into a smaller number
of large air bubbles and therefore reduce the overall scattering. The
result of the heat treatment can be observed in Figure 6.8a. Although
the structural colour remains weak and cloudy, a faint red colouration
could be observed. In this case, the difficulty in observing colour is
compounded by the red/IR reflection; when the plate dries, a clearer
blue colour (Figure 6.8b) was revealed. The glass substrate could be
removed (by fracturing the glass in liquid nitrogen) to result in a free-
standing slab that does not flow over time (Figure 6.8c,d), confirming
that the mixture has indeed gelated.

Due to the weak colour, the optical behaviour of the H-HPC-CF
gel is difficult to visualise and measure. Besides the air bubbles, it
is likely that there are several other contributory factors to the lim-
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Figure 6.8: a) Photograph of an H-HPC-CF gel (66 wt%) with a CB[8]:CF
ratio of 1:160 after heat treatment at 40 ◦C. The sample is encased
between two glass substrates and sealed with vacuum grease. b)
Photograph of the sample shown in a after drying, demonstrating
a faint blue structural colouration in the centre. c,d) Photographs
from two views of the sample shown in a (prior to drying) re-
moved from the glass substrate and placed onto a parallel plate
rheometer. The free-standing slab suggests that gelation has oc-
curred.

ited reflection. Firstly, as shown in Figure 6.9a, the weak structural
colour is overpowered by a yellow absorption colour, which could
be attributed to the thermal-induced degradation of cellulose. Since
HPC in the solid-state can be heated above 100 ◦C without signific-
ant decomposition, [139] this degradation is likely catalysed by an
acidic environment, which is a result of the residual HCl from the
CB synthesis. The appearance of the yellow absorption became more
significant when the H-HPC-CF gel was heated at a higher temperat-
ure (60 ◦C). Secondly, given that a strong optical reflection typically
arises from a well-aligned monodomain system, the gelation is likely
to adversely affect the optical appearance of the system. Since the
ability for the mesogens to reorient is significantly limited within the
gel, the microstructure of the gel would consist of small domains that
are oriented in many directions. This results, as discussed in Chapter
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4, in a matte appearance and the presence of many domain boundaries
could also introduce scattering effects.

Figure 6.9: a,b) Storage G′ (solid line) and loss G′′ (dotted line) modulus of
H-HPC-CF mesophase (66%) with and without CB[8] measured
over a range of oscillatory frequencies (a) and amplitude (b). The
ratio of CB[8] added to CF is 1:160. The amplitude at which the
frequency sweep in a was performed is highlighted by the dotted
line in b. Anomalous negative values measured at low strains in
the amplitude sweeps are not included in b.

The gel behaviour of the H-HPC-CF gel and the equivalent system
without CB addition could be examined via oscillatory rheology, which
is shown in Figure 6.9. Interestingly, with and without CB[8], the
storage modulus G′ is always above the loss modulus G′′ across most
of the oscillation frequency range measured, indicating that at the
given oscillation amplitude, both samples are present as a gel. It
should be noted that the oscillation strain chosen γ̂ = 1% remains in
the LVE region, as indicated in the amplitude sweep (Figure 6.9b). The
gel-like behaviour when no CB[8] was introduced is intriguing, and
might be attributed to π-π stacking interactions. Such supramolecular
networks based on π-π interactions have typically been based on
large aromatic moieties, [143] as opposed to simple phenyl groups in
HPC-CF. In this case, the large concentration of phenyl groups, as
well as any orientating effects of the cholesteric order, could allow
such π-π stacking to become more significant. This π-π interaction
could further describe the intermolecular interactions that caused the
earlier observation that the HPC-CF solution gelates when dialysed in
a brine solution. As a result, the mechanical behaviour when CB[8]
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was introduced is a consequence of this existing π-π interaction being
enhanced by the binding modes of CB[8], and therefore, the overall
stiffness increases. While this result demonstrates that it is indeed
possible to form an elastomeric gel using solely H-HPC-CF, no obvious
colour could be observed in the sample. One possible explanation is
that the cholesteric structure reflects only within the IR and the faint
red colouration observed on introduction of CB[8] is caused by the
crosslinker inducing a small shift in the pitch. As such, H-HPC-CF gel
with higher polymer concentration might be able to yield a photonic
elastomer, although increasing concentration and accordingly, viscosity
would also result in a more challenging sample preparation.

6.4 conclusion

While this approach still requires further optimisation, the use of
supramolecular crosslinking, in combination with biocompatible com-
ponents such as the dipeptide used here, is a promising method to
create elastomeric gels. Furthermore, by introducing aromatic func-
tionalisation, π-π stacking interactions could also be induced, which
further enhances the gelation behaviour of H-HPC-CF. However, this
approach is currently limited by the lack of temporal control over
the gelation as the gelation process competes with formation of the
cholesteric ordering, resulting in scattering effects and limiting the
optical response of the system. One approach to achieve a better com-
mand of the crosslinking and self-assembly kinetics is to fine-tune
the degree of functionalisation, which could either be achieved by
tuning the reaction conditions or by blending together HPC-CF with
different DCFs. In this way, the concentration of the guests could be
controlled such that the intramolecular interactions are strong enough
to ensure macroscopic gelation while the gelation kinetics are slow
enough to allow for self-assembly. If a well-ordered cholesteric phase
can be achieved prior to gelation, a mechanochromic material with
strong structural colouration would finally be obtained.
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C O N C L U S I O N

As there is an increasingly urgent need to develop sustainable solu-
tions to all facets of our daily lives, the development of renewable
and biocompatible pigments has gradually become more prominent.
Under this backdrop, there has been a renewed interest in structural
colouration derived from cellulosic resources, such as hydroxypropyl
cellulose. While studies into HPC have spanned a few decades, its
development into pigments has been limited by a number of factors,
primarily the colour stability and lack of processability in the solution
state. This thesis provides a few methods that address these particu-
lar limitations of HPC-based liquid crystals, and in combination, we
hope it would further promote HPC and other cellulosic structural
colourants in terms of applicability and commercial viability.

Firstly, HPC films, prepared by crosslinking with glutaraldehyde
and heat treatment, were observed to obtain an angular-independent
optical appearance with a low dependence of polarisation. By analysis
of the microstructure, the interplay between order and disorder that
ultimately contributes to the optical appearance was deconvoluted. As
such, we were able to tune the visual appearance of HPC from metallic
and iridescent to matte and diffuse, thus eliminating the directionality
that is inherent in most structural coloured system, but is undesirable
in most pigment applications.

Secondly, HPC was derivatised with methacrylate group such that
the mesophase could be photocrosslinked. Through this functional-
isation, the ability to 3D print photonic designs using an HPC-based
material was demonstrated. This approach decouples the macroscopic
geometry of the system from the photonic response, and overcomes
the geometric limitations of many methods used to preserve structural
colour in the solid-state. Moreover, by analysing the microstructure of
the 3D printed material as well as the rheological response of the sys-
tem, we were able to deduce the shear-induced processes that preserve
and align the cholesteric structure during the extrusion process, which
can be readily extended to many other liquid crystalline materials.

165
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Lastly, preliminary studies into how use supramolecular crosslink-
ing can be exploited to prepare a photonic HPC gel have been presen-
ted. By functionalising HPC with a peptide, photonic mesophases
that could be crosslinked using a host-guest system, such as cucur-
bit[8]uril, was developed. While the efficacy of the crosslinking is
limited when the density of guests is low, at high guest concentration,
the host-guest binding mode, in combination with π-π stacking of the
guest itself, successfully results in a gelated system. However, while
some structural colour could be observed, especially after drying,
the scattering within the sample impedes the macroscopic optical
properties. As such, more investigations are required to balance the
gelation process with mesophase formation and defect reduction. With
a better command of the liquid crystalline structure after gelation, a
mechanochromic and biocompatible gel could be created.

Overall, several strategies towards manipulating the cholesteric
microstructure of HPC in the solid-state have been reported in this
thesis. While some elements of each method are certainly specific
to the thermodynamic and rheological properties of the HPC-water
system, these approaches can all be readily extended to other cellulosic
systems and indeed, many cholesteric liquid crystalline material. As
such, these systems can help inform and support further developments
of not only HPC, but other structurally coloured materials.

However, there remains much work to be performed before HPC
and other cellulosic polymers can be applied as a colourant in our daily
lives. One of the core issues impeding their development arises from
the form and geometry of the structurally coloured material. In order
for the material to become commercially viable, the colour needs to be
easily applicable, for example in the form of a paint. However, thus far,
most research has focused on developing structurally-coloured films,
and their preparation methods cannot be simply adapted to samples
and substrates of different geometries and materials. In other words, it
is not possible to simply dissolve them in solution and coat them onto
a surface. By grinding, one might be able to achieve photonic “glitter”,
but it is still challenging to then form a homogeneous coating from
these fragments. As such, there is a need to increase and broaden the
applicability of these cellulosic colourants. One possible method is to
suspend photonic particles within a refractive index-matched resin,
which could then be coated in an analogous manner to conventional
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paints. Recent research has demonstrated that structurally coloured
particles can be achieved, [155, 156] but some technical challenges
remain, both in the development of strongly reflective particles and
in the formulation of the “paint”. For example, the refractive index
matching is crucial to avoid excessive scattering at the particle surfaces
while the density of the particles needs to be high enough for a strong
overall colour.

Moreover, even if we are able to enhance the practicality of LC-
based paints, the optical appearance of cholesteric liquid crystals
and other structurally coloured systems remains innately different
to that of standard dyes. While researchers have developed methods,
including those discussed in this thesis, to mimic certain aspects
of pigments, it is difficult to replicate exactly the optical behaviour
of absorption-based systems. For example, while any wavelengths
of light not reflected are absorbed in conventional pigments, they
would instead be transmitted in the majority of structurally coloured
systems. As a result, if the background substrate is reflective, these
transmitted wavelengths would then be convoluted into the optical
response, reducing the colour purity. In a scientific study, the impact of
this transmission could be easily avoided by using a black background,
but for a real-life application, this would not always be possible or
convenient. In addition, if we are required to apply a layer of black
synthetic dye underneath the HPC layer, the advantages of using bio-
based LC systems would be slightly diminished. A promising solution
is to include broadband absorbers directly into the material, which
has been demonstrated by Barty-King et al. to drastically improve
the optical behaviour of HPC-based systems. [86] Furthermore, it is
possible to develop and incorporate more biosourced absorbers, for
example by using plant-derived lignins or carbon black as a starting
material. However, more work is required to understand the impact
of these absorbers on the self-assembly and optical behaviour, and to
then optimise the final appearance.

Although much research and discussion have focused on the lim-
itations of HPC in imitating conventional pigments and methods to
mitigate these constraints, it is important not to forget that these
structurally coloured system can possess additional functionalities
unachievable via conventional absorption-based systems. Hence, the
unique optical appearance of the HPC mesophase can be considered
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as an advantage as opposed to a hindrance. Indeed, the easy tunability
of the cholesteric phase can allow cellulosic LCs to serve as a biocom-
patible sensing material, while the iridescence might prove useful in
applications such as anti-counterfeiting. In addition, the absence of
photo-bleaching in these LC materials further enhances their longevity
and utility. As such, if we can fully harness these properties, we would
finally be able to develop sustainable and biocompatible photonic sys-
tems that not only rival current pigments in appearance, but exceed
them in functionality and performance.
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