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Abstract

Cellulose is the most abundant biopolymer on Earth as it is found in every plant cell wall;
therefore, it represents one of the most promising natural resources for the fabrication of
sustainable materials. In plants, cellulose is mainly used for structural integrity, however
some species organise cellulose in helicoidal nano-architectures generating strong iridescent
colours. Recent research has shown that cellulose nanocrystals, CNCs, isolated from natural
fibres, can spontaneously self-assemble into architectures that resemble the one producing
colouration in plants. Therefore, CNCs are an ideal candidate for the development of new
photonic materials that can find use to substitute conventional pigments, which are often
harmful to humans and to the environment.

However, various obstacles still prevent a widespread use of cellulose-based photonic
structures. For instance, while the CNC films can display a wide range of colours, a precise
control of the optical appearance is still difficult to achieve. The intrinsic low thermal stability
and brittleness of cellulose-based films strongly limit their use as photonic pigments at the
industrial scale. Moreover, it is challenging to integrate them into composites to obtain
further functionality while preserving their optical response.

In this thesis, I present a series of research contributions that make progress towards
addressing these challenges. First, I use an external magnetic field to tune the CNC films
scattering response. Then, I demonstrate how it is possible to tailor the optical appearance and
the mechanical properties of the films as well as to enhance their functionality, by combining
CNCs with other polymers. Finally, I study the thermal properties of CNC films to improve
the retention of the helicoidal arrangement at high temperatures and to explore the potential
use of this material in industrial fabrication processes, such as hot-melt extrusion.
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Chapter 1

Introduction

The brightest colours in nature originate from the interference of visible light with nanostruc-
tured materials, rather than from pigments [1]. Such structural colouration is widespread in
nature, with both animals and plants offering many spectacular examples, e.g. birds plumage,
insect wings, tropical leaves and flower petals [2]. A common strategy used by plants to
produce structural colours consists of assembling cellulose microfibrils of the cell wall in a
helicoidal architecture [3]. These chiral arrangements form photonic structures, which are
able to reflect brilliant colours spanning from blue to red. Moreover, the reflected light is
circularly polarised and it has the same handedness as the helicoidal structure [4].

In the past few decades, these natural examples have provided inspiration for the produc-
tion of novel photonic materials that reflect light in the visible range and can be fabricated
using self-assembly strategies [5, 6]. Photonic materials made with natural polymers can
be a replacement for the pigments currently used in industry, which often tend to be more
toxic and can fade over time due to weathering. Naturally-derived cellulose nanocrystals,
CNCs, are one of the most promising materials for the production of such pigments. First,
they are abundantly found in plants and can also be extracted from bacteria and animals.
Second, CNCs can spontaneously self-assemble in a cholesteric phase, which is retained
in solid films, and they exhibit strong and tunable colouration in the visible range [5, 7, 8].
Finally, they can be used not only as photonic pigments [9] but also as templates for the
fabrication of plasmonic materials [10] and structurally-coloured inorganic materials, which
find applications as sensors [11, 12]. An improved understanding of the colour angular
dependence and of the colour pattern formation has been crucial for the production of specific
and more complex optical patterns, with several practical applications, e.g. security paper
[13–15].

In this field, however, many challenges remain unsolved. To obtain a fine control over the
optical appearance of the CNC films, in terms of angular response and colouration at different
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length scales, it is necessary to regulate each step of the fabrication process starting from the
optimisation of the CNC suspension to the conditions used for the drying and to the solid film
formation. For instance, the presence of any external stimuli or small modifications to the
formulation of the suspension during the self-organisation process can hinder the cholesteric
structure of the final CNC films, giving rise to inhomogeneous colouration or preventing the
formation of the cholesteric phase at all. Thus, the fabrication of multi-functional CNC-based
composite materials is a non-trivial problem as it requires the development of formulations
able to preserve the properties of the individual components, especially when additional
functionalities, like flexibility or actuation, are required. A related challenge in the field is
the low thermal stability of CNC films, which induces browning and loss of the helicoidal
structure upon heat-treatment. This issue has, so far, prevented the use of helicoidal CNC
films at an industrial scale where processing at temperatures higher than a few hundred
degrees is often required.

The overall objective of this thesis is to address these challenges and to gather a deeper
understanding of the correlation between the CNC self-assembly process and the final optical
and mechanical response of the CNC films. In particular, the thesis follows this structure:
the first three chapters introduce the foundational theoretical and experimental tools, whereas
the following five chapters describe the specific projects that address the aforementioned
challenges.

In particular, chapter 2 describes the theoretical framework that captures the current
understanding of the behaviour of colloidal suspensions and liquid crystals, with a particular
focus on the phase transition of nematic liquid crystals. Moreover, it discusses the differ-
ent optical patterns that arise from the interaction of light with cholesteric liquid crystals.
Chapter 3 reviews the main properties of CNCs and describes the formation of helicoidal
CNC films. It also summarizes the most recent methodological advances in the control of the
optical properties of CNC helicoidal films. Chapter 4 describes the materials used and the
experimental methods adopted to fabricate and characterise the CNC-based films.

Chapter 5 explains how to tune the cholesteric axis orientation of solid CNC films by using
neodymium magnets during the drying process. It analyses the optical and morphological
properties of the fabricated films, by correlating them to the relative orientation between
the magnetic field lines and the CNC drying suspension position and comparing them to a
typical CNC film. Chapter 6 describes a scalable approach to fabricate flexible and helicoidal
CNC films by using a zwitterionic surfactant. The optical, morphological and mechanical
properties of the fabricated films are investigated as a function of the surfactant loading.
Chapter 7 studies two different CNC-based composites: one made with silk fibroin and one
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with a shape memory polymer. First, it investigates how the optical properties of helicoidal
CNC films change in the presence of silk fibroin as a non-volatile additive. Specifically, it
focuses on the role of the suspension pH on the formation of the cholesteric phase and of
the silk fibroin loading on the colour reflected by the film. Then, it explores different routes
for the fabrication of multi-functional CNC films, which exhibit thermo-activated shape
memory properties in addition to the photonic response. It also characterises the optical,
morphological and shape memory properties of these composites. Chapter 8 focuses on the
thermal behaviour of helicoidal CNC films. It summarises a series of experiments aimed at
retaining the helicoidal morphology of the nanocrystal films processed at high temperatures.
The optical response and the morphological appearance of the heat-treated films are analysed
for each set of experiments.

Chapter 9 concludes by summarising and contextualising the findings of the thesis. It
also provides an outlook on the future use of helicoidal CNC films as sustainable photonic
pigments.





Chapter 2

Theoretical background

This chapter describes the theoretical framework necessary to understand the work presented
in this thesis. First, it gives an introduction on colloidal attractive and repulsive forces
and on the DLVO theory of colloidal stability, which is useful to understand the cellulose
nanocrystal suspension behaviour in the limit of low colloid concentration. Then, it focuses
on liquid crystals, describing the isotropic-anisotropic nematic liquid crystal transition, which
is important for interpreting cellulose nanocrystals packing at high concentrations. Finally,
the chapter discusses the basic principles of light interaction with chiral nematic liquid crystal
materials, which are used to analyse the cellulose nanocrystal films optical response.

2.1 Colloids

2.1.1 Colloidal dispersions

A colloidal dispersion is a two-phase heterogeneous system consisting of a dispersed phase,
the colloidal particles, and a dispersion medium. Colloidal particles have at least one
dimension in the microscopic regime, ranging from 1 nm to 1 µm [16], and colloidal
dispersions can be found in solid, liquid, e.g. emulsions and foams, or gaseous phases,
e.g. aerosols, depending on the phases of the dispersed and of the dispersion medium [17, 18].
The overall properties of the colloidal dispersion depend on the solvent and on the surface
properties of the dispersed phase due to the generally high surface-to-volume ratio of the
colloidal particles.

Colloidal dispersions are formed by particles that can be either neutral or charged. In
case of charged particles, the charge can be due to selective ion absorption or dissociation
of surface molecules. Once in suspensions, the particles experience Brownian motion and
therefore they continuously move following a random path even when the dispersion medium
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is at rest. During this rapid thermal motion the particles collide with each other and interact:
upon collision, they can either aggregate or repel each other, depending on the type of
interactions at work between the particles [17].

The stability of a colloidal dispersion depends on the balance between the attractive
and the repulsive forces exerted between the dispersed particles. Depending on the type of
repulsion mechanism, the colloidal stability is ensured either by electrostatic interactions, by
polymeric stabilisation, which implies the presence of additional particles in the dispersion,
or by electro-steric stabilisation, which is a combination of the two previously mentioned
mechanisms. In a stable colloidal dispersion, the particles are evenly suspended in the
medium and the repulsive forces are dominant. If these repulsive forces are weaker than
the attractive forces, the particles start to aggregate upon collision and, as the cluster of
particles grows larger, they can slowly sediment. Under these conditions, the suspension is
unstable [16]. Therefore, this section continues by describing the electrostatic interactions
necessary to ensure colloidal stability as they are fundamental in controlling the stability of
the cellulose nanocrystal suspension studied in this thesis.

2.1.2 Electrostatic stabilisation

Diffuse electrical double layer

Colloidal particles dispersed in high-dielectric constant liquids, such as water, are usually
charged. The surface charge can derive either from the ion dissociation from the particles
surface or from the selective adsorption of ions from the dispersion. The charged ions
adsorbed on the colloid, the co-ions, induce a potential ψ0 at the particle surface as illustrated
in Figure 2.1a [17]. Independently of the charging mechanism, the surface co-ions are
balanced by a layer of counterions, the Stern layer, which are attracted to the particle surface
and bound to it by electrostatic forces. Next to it, there is a diffuse layer with a higher
concentration of counterions than co-ions. The ions in the inner part of this layer are still
bound to the colloidal particle via electrostatic interactions and they can be considered to
be in thermal motion with the particle. This outer bound of particles is referred to as the
slipping plane, as it is the layer of liquid that moves with the particle, and it is characterised
by the potential ζ as described later in this section [16]. Therefore, when in presence of an
external field the colloidal particle moves, its apparent size is larger than the physical one and
its apparent charge is lower than the charge at the surface due to the presence of surrounding
counterions. Further away from the particle surface, in the bulk of the electrolyte, the ions
distribution is uniform as also shown in Figure 2.1b.
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Figure 2.1 Charge distribution on the surface of a colloidal particle. a The electric double layer
with highlighted the Stern and the slipping plane. b Counterions and co-ions concentration
in function of the distance x from the surface, where x = 0 corresponds to the particle
surface and ∞ corresponds to the bulk of the suspension. Adapted with permission from [16],
copyright 2011, Elsevier.

Assuming that the volume of the individual ions is negligible (they are at sufficiently
large distances from each other), that they have an energy kBT , where kB is the Boltzmann
constant (kB = 1.38× 10−23J/K) and T is the temperature, to move around and that the
electric field is generated by a flat surface, then the concentration of the ions at a distance x
from the particle surface, Ci(x), can be expressed as a Boltzmann distribution:

Ci(x) =Ci(B)exp
(
−ZiqΨ(x)

kBT

)
, (2.1)

where Ci(B) is the concentration of the i ion in the bulk of the suspension, Zi is the valence
of that ion, q is the proton charge and Ψ(x) is the electrostatic potential. The electrostatic
potential can be expressed in form of a Poisson equation:

∂ 2Ψ

∂x2 =−ρ(x)
ε0εr

, (2.2)

where ε0 is the vacuum dielectric permittivity, εr is relative permittivity of the material and
ρ(x) is the charge density. Inserting the Boltzmann distribution in Equation 2.2 gives the
Poisson-Boltzmann equation:

∂ 2Ψ

∂x2 =− 1
ε0εr

∑
i

ZiqCi(x) =− q
ε0εr

∑
i

ZiCi(B)exp
(
−ZiqΨ(x)

kBT

)
. (2.3)
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This equation enables the investigation of a flat electrical double layer assuming that the
ions are point charges and that the potential at each plane at a distance x from the colloidal
particle surface is uniform. By considering a symmetrical electrolyte, i.e. Z:Z being 1:1,
2:2, ... , the charge density ρ(x) can be explicitly written as [17]:

ρ(x) = ZqC(B)
{

exp
[
−ZqΨ(x)

kBT

]
− exp

[
ZqΨ(x)

kBT

]}
. (2.4)

By defining Y = ZqΨ(x)/kBT the Poisson-Boltzmann equation can be rewritten as1:

d2Y
dX2 = sinh(Y ), (2.5)

where the real distance x is replaced by a scaled distance X such that X = κx where κ is the
reciprocal of the Debye length which is defined as:

κ
−1 =

√
ε0εrkBT

2q2I
with I =

1
2 ∑

i
Ci(B)Z2

i . (2.6)

I is the ionic strength of the colloid and it is proportional to the concentration of the electrolyte
solution for solutions containing monovalent ions. Following from Equation 2.6, the Debye
length magnitude depends only on the properties of the solution and not on any property of
the particles surface [16]. For instance, in water at T = 25 ◦C, κ−1 = 0.304 nm /

√
I(M).

The integration of Equation 2.5 in the limit of low surface potential, Ψx=0 = Ψ0 < 25 mV,
gives the Debye-Hückel potential:

Ψ(x)≃ Ψ0 exp(−κx). (2.7)

The Debye-Hückel potential has an exponential decay with the distance from the particle
surface which depends on the electrolyte concentration, as also illustrated in Figure 2.2. The
characteristic decay of the potential is the Debye length and it represents the distance from
the particle surface where the potential Ψ(x) has decayed of 1/e of its original value where e
is the Euler exponential constant [17].

The stability of a colloidal dispersion depends critically on the magnitude of the elec-
trostatic potential Ψ(x) at the surface of the colloidal particles. This can be analytically
expressed for the two limiting cases of either very large or very small particles. If R is the
radius of the particles, the two limiting cases respectively correspond to κR ≫ 1, thin double
layer, and κR ≪ 1, thick double layer. Intermediate cases can, instead, be calculated using

1 The following identity is used: exp(Y )− exp(−Y ) = 2sinh(Y ).



2.1 Colloids 9

Figure 2.2 Debye-Hückel potential in function of the electrolyte concentration. Going from
curve (1), to (2) and (3) the electrolyte concentration increases and, consequently, the Debye
length decreases.

the Henri function in the limit of low potentials [18]. For spherical particles moving in a
fluid of viscosity η under the presence of an electric field E at speed u and electrophoretic
mobility µ = u/E, the potential at the slipping plane, ζ , can be expressed in function of the
electrophoretic mobility as [17, 18]:

ζ = 3µη

2ε0εr
for κR ≪ 1, Hückel equation

ζ = µη

ε0εr
for κR ≫ 1, Smoluchowski equation

(2.8)

In both cases, the measured potential at the slipping plane does not depend on the actual
particle size. This potential is referred to as zeta potential, ζ , and its value gives a qualitative
information on the stability of the colloidal suspension, with |ζ | higher than 40 mV usually
indicating a good colloidal stability [17]. For ζ = 0 mV the mean surface charge density is
zero. Since some surface charges can be affected by the pH via protonation or deprotonation,
the pH value for which ζ = 0 mV is defined as the isoelectric point, pI. The pI separates
positive ζ values, for pH < pI, from negative, for pH > pI [16].

Electrostatic repulsive forces

The charge distribution surrounding a charged colloidal particle can be altered by the presence
of a second colloidal particle, provided that it is at a distance such that their diffuse double
layers overlap. When this occurs, the ion density varies from the equilibrium value thus
generating a repulsive pressure which leads to electrostatic repulsive forces between the two
surfaces. These repulsive forces prevent the particles from coagulating in case of collision,
caused by their random motion, and they, therefore, maintain the colloids stable [17]. The
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interaction energy follows an exponential decay and it strongly depends on both the surface
potential and the electrolyte concentration.

For cylindrical particles of length L, radius R, separated by a distance d in the regime
of large κR, the repulsive energies due to the double layer overlap can be written, in first
approximation, as the average of the interaction that would arise if the cylinders were arranged
either parallel or perpendicular one respect to the other, as illustrated in Figure 2.3a and b:

Wrep =
1
2
(
W∥+W⊥

)
, (2.9)

where the individual components can be approximated as:

W∥ = 64nkBT γ
2L

√
πκR
κ2 exp(−κd), W⊥ = 128πnkBT γ

2 R
κ2 exp(−κd), (2.10)

under the assumption that γ = tanh(qΨ0/4kBT ) and that n represents the number density of
ions in the colloidal suspension [19, 20].

Figure 2.3 Schematics of geometrical configurations used for the calculation of the Hamaker
constant. Diagram of two identical cylindrical particles made of material (1) separated by a
material (2) and aligned either parallel to each other, a, or perpendicularly, b. Adapted with
permission from [16], copyright 2011, Elsevier.

Electrostatic attractive forces

Van der Waals forces are short-range attractive interactions that arise between polar and
non-polar molecules. They derive from the interactions between either permanent or tem-
porary dipole moments formed between the molecules and they are additive [16, 17]. For
macroscopic bodies, such as planar surfaces, spherical and cylindrical particles, the van der
Waals forces can be approximated as the sum of each additive dispersion interaction between
the bodies involved in the system, without considering the presence of other bodies. This
approximation gives a simplified representation of the short-range forces provided that: the
bodies are at short separation distance d, usually d ∼ 5 nm, the geometry of the system
is known, and that the Hamaker constant, A, is calculated for that system. The Hamaker
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constant, A, is a material property expressed in function of the frequency-dependent dielectric
properties of all the media involved and it defines the strength of the interaction.

Similarly to what done for the attractive forces, for a system made of two identical rods
with radius R and length L separated by a distance d the interaction energy can be expressed
as the average of the energy in the parallel and in the perpendicular configuration [16, 20].
Referring to Figure 2.3a and b the average interaction energy can thus be expressed as:

W121(d) =
1
2
(
W∥+W⊥

)
=

1
2

(
−A121

12
√

2d3/2

√
R2

2R
+

−A121R
6d

)
. (2.11)

This equation shows that the Van der Waals interaction decrease with the inverse power of
the separation between the particles. For a two-body interaction, A depends on the materials
of the two bodies and on the material forming the separating medium. For instance, typical
values of A are of the order of (0.4−4)×10−19 J for condensed phases interacting in vacuum.
The van der Waals forces between two identical bodies in a medium is always attractive, A
positive, while for different bodies it can be either attractive or repulsive, A negative [16, 17].

DLVO theory

Derjaguin, Landau, Vervey, and Overbeek (DLVO) developed a quantitative theory of col-
loidal stability, which is valid under the following assumptions: the colloidal dispersion needs
to be in the dilute regime, the forces acting on the colloidal particles are the van der Waals
and the electrostatic forces only, the electric charge is uniformly distributed over the particles
surface and the ion distribution is determined by the electrostatic force, the brownian motion
and the entropic dispersion. Therefore, the DLVO theory allows for the calculation of the
free energy per unit area between colloidal particles as the sum of two additive contributions,
the double layer interaction and the van der Waals interaction:

Wtot(d) =Wdl(d)+WvdW (d). (2.12)

In case of a colloidal system made of cylindrical rods, that can be either in a parallel or in
an orthogonal configuration, by recalling Equation 2.9 for the double layer repulsion and
Equation 2.11 for the attractive interaction, the total interaction energy can be written as
[16, 19, 20]:

W rods
tot =

√
R

2

[
64

√
πnkBT γ2 exp(−κd)

κ2

(
L
√

κ +2R
√

πR
)
− A121

√
R

6d

(
1

4
√

dR
+1
)]

.

(2.13)
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Equation 2.13 determines the type of interaction arising between the rods as a function
of their relative distance d and of the colloidal suspension properties, as exemplified for
the case of cellulose nanocrystal rods represented in Figure 2.4. The energy curves of the
electrostatic double layer repulsion, the van der Waals attractive interactions and of the
total interaction energy, the DLVO, have been simulated for cellulose nanocrystals rods in
a 350 mM suspension with varying surface potential of -20 mV, Figure 2.4a, and -50 mV,
Figure 2.4b and using an Hamaker constant equal to 8 × 10−21 J [21].

Figure 2.4 Simulated attractive van der Waals energy, electrostatic double layer repulsion and
total interaction energy, DLVO, as a function of the cellulose nanocrystals rods separation
distance with a varying surface potential of -20 mV, a, and -50 mV, b. The reported energy
curves are the average of cellulose nanocrystals in perpendicular and in parallel configurations.
Adapted with permission from [21], copyright 2016, Royal Society of Chemistry.

Low electrostatic surface potential values promote a total energy curve which is negative
for high and for really small separation values, and which exhibits a positive peak, the
energy barrier, for intermediate rods distance. This implies that, for really small and high
separation distances, the rods experience an attractive interaction while for intermediate
values a repulsive interaction. The energy barrier is considered to be weak when it is low
compared to kBT and strong when it is large compared to kBT . For small separations, the
system has to overcome an energy barrier to access the attractive energy region. When the
energy barrier is overcome, the colloid evolves in an aggregated configuration, with energy
given by the lowest energy minimum. When the energy barrier is high enough, instead, the
access to the energy minimum is kinetically not favoured and thus the colloid remains stable.
On the contrary, high electrostatic surface potential values favour a total energy curve with
an infinitely high energy barrier for small rods separation distances and negative values for
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higher separations. This type of curve characterises a colloid in which there is attractive
interaction when the particles are distant from each other and repulsive interaction when the
particles are closer, thus ensuring a stable colloidal suspension. The DLVO theory cannot
provide a reliable description of the colloidal behaviour for high colloid concentrations and
low electrolyte concentrations [16, 21, 22].

2.2 Liquid crystals

2.2.1 Liquid crystal mesophases

The liquid crystalline phases, LC, are a state of matter whose properties are intermediate
between the properties of a crystalline solid and the properties of a liquid phase, hence
it is referred to as a mesophase [23]. While crystalline solids display long-range three-
dimensional positional order and liquids have neither positional nor orientational order, the
liquid crystal phase is partially ordered: it can display either or both of those ordering and
usually only up to a certain degree.

For particles to display liquid crystalline behaviour, they need to be either easy polarisable
or to have strong dipoles in addition to having an anisotropic morphology, e.g. typical shapes
include rods, discs and helices. The liquid crystal behaviour can be displayed either by
molecules, such as surfactants, or by nanoparticles, such as colloidal particles. Particles
exhibiting this behaviour are referred to as mesogens [24]. Depending on the mechanism that
triggers the formation of the LC phase, it is possible to distinguish between thermotropic and
lyotropic LCs. In case of thermotropic liquid crystals, the self-organisation is driven either
by an increase in the temperature of a solid material or by a decrease in the temperature of a
liquid phase. On the contrary, in lyotropic liquid crystals the self-organisation starts when
the particles volume fraction in a liquid system exceeds a certain threshold, which is specific
for each material [24].

As illustrated in Figure 2.5, liquid crystals can be classified in various phases depending
on the shape of the mesogens and on two main parameters: orientational order and positional
order. The orientational order measures the average tendency of the mesogens to align along
a vector n, the nematic director, on the long range. For a three-dimension system, it is often
defined by the parameter S, where S = 1

2⟨3cos 2(θ)−1⟩ with θ being the angle between the
molecular axis of the mesogen and the nematic vector axis n and the brackets taking into
account the averaging over the angle ϕ as illustrated in Figure 2.6a. S varies between -0.5
and 1, where 1 refers to particles perfectly aligned parallel to n, -0.5 to particles aligned
perpendicularly to n, and 0 indicates no alignment [24]. The director n provides an average
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representation of the system as the mesogens are subjected to a constant thermal agitation.
Similarly, the positional order measures the extent to which a group of mesogens show
translational symmetry.

Considering the above described liquid crystals parameters, it is possible to identify the
following LC phases: nematic, chiral nematic, smectic, columnar, hexagonal and lamellar.
As shown in Figure 2.5a nematic liquid crystals do not display translational order but uniaxial

Figure 2.5 Liquid crystal mesophases. Possible mesophases formed by mesogens with a rod
shape, a, a discoidal shape, b, and from surfactants, c. Adapted from [25].

orientational order. The mesogens, usually with rod-like shape, preferentially orient their
long axis along the nematic vector n with an orientational degree S≫0 and the anisotropy of
the system increases with the mesogens alignment.

The chiral nematic liquid crystal phase is accessible to mesogens with a chiral centre,
which makes them not superimposable with their mirror image and it induces a twist in the
alignment of the particles with respect to one another, or to non-chiral mesogens with a
chiral dopant in solution. This phase is the chiral version of the nematic phase and it has
been first observed for derivatives of cholesterol [26], hence the name cholesteric which
is also used to identify them. In a chiral nematic liquid crystal the mesogens are locally
oriented along a common direction, defined by the nematic vector n which spatially rotates
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around an axis, the cholesteric director m, describing a helicoidal path while remaining
always normal to it, as illustrated in Figure 2.6b. Depending on the rotation direction of the
helical structure, it is possible to distinguish between left-handed and right-handed chiral
nematic phases. The handedness of the helix is correlated to the molecular structure of the
mesogens [27]. The distance along the helical axis m that separates mesogens of the same
orientation after a 360◦ rotation is commonly defined as the cholesteric pitch, p; the physical
properties of the material repeat along m with a period p/2 as shown in Figure 2.6c and
schematically in Figure 2.6d. The pitch value depends on the size of the mesogens and on
the balance between the electrostatic and the steric interactions between the mesogens [24].
The continuous rotation of the nematic director n with respect to the cholesteric director
m induces a continuous helicoidal change of the refractive index along m. For simplicity
the precession of the nematic director n along m is often represented in a discrete fashion
with the continuous cholesteric phase simplified to discrete layers of stacked mesogens as
illustrated in Figure 2.6d.

Figure 2.6 The chiral nematic liquid crystal mesophase. a The orientational order depends
on the relative angle θ formed between the nematic director n and the molecular axis of
the mesogen and on the angle ϕ . b Chiral nematic director m along which the nematic
director n precesses following a helicoidal path. c Representation of half pitch. d Schematic
representation of the cholesteric mesophase that is used in this thesis.

Smectic liquid crystals display both orientational and positional order in two dimensions.
Amongst the possible smectic phases, the smectic A and the smectic C are the most studied.
In the smectic A the nematic director n is perpendicular to the smectic plane, whereas in
the smectic C it is tilted of a constant angle. The phase smectic C∗ is the chiral analogue
of the phase smectic C. Mesogens with a discoidal shape tend to lie on top of each other to
form a discotic liquid crystalline phase as reported in Figure 2.5b. They can either display
a discotic nematic phase or a columnar phase. Finally, liquid crystal phases formed by
surfactants can have a micellar, hexagonal or lamellar structure as illustrated in Figure 2.5c.
The formation of the mesophase is driven by the competition between the hydrophilic and
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hydrophobic interactions occurring between the hydrophilic head, the ionic head-group, and
the hydrophobic tail, usually formed by an alkyl chain.

Due to the mesogen anisotropy and the long-range orientational order, liquid crystals
are optically anisotropic. This means that the refractive index in the direction parallel to
nematic director n, n∥, is different from the refractive index perpendicular to the director, n⊥.
Hence, liquid crystals are characterised by an average refractive index, navg, which derives
from the numerical average of n∥ and n⊥. The magnitude of the anisotropy is defined by the
birefringence of the liquid crystal and it is expressed as ∆n = n∥−n⊥ [28].

2.2.2 Liquid crystal nematic transition

This section discusses the phase transition for rigid rod-like colloidal particles from an
isotropic phase to an anisotropic nematic phase following a simplified description of Onsager
model [29]. The transition is entropy-driven and occurs as, for specific concentrations, the
entropy in the ordered phase is higher than in the disordered one. The entropy S of a system i
is calculated according to Si = kB lnWi, where Wi is the number of states accessible to the
system; S can be expressed as the sum of an orientational term, Sor, and of a translational
term, Str. Sor is directly proportional to the number of solid angles Ωi accessible to the
rods in each phase i. This entropic contribution is higher in the isotropic phase, where the
rods are randomly dispersed, than in the isotropic one, where they align. Str is directly
proportional to the free volume, which is the volume available to a rod in each phase i
that is not already occupied by another rod. Consequently, we can define the excluded
volume, Vexc = 2DL2 sinγ , as a volume of space that cannot be occupied by one particle, as
it is already occupied by another one, as shown in Figure 2.7a. As the excluded volume is
minimum when the rods are parallel and maximum when they are perpendicular to each
other, Str is higher in the anisotropic phase than in the isotropic phase. Above a specific
concentration value, the gain in Str obtained by the rods upon alignment is higher than the
loss of Sor and, therefore, the system has higher entropy and is more thermodynamically
stable in the anisotropic phase. This effect drives the phase transition from an isotropic phase
to a nematic one [30–33].

To determine the conditions for this transition, the system is simplified to a three-
dimensional gas made of N identical rigid neutral rods with length L and diameter D, with
D ≪ L, immersed in a volume V . The rods are assumed to interact only through repulsive
hard-core intermolecular forces which are null if the rods do not overlap and are infinite when
they overlap. The Helmholtz free energy of the system, F , is calculated and the conditions
for the existence of the isotropic and nematic phases are here expressed [30, 31, 34]. At the
concentration that determines the phase transition between the isotropic and the nematic
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phase, the two phases are in equilibrium and, therefore, the change in the Helmholtz free
energy, ∆F , is null:

∆F = ∆U −T ∆S = 0. (2.14)

As there are no interactions between the rods, except for hard-core repulsions, the internal
energy of the system, ∆U , is null; hence, the entropy variation, ∆S = ∆Sor +∆Str, for the
transition from the isotropic to the nematic phase has to be null too. The difference in
orientational entropy for the phase transition from the isotropic to the nematic phase can thus
be expressed as:

∆Sor = kB ln
(

Ωani

Ωiso

)
∼−kB, (2.15)

where the degenerate solid angle Ωi approximates the number of microstates W accessible
to the rods in each phase i. The difference in the translational entropy, ∆Str, is determined
by the difference in the free volume between the nematic and the isotropic phase. As in the
isotropic phase the excluded volume can be expressed as L2D, the amount of free volume
available for a rod in the that phase is:

V I, f ree =V −NL2D. (2.16)

In the nematic phase, instead, the excluded volume is of the order of LD2 for each particle;
for rods with sufficiently high aspect ratio, i.e. the ratio L/D, this contribution can be
neglected. Assuming that the free volume is proportional to the number of the microstates,
the translational entropy difference can be simplified to:

∆Str ∼ kB ln
(

V
V −NL2D

)
. (2.17)

By expanding the natural logarithm in series and by defining the number density as ρ = N/V ,
the above equation can be expressed as:

∆Str ∼ kBρL2D. (2.18)

The critical number density for the phase transition can now be determined by solving
Equation 2.14 which gives:

ρ
∗ =

1
ρL2D

. (2.19)

For high aspect ratio rods, this results is of the same order of magnitude as the more accurate
description given by Onsager theory. The critical volume fraction for the onset for the
formation of the nematic phase, φ∗

min, and for the complete conversion of the isotropic phase
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in the nematic phase, φ∗
max, can be expressed as [29, 30, 32]:

φ
∗
min = 3.3

D
L
, φ

∗
max = 4.5

D
L
. (2.20)

Consequently, the onset for the transition to a lyotropic liquid crystalline phase happens
for a volume fraction that is inversely proportional to the aspect ratio L/D of the rods, as
illustrated in Figure 2.7b. In the biphasic region, the concentration of the isotropic and of the
anisotropic phases are constant, thus implying a linear increase of the volume fraction of the
anisotropic phase.

Figure 2.7 Excluded volume between cylindrical rods interacting via hard-core repulsions
and phase diagram in function of the rods aspect ratio and volume fraction. a Graphical
representation of the excluded volume of a rod oriented along the direction Ω due to the
presence of a second identical rod oriented along the direction Ω′. b Phase diagram of a
system made of identical rigid rods in function of their volume fraction Φ and aspect ratio
L/D. Adapted with permission from [31], copyright 2002, Oxford University Press.

Onsager theory has later been refined by other theories which take also into account the
polydispersity [35] and the surface charge of the rods [36]. To be able to apply this theory to
the case of negatively charged cellulose nanocrystals the second refinement is of particular
importance [30, 35–37]. The presence of the charges implies that the colloidal particles do not
interact only via hard-core repulsions but also through electrostatic interactions. Moreover,
the charges also affect the isotropic-anisotropic transition as they induce an increased effective
diameter of the rods, which is proportional to the electrical double layer thickness, and a
twisting force exerted by rods on each other, caused by the electrostatic repulsion. These
factors induce a higher concentration threshold for the transition from the isotropic to the
anisotropic phase [36]. The twisting magnitude, h, can be expressed as:

h = (κDe f f )
−1, (2.21)
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where κ−1 is the previously defined Debye’s length and the effective diameter De f f can be
written as:

De f f = D+(lnA′+0.7704)/κ, (2.22)

where A′ = 2πν2
e f f Qκ−1 exp(−κD), νe f f represents the effective linear charge density and

the Q is the Bjerrum length which is given by Q = q2/ε0εrkBT . Interestingly, for thin
molecules νe f f represents the density charge per unit length of the molecule while for thicker
molecules νe f f is better expressed in function of the surface charge density.

For concentrations values below the threshold, the system is in a purely isotropic phase.
On the contrary, above the threshold, there is coexistence between the two phases up to a
second threshold value above which only the anisotropic phase can be observed. Neglecting
charges, the anisotropic volume fraction in the biphasic region, Φani, increases with the total
suspension concentration, Ctot as:

Φani =
Ctot −Ciso

Cani −Ciso
. (2.23)

Considering, instead, the presence of surface charges, the change of Φani is more rapid at
lower Ctot values, as illustrated for the cellulose nanocrystal phase diagram of Figure 2.8a.
The non-linearity is related to Ciso and Cani not being constant in the biphasic region but
increasing with Ctot due to the change of the ionic strength of the suspension [36].

Figure 2.8 Phase diagram of charged particles. a The cellulose nanocrystal phase transition
diagram in pure water shows a non-linear increase in the anisotropic volume fraction in the
biphasic region. b Upon increase of electrolyte concentration the critical concentration for
the formation of the biphasic region increases. Here NaCl, in the concentrations indicated
in the Figure, is used. Reproduced with permission from [36], copyright 1996, American
Chemical Society.

Upon increase of the electrolyte concentration, the anisotropic volume fraction decrease
in the biphasic region implying the before mentioned increase in the critical concentration as
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shown in Figure 2.8b. This is caused by the decrease of κ−1 and of De f f which move the
phase transition to higher concentrations. Moreover, as a higher electrolyte concentration
implies a smaller electrostatic repulsion between the nanoparticles, they are more closely
packed. This induces stronger electrostatic interactions and thus a smaller pitch of the
cholesteric phase. Highly charged and polydisperse systems require different corrections to
faithfully model the phase transition.

2.3 Optics of cholesteric structures

This section describes the interaction between light and chiral nematic liquid crystals that is
responsible for their unique optical properties in the liquid state and the interaction of solid
helicoidally arranged films with light. First, it briefly describes light polarisation and how it
can be measured experimentally. Then it investigates the light interaction with an ordered
monodomain cholesteric structure and with a polydomain tilted structure. The equations
necessary to determine the wavelength and the reflection angle are then derived following de
Vries [38] and Fergason model [39].

2.3.1 Light and polarisation

The expression of a plane wave propagating in a material with refractive index n at velocity
c/n, with c being the speed of light in vacuum, can be obtained by solving Maxwell’s
equations and written as:

E = u1E0 exp [i(ωt −k · r)], (2.24)

where k is the wave vector, r is the position vector, u1 is a unit vector normal to the propaga-
tion direction and E0 is the amplitude of the electric field at time t = 0 and position r =(0, 0, 0).
Light can thus be described as a transverse wave propagating in the electromagnetic field
which is characterised by a wavelength λ = 2π/k, where k is the wave number, a frequency
ν = ω/2π , where ω is the angular frequency, and by a specific polarisation state [40].

Polarisation

A light wave is defined as polarised when the electric field vector of the corresponding wave
oscillates following a regular pattern over time. The expression of a transverse plane wave
propagating in the z direction is such that the electric field has components only in the xy
plane, respectively E0x and E0y [40]:

E = E0x exp [i(kz−ωt +φx)]x+E0y exp [i(kz−ωt +φy)]y. (2.25)
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Depending on the electric fields amplitudes E0x and E0y and on the phase shifts φx and φy, at
a fixed position, it is possible to identify three main types of light polarisation:

• Linear polarisation, LP, when the electric field amplitudes are different and the phases
are equal. The electric field vector is confined to oscillate along a single direction
perpendicular to the propagation direction.

• Circular polarisation, CP, when the electric field amplitudes are equal to each other but
have a phase difference of ±π/2. The electric field vector rotates describing a circle
in the xy plane. Light can be circularly polarised in two directions, either left-handed
or right-handed and different conventions apply to define them. Here we consider
to be left-handed circularly polarised, LCP, the light of that polarisation where the
electric field vector within one plane rotates counter-clockwise to an observer looking
in the direction of the source. Conversely, the right circularly polarised light, RCP, is
defined by an electric field vector which rotates clockwise to an observer looking in
the direction of the source.

• Elliptical polarisation is a generalisation of the circular polarisation case that occurs
when both the electric field amplitudes and the phases shifts can assume any arbitrary
value. The electric field vector rotates describing an ellipse in the xy plane.

These three situations are schematically depicted in Figure 2.9a. Natural light, or randomly
polarised light, is, instead, formed by the superposition of many beams having the same
propagation direction but each with a different polarisation [41].

Figure 2.9 Light polarisation and conversion of left circularly polarised light to linearly
polarised light. a From left to right, representation of linear, circular and elliptical polarised
light. b LCP light is converted to LP light after passing through a quarter wave plate oriented
with its slow axis along the y direction. A subsequently placed linear polariser, with its
transmission axis at -45◦, filters the LP light.
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Measuring circularly polarised light

By using adequate polarising optical components it is possible to change the polarisation of a
light wave. This is relevant to be able to discriminate the handedness of the light reflected by
solid films with internal helicoidal cellulose nanocrystal assembly. To distinguish between
LCP and RCP light is necessary to filter the light first through a quarter wave plate and then
through a linear polariser, appropriately rotated with respect to each other as illustrated in
Figure 2.9b. The quarter wave plate is an anisotropic material with a higher refractive index
in one direction, the slow axis, than in the perpendicular direction, the fast axis. When left-
and right-circularly polarised light passes through a quarter wave plate oriented with its slow
axis in the y direction, the light polarised in that direction is subjected to a phase retardation
of ± π/2. This forms two linearly polarised light beams oriented at ± 45◦ with respect to
the y axis, whose sign depends on the initial handedness of the circularly polarised light.
To discriminate between the originally LCP and RCP light a second element is necessary,
a linear polariser, oriented at ± 45◦ with respect to the y axis to filter out the undesired
component. In the schematic of Figure 2.9b LCP light is transformed in a LP light polarised
at −45◦ with respect to the y axis and it is transmitted through a linear polariser oriented
at −45◦ with respect to the y axis. Using the same orientation of quarter wave plate and
linear polariser a RCP light would pass through the quarter wave plate but not through the
linear polariser.

2.3.2 Optical properties of cholesteric liquid crystals

Effect of anchoring

The optical properties of chiral nematic liquid crystals are determined by the pitch of the
cholesteric phase, by their birefringence, and by the relative orientation of the helical axis m
with respect to the direction and polarisation of the incident light [28]. As previously
described, the continuous rotation of the nematic director n along which the birefringent
mesogens align induces a continuous and helicoidal variation of the refractive index along
the cholesteric director m. The effect of the relative orientation between the light at the flat
interface with a cholesteric material and the cholesteric director m orientation throughout
the bulk material is analysed here. The two most common pattern that can arise from this
interaction are shown in Figure 2.10 through schematics and the corresponding optical
micrographs. For all the schematics of Figure 2.10, the cholesteric sample is shown in cross-
section with the light impinging normally to the sample top surface; the optical micrographs
correspond to the cholesteric sample observed in top view and they are acquired by measuring
the cholesteric liquid crystal between crossed polarisers.
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Figure 2.10 Schematics of different types of chiral nematic arrangements, top row, and
corresponding optical appearance, bottom row. a A planar anchoring generates a uniform
pattern whose colour depends on the pitch. Scale bar: 50 µm. b A normal alignment of the
cholesteric director with respect to the substrate generates a fingerprint pattern. Scale bar:
50 µm. Reproduced under CC-BY licence from [42], copyright 2016, American Chemical
Society.

When the cholesteric director m is perpendicular to the substrate, a planar anchoring
of the cholesteric phase is achieved as illustrated in Figure 2.10a. In this case, the light
hitting the sample propagates parallel to m and thus parallel to the spatial modulation of
the refractive index. This modulation induces the selective reflection of circularly polarised
light with specific wavelength and polarisation as described later in this section. When the
pitch of the cholesteric structure is of the same order of the wavelength of visible light, the
reflected light is within the visible range and it does not extinguish when observed between
crossed polarisers [43]. Otherwise, when the pitch has a different order of magnitude of the
wavelength of visible light, the impinging light is transmitted through the cholesteric liquid
crystal.

A different optical response is observed when the cholesteric phase is aligned with the
cholesteric director m parallel to the substrate and the anchoring is thus homeotropic. In
this case, the light propagates normally with respect to m and, as a result of the director
rotation, the refractive index varies in an oscillatory manner and through crossed polarisers
this appears as a banding reminiscent of fingerprints [28] as shown in Figure 2.10b. This
optical effect is referred to as fingerprints [28]. The transmission is maximum for mesogens
lying parallel to the substrate and minimal for mesogens perpendicular to it [43]. For this
reason, the periodicity of the fingerprints pattern corresponds to half of the cholesteric
pitch and it is typically in the micron range for both aqueous [42, 44] and organic cellulose
nanocrystal suspensions [45, 46]. More complex optical patterns arise when the cholesteric
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phase is confined in a spherical volume so that the cholesteric director m is radially oriented
within the droplet [47, 48].

Reflectance calculation

The interaction of normally incident white linearly polarised light, containing a mixture of
LCP and RCP light, with a left-handed chiral nematic liquid crystal characterised by the
refractive indexes n⊥ and n∥, average refractive index navg = (n∥+ n⊥)/2, birefringence
∆n = n∥−n⊥ and pitch p with planar anchoring is here investigated. When such light reaches
the interface of the liquid crystal, the LCP light of wavelength λ ∼ navg p is reflected. On
the contrary, the RCP light of any wavelength is transmitted together with the LCP light of
wavelengths other than the reflected one [38, 49–51], as shown in Figure 2.11a. This means
that a cholesteric liquid crystal is able to strongly reflect circularly polarised light having the
same handedness as its helical structure. Conversely, if only LCP light hits the left handed
chiral material, ideally there is no transmission as all the light is reflected in form of LCP
light, as depicted in Figure 2.11b. If, instead, only RCP light hits the same material, it is all
transmitted as RCP light [52], as reported in Figure 2.11c.

Figure 2.11 Selective reflectance from a left-handed chiral nematic material. a Linearly
polarised light hitting on the material causes the reflection of LCP light and the transmission
of RCP light. b LCP light incident on the material induces the reflection of LCP light, while
no light is transmitted. c RCP light incident on the material generates the transmission of
RCP light while no light is reflected. For clarity, the LCP light of wavelengths outside the
reflection band is not represented.

The mean wavelength of the reflected light depends on various parameters including
the relative orientation between the incident light vector and the cholesteric director m, the
average refractive index navg and the pitch p of the cholesteric liquid crystal. The reflected
wavelength can be explicitly calculated by considering the reflection from the cholesteric
phase as originating from a discrete medium. This phenomenon has been studied both by
analytical methods [38, 49, 50, 53] and numerical approaches [54–56] and it is described
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here first by following the wave equation approach developed by de Vries [38] and then by
taking into account the case of tilted domains, as investigated by Fergason [39].

De Vries considers the liquid crystal as formed by a stack of anisotropic infinitesimally
thin layers. To have reflection from a series of planes in optical contact it is necessary to
have a variation of the refractive index between each successive layer; therefore at each layer
the anisotropic optical axis is assumed to rotate of a certain angle in a discrete fashion. This
problem can be solved more precisely by assuming that the chiral nematic liquid crystal
is, instead, formed by a perfect helicoidal structure, with its cholesteric axis orthogonal to
the xy plane, and that the nematic director n revolves in a continuous manner describing a
left-handed screw along the z axis in a x,y,z coordinate system, as illustrated in Figure 2.12.
The cholesteric liquid crystal is assumed to form a semi-infinite planar structure whose upper
boundary is in contact with an isotropic medium with the same average refractive index, navg.
The birefringence is assumed to be small, ∆n ≪ navg, and the incident beam travels normally
to each layer with a wavelength λ ∼ p.

Figure 2.12 Representation of helicity in a left-handed chiral nematic structure. Adapted
with permission from [28], copyright 1998, WILEY-VCH Verlag GmbH.

The reflectance of the chiral nematic liquid crystal can thus be explicitly calculated by
solving Maxwell’s equations by imposing, as boundary conditions, the continuity of the
electric and magnetic field components tangent to the interface between the liquid crystal
and the isotropic material [49]. As illustrated in Figure 2.13a, the plot of the reflectance of
the left circularly polarised light in function of the wavelength corresponds to a curve with a
flat top with central wavelength equal to λ = navg p ≡ λ0, where λ0 is the wavelength of the
incident light, and width ∆λ = ∆np.

The reflectance arising from the light interaction with a finite liquid crystal, with thickness
d =N p where N is the number of full revolutions of the director, is now considered. By taking
into account the interference from multiple reflections inside the film, the corresponding
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reflectance band exhibits a maximum at λ = navg p with intensity proportional to the thickness
of the cholesteric slab. As shown in Figure 2.13b on both sides of the main maximum
secondary reflectance peaks are visible; these are the result of the interference between the
waves that are reflected multiple times in the film and are thickness-dependent.

Figure 2.13 Reflectance from a semi-infinite and from a finite slab of cholesteric liquid
crystal. a The semi-infinite cholesteric material generates a reflection band with a flat top.
b The finite slab has, instead, a reflection band with a curved top with lateral fringes. N is
chosen to reach a reflectance equal to one. Adapted with permission from [28], copyright
1998, WILEY-VCH Verlag GmbH.

Tilted domains

To calculate the reflectance originating from real cholesteric liquid crystals it is necessary to
remove the assumption that the cholesteric director direction is always normal to the liquid
crystal surface and to take into account the change of refractive index when going from the
liquid crystal to a material with a different refractive index.

To do so, the reflection from the cholesteric liquid crystal is treated as a Bragg diffraction
by, again, simplifying the system to a layer-like structure with a local nematic director that
precesses around the cholesteric director forming a helicoidal path [57]. Bragg diffraction
occurs when the radiation hitting on a crystal lattice is of the same order of wavelength as the
lattice repeating unit and when the density waves of the scatterer are discrete. Therefore, the
scattering in the cholesteric material behaves as if it was coming from a number of equally
spaced planes with equivalent optical properties, immersed in a medium with refractive index
navg and separated by a distance p/2 = d [39].

The equations to calculate the wavelength at the centre of the reflection band and the
angle at which the light is reflected are derived following Fergason model which is accurate
for small ∆n values for any angle of the incident light [39]. Two specific cases are considered:
first, the interaction of light with a liquid crystal with vertically oriented cholesteric director m
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and then with a tilted cholesteric director m, as respectively shown in Figure 2.14a and b. In
both cases, the system is simplified by considering one half of the periodicity of the helicoidal
structure and neglecting the polarisation state of the light.

Figure 2.14 Reflectance from a chiral nematic material with planar anchoring, a, and with
tilted domains. For simplicity only one tilted domain is represented, b. Adapted with
permission from [39], copyright 2007, Taylor and Francis.

As illustrated in Figure 2.14a, in the ideal case the chiral nematic liquid crystal is made by
a planar structure with the optical properties repeating periodically along the z direction with
periodicity p/2. The light propagates in a material with refractive index matching the average
refractive index of the cholesteric material, navg, before impinging on the cholesteric structure
at an angle θ in with respect to the normal to the sample and to the cholesteric director m.
Therefore, the condition for constructive interference from the structure of Figure 2.14a is
the following:

2d cosθin = mλ , with λ = λ0/navg, (2.26)

where λ 0 is the incident wavelength and m is a positive integer that corresponds to the
diffraction order. For the first order, m = 1, the wavelength of the reflected peak can be
approximated as [28, 58]:

λ0 = navg pcosθ in. (2.27)

The bandwidth of the reflectance peak is proportional to the birefringence of the cholesteric
material, ∆n, following:

∆λ = ∆np. (2.28)

In a real system, though, the cholesteric phase is not uniform but polydomain and the
individual domains can have an orientation which can be different from the vertical one.
Moreover, as a real crystal is finite, this implies that at the interface between the crystal and a
second material there is a change of refractive index which induces refraction of the incident
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wave following Snell’s law2. Some corrections, thus, need to be made to Equation 2.27 so
that it can still be used to describe the light interaction with a solid material with helicoidal
nanostructure [39, 55, 59, 60]. For simplicity only one domain with periodicity p/2 is
embedded in a medium of average refractive index navg, in contact with air, n = 1, and the
incident light is a monocromatic wave of wavelength λ 0. Referring to Figure 2.14b, the light
hits the sample at an angle θ in, it is first refracted at the air-cholesteric material interface, then
reflected by the tilted cholesteric domain and finally refracted at the cholesteric material-air
interface. The angle between the incident light and the cholesteric director m in the liquid
crystal is defined as ϕ while the angle formed between the cholesteric director and the normal
to the liquid crystal surface is β . Applying Snell’s law at the air-liquid crystal interface both
for the incoming and for the reflected light and applying Bragg approximation in the limit
of small birefringence, ∆n ≪ navg, small angles θin and θout , imposing m = 1, the reflected
wavelength λ can thus be written as:

λ out = navg pcosϕ = navg pcos
[

1
2

sin−1
(

sinθ in

navg

)
+

1
2

sin−1
(

sinθ out

navg

)]
. (2.29)

This equation gives the wavelength of the maximum reflectance in function of the incident
angle, θ in, and of the scattering angle, θ out . If θ in = θ out this equation simplifies to the
previously explained Bragg condition [57]. The scattering angle θ out at which λ is reflected
is given by:

θ out = sin−1
{

navg sin
[

2ϕ − sin−1
(

sinθ in

navg

)]}
. (2.30)

Equation 2.27 explains the strong iridescence associated with these structures [28] which
causes angular dependence of the wavelength of the specularly reflected light. In particular,
the higher the light incidence angle, the smaller the wavelength of the reflected light, as
shown in the schematic of Figure 2.15a. For a chiral nematic liquid crystalline material, the
iridescence phenomenon is maximised by the presence of an ordered cholesteric phase due
to the collective contribution of each domain. Conversely, a disordered cholesteric phase
exhibits less iridescence due to the broad angular range of the reflections originating from
the polydomain structure.

From Equation 2.29 and 2.30 it can be seen that highly tilted cholesteric structures induce
a reflection at higher angles with respect to the normal to the sample surface and reflect
blue-shifted light, as represented in Figure 2.15b. Moreover, referring to Figure 2.15c, if
the pitch of a tilted domain is higher than the pitch of a non-tilted domain, the reflection

2 A light beam propagating in a medium with refractive index n1 hits a second medium of refractive index
n2 at an angle θi. Part of the beam is reflected at an angle θr and part of it is transmitted at an angle θt . The
following equality holds: n1sin(θi) = n2sin(θt).
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Figure 2.15 Light interaction with a cholesteric domain with variable pitch and orientation.
a Iridescence effect: increasing the light incidence angle, the light outgoing angle increases
and the reflected light blue-shifts. b Tilt effect: increasing the tilt of the cholesteric with
respect to the incoming light induces a blue-shift of the reflected light which is also reflected
at higher angles. c Anisotropic compression effect: cholesteric domains with higher tilt
undergo a less efficient pitch compression that causes a red-shift of the reflected light.

originating from the former is at higher angles and red-shifted compared to vertically aligned
domain. This phenomenon is usually observed for solid helicoidal structures which, during
the last stage of drying after the kinetic arrest, undergo different compression and deformation
in function of their initial tilt angle in suspension [60, 61].





Chapter 3

Cellulose nanocrystal films

This chapter1describes the properties of cellulose nanocrystals, CNCs, and of helicoidal
cellulose nanocrystals films. First, it introduces the most significant properties of individual
CNCs, focusing on their thermal stability. Then, the CNCs colloidal and liquid crystal
behaviour are investigated. Finally, the optical properties of helicoidal CNC films are
described and correlated to the suspension properties and to the drying conditions.

3.1 Cellulose nanocrystals

Cellulose in nature

Cellulose is the most abundant biopolymer available on Earth: it can be found in a wide
variety of plants [62, 63], bacteria [64, 65], and in tunicates [66]. In plants, cellulose is
produced in the plant cell walls in a hierarchical fibrillar form where the smallest element is a
linear semi-crystalline polymer [3]. Cellulose is a high molecular weight homopolysaccharide
formed of β -1,4-anhydro-D-glucopyranose units [67–69], as illustrated in Figure 3.1. The
glucopyranose units arrange themselves in a chair conformation, for which each successive
glucose unit rotates of 180◦ with respect to the molecular axis with the hydroxyl groups in
equatorial positions. The cellulose chain repeating unit, with formula (C6H10O5)n where n is
the degree of polymerisation, has asymmetric endings. One side has a chemically reducing
functionality given by the hemiacetal group, while the other side has a pendant hydroxyl
group, which forms the non-reducing end. The glucopyranose units are connected by a
covalent directional carbon-oxygen-carbon bond, the β1-4 glycosidic bond. The degree of

1 Related publication: R. M. Parker, G. Guidetti, C. A. Williams, T. Zhao, A. Narkevicius, S. Vignolini,
and B. Frka-Petesic. The self-assembly of cellulose nanocrystals: hierarchical design of visual appearance.
Advanced Materials 1704477, (2017).
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polymerisation, which is measured as the number of monomer units per chain, depends on
the cellulose origins and generally varies between 10000 for wood-derived cellulose and
15000 for cotton-derived cellulose [70].

Figure 3.1 The repeating unit of the cellulose polymeric chain is made of two pyranose rings
connected through a glycosidic bond.

The linearity of the chain is guaranteed by intra- and inter-molecular bonds, achieved via
hydrogen bonding of the hydroxyl groups [67]. Intermolecular hydrogen and van der Waals
bonds promote the parallel packing of the polymeric chains forming elementary fibrils having
a diameter in the range 3-20 nm. These nanofibrils are made of elongated crystalline domains
separated by amorphous regions [71]. The elementary fibrils arrange in bundles forming
the cellulose fibre. This fibre, with overall diameter in the range 5-20 µm is produced by
the rosettes in the primary cell wall of the plant cell wall and it also contains pectin and
hemicellulose [3, 72, 73]. This hierarchical structure is schematically illustrated in Figure
3.2 where a microscopic image of the crystalline regions, the cellulose nanocrystals, is also
shown.

Figure 3.2 Cellulose hierarchical structure. From left to right, the rosettes in the primary wall
of the plant cell wall produce the cellulose fibre which contains microfibrillated cellulose,
pectin and hemicellulose. Each microfibrillated cellulose fibre is formed by a bundle of
elementary fibrils which are formed by an alternation of crystalline and amorphous domains
depending on the individual polymeric chain assembly. The crystalline regions, when
individually taken, are the cellulose nanocrystals. Scale bar: 500 nm. Adapted from [74],
copyright 2012, The Royal Society.
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The naturally occurring crystalline form is Cellulose I with itself two additional poly-
morphs, Iα , with a triclinic unit cell, and Iβ , with a monoclinic unit cell [75, 76]. However,
crystalline cellulose can be found in four different main crystalline structures: polymorphs
I, II, III and IV [77]. Cellulose I is a thermodynamically metastable structure of cellulose
which can be converted to the more stable Cellulose II or Cellulose III [78]. The ratio at
which the Cellulose I polymorphs Iα and Iβ can be found in cellulose depends on the natural
source; in particular, for cotton-derived cellulose Iβ is dominant over Iα [79]. The crys-
talline regions crystallinity index can vary between 55 – 95% [22, 76, 80] depending on the
amount of amorphous and crystalline regions along the chain, which is also source-dependent.
Woodpulp-derived nanocrystals generally exhibit a higher crystallinity index compared to
cotton-derived nanocrystals, 80 – 90% for the former and 60 – 80% for the latter [81, 82].

CNCs isolation and properties

The crystalline regions in the elementary fibrils can be isolated from the amorphous domains
in two steps. First it is necessary to do a purification and homogenisation step, to remove the
matrix material in which both types of domains are embedded. For plants-derived cellulose
nanocrystals this process removes the hemicellulose and ensures the isolation of the cellulosic
fibre [83]. Then, processes such as enzymatic hydrolysis [84] and acid hydrolysis [85–89]
allow for the selective isolation of the crystalline regions from the amorphous domains.
Amongst the acid hydrolysis isolation processes, the most established methods for extracting
cellulose nanocrystals are strong sulphuric acid hydrolysis [85, 86] and hydrochloric acid
hydrolysis [90] followed by TEMPO oxidation [91, 92].

The acid hydrolysis process is thought to dissolve the amorphous domains leaving intact
the crystalline parts. Such crystalline regions are rigid rod-like nanoparticles, referred to
as cellulose nanocrystals, CNCs, [62], as shown in Figure 3.2. To date, CNCs have been
extracted from a large variety of natural sources, from plants [62], to bacteria [64], and
tunicates [66]. CNCs source and hydrolysis conditions determine the properties of the
nanocrystals including their morphology, aspect ratio, polydispersity, degree of crystallinity
and surface charge [87, 89, 93–96]. For example, sulphuric acid hydrolysis gives CNCs
surface functionalised with sulphate groups, -OSO3

− [97], while hydrochloric acid hydrolysis
followed by TEMPO oxidation leads to poorly charged CNCs with -COO− groups [97]. A
sufficient amount of surface charges on the CNCs ensures their good dispersion in polar
solvents. The acidic CNC suspension resulting from the hydrolysis is then purified from the
acid excess and from the reaction by-products by high-speed centrifugation steps followed
by aqueous dialysis before further use in polar solvents [44, 45]. The use of either surfactants
[46, 98] or additional surface functionalisation [99–101] can extend the CNC colloidal
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stability range to more extreme conditions or apolar solvents. CNCs isolated from cotton
and woodpulp consist of a few laterally-bound crystallites, with lengths varying between
100-350 nm, widths between 10-20 nm and thickness between 3-5 nm [80, 89]. Individual
CNCs are reported to have axial tensile modulus higher than 130 GPa [102, 103], which
makes them ideal as a reinforcing agent for composite materials [104]. Recent observations
and simulations indicate a right-handed twist along the length of the CNCs, which is thought
to be correlated to the regular assembly of chiral D-glucose units [80, 89, 105–109].

Due to their anisotropic crystalline structure, the CNCs display optical anisotropy: light
beams that are polarised parallel to the CNC main optical axis, along the CNCs length,
experience a different refractive index than light beams with orthogonal polarisation [110].
The refractive index along the optical axis is defined as ne or n∥, extraordinary refractive
index, while normal to the optical axis it is referred to as no or n⊥, ordinary refractive index.
For ideal, defect-free, cellulose fibres the reported refractive index values are ne = 1.618
and no = 1.544 at 589.3 nm [111]. As for CNCs ne is greater than no, CNCs are positively
birefringent.

3.2 CNCs thermal properties

Due to the cellulose natural abundance and to the easily achievable carbon conversion,
cellulose use for the fabrication of carbon materials for energy storage devices is well
established [112, 113]. More diverse uses of cellulose-derived carbon materials can be
obtained provided that the unique internal arrangement of cellulose films is retained after the
thermal treatment. These include conductive chiral carbon materials, as previously reported
via a multi-step fabrication process [12], and any material that can be obtained through
templating of the conductive helical carbon.

Cellulose fibres have a limited thermal stability with initial degradation temperatures
around 300 ◦C depending on the cellulose source and on the parameters and environment in
which the degradation occurs [114]. Cellulose thermal degradation under inert atmosphere
or vacuum, i.e. the pyrolysis process, leads to the formation of a disordered carbon and a
more ordered graphitic structure for respectively low and high heat treatment temperatures
[115–117]. More complex degradation paths have been observed for cellulose decomposition
in air [117, 118] and for surface-functionalised cellulose fibres and cellulose nanocrystals.

This section describes the cellulose fibre thermal degradation mechanism in inert atmo-
sphere. The cellulose nanocrystal degradation is then discussed in function of the type of
surface charges that decorate the crystals. The most recent investigated methods to improve
the CNCs thermal stability are then reviewed.
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3.2.1 Cellulose thermal decomposition

The cellulose thermal degradation has been widely studied both experimentally [115–117,
119, 120] and through simulations [120–122]. Due to the complexity of the decomposition
path and to the presence of competitive reactions, the precise cellulose thermal degradation
mechanism is still under debate. A simplified model was developed by Tang and Bacon
based on the FTIR analysis of the cellulose residues after pyrolysis treatment at different
temperatures. This model describes the main reactions involved in the pyrolytic degradation
of two cellulose units under conditions of slow heating rate in an inert atmosphere [115, 116]
and it is schematically reported in Figure 3.3. This process, if carried out up to temperatures
around 900 ◦C, can lead to the carbonisation, i.e. the conversion of a depolymerised structure
in disordered graphite-like layers through repolymerisation. If it is continued up to 2000 ◦C
it leads to the graphitisation, i.e. the formation of more ordered graphitic layers with high
in-plane electrical conductivity. The reaction temperatures vary depending on the heating
rates and on the crystallinity degree of the raw material [115].

The first degradation stage occurs for temperatures range as low as 25-150 ◦C when
oxidation starts. The physical loss of water begins in this stage and it continues in the second
stage, up to 240 ◦C [123]. The cellulose reversible intermolecular water dehydration process
from the equatorial hydroxyl groups promotes the formation of double-bonded intermediates.
This process is thought to occur primarily in the more accessible amorphous regions of
cellulose [115].

The most intensive release of pyrolysis products occurs during the third stage, between
200-400 ◦C, and it affects also the more crystalline regions of the cellulose fibre. This stage
corresponds to the beginning of the irreversible cellulose fibre decomposition process, which
occurs through an endothermic mechanism. The pyrolysis products are released both in
the gaseous and liquid phases. The depolymerisation of the cellulose proceeds by thermal
cleavage of the glycosidic bond and by scission of the carbon-oxygen and of some carbon-
carbon bonds via a free radical process. These degradation mechanisms lead to the formation
of monosaccharide compounds, which induce a reduction of the degree of polymerisation,
[117] and to the subsequent evolution of chemically produced water, carbon mono- and
di-oxide [115, 123]. At these temperatures, electric conductivity is not observed and the heat
conductivity is low. For this reason, slow heating ramps favour an uniform heating and thus a
smooth temperature gradient in the material which allows for an uniform shrinkage process
in the entire volume.

The intermediates formed so far evolve in aromatic structures during the fourth stage,
between 400-700 ◦C. The thermal scission of the carbon-oxygen single and double bonds
is associated with the release of gases containing oxygen and hydrogen. At this stage,
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the formation of levoglucosan and various carbonaceous compounds have been observed
[120, 124]. Levoglucosan further dehydrates in anydrosugars which form the tar [120, 123].
The aromatic structure formed at this stage provides the onset for the electric conductivity
which has been measured to improve up to 1000 ◦C.

Figure 3.3 Reactions involved in the cellulose thermal decomposition under inert gas and
formation of a graphitic structure. Adapted with permission from [115], copyright 1964,
Elsevier Ltd.

The last carbonisation step, which occurs for temperatures higher than 700 ◦C, consists
in the conversion of the carbonaceous residues in more ordered carbon structures via a
re-polymerisation process [116]. For even higher temperatures ranges, 1000-2000 ◦C,
graphitisation can occur and, if present, salts and oxides melt while the carbon structure
undergoes only a minor shrinkage. Finally, in the temperature range 2000-4000 ◦C salts
sublimation is observed. At this stage ordered carbon constituted of graphitic layers forms
and it can undergo shrinkages up to 30% [125]. Due to the high crystallinity of the cellulose
nanofibres, partial graphitisation has been reported even for lower carbonisation temperatures,
i.e. 800 ◦C, and in presence of catalysts [126].
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To summarise, excluding water desorption, below 100 ◦C no weight loss occurs, while a
significant and rapid weight decrease occurs between 300 ◦C and 360 ◦C followed by slow
weight loss above 800 ◦C [117, 119, 127]. These degradation temperatures refer to a process
occurring under inert atmosphere and assuming no sulphuric acid is present, while lower
initial degradation temperatures occur in oxidative atmosphere, e.g. air, and in presence of
surface charges [117].

3.2.2 CNCs thermal properties

Cellulose nanocrystals isolated through strong acid hydrolysis exhibit lower thermal stability
than the corresponding cellulose fibre: the initial degradation temperature can be as low as
160 ◦C compared to the 300 ◦C measured for cellulose fibres under the same conditions of
inert atmosphere [119]. This discrepancy is caused by the different properties of the CNCs,
mainly the surface charge, which are imparted during the isolation process [93–96]. As
previously discussed, the functional groups on the cellulose surface after the hydrolysis are
determined by the type of acid used during the hydrolysis. Sulphuric acid is the most used as
it allows for the formation of CNCs stable suspensions, which can exhibit liquid crystalline
behaviour, but the corresponding sulphate groups that decorate the CNCs surface are the
least thermally stable. The bond between the sulphate ester groups and the oxygen on the
CNCs surface can, indeed, be cleaved at temperatures just higher than 50 ◦C which leads to
the nanocrystals desulphation [96, 128–130]. This phenomenon can occur both in the liquid
state and, at a faster rate, in the solid state. Moreover, the higher the temperature, the higher
the desulphation rate [129]. By appropriately choosing the functional groups that decorate
the CNCs or by stabilising or removing the sulphate groups, it is possible to improve the
CNCs thermal stability. A careful choice is though necessary when changing the charges of
the CNCs to others than sulphate groups as they are often detrimental for the formation of
the cholesteric structure.

CNCs extracted through hydrochloric acid, H-CNC, show the highest thermal stability,
followed by phosphoric acid extracted CNCs, P-CNCs, and by sulphuric acid derived
nanocrystals, S-CNCs [95, 131]. The thermal stability can be quantified by the lowest
temperature for which a weight loss, not attributable to water physical desorption, is measured
upon temperature increase, and it is referred to as the onset temperature, Tonset . This
parameter can be calculated by performing thermo-gravimetric measurements, TGA, as
described in detail in section 4.3.2. Referring to the TGA curves of Figure 3.4a the H-CNCs
and the P-CNCs have the highest initial degradation temperature, with Tonset ∼ 220 ◦C
with S-CNCs starting to degrade already at ∼ 150◦C in air [95, 96, 132]. For H-CNCs the
degradation path is slower than for P-CNCs as they loose 5% of their weight at 300 ◦C while
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P-CNCs already at 290◦C. From the derivative curves shown in Figure 3.4b, DTGA, it can be
seen that the degradation process of sulphated cellulose nanocrystals occurs over the widest
temperature range while the one of the hydrochloric-derived rods over the narrowest.

Figure 3.4 TGA and DTGA curves of CNCs isolated using different acids: hydrochloric,
H, phosphoric, P and sulphuric, S, acid. a The highest thermal stability is obtained by
isolating CNCs via hydrochloric acid hydrolysis, followed by phosphoric and sulphuric acid
hydrolysis. c Corresponding derivatives curves. Both measurements are carried out in air.
Reproduced with permission from [95], copyright 2013, American Chemical Society.

At high temperatures, the CNC surface charges can act as catalysts for the cellulose
hydrolysis and thus promote an early degradation compared to the cellulose fibres. For
example, the CNCs sulphate groups with hydrogen as counterion at high temperature form
a system with the conditions necessary for the hydrolysis, high temperature and high acid
concentration, and thus they can rapidly degrade the CNCs. Moreover, sulphated CNCs show
a complex degradation behaviour with multiple decomposition steps, as shown by the multiple
peaks in the DTGA curves of Figure 3.4b. These are attributed to the different thermal
degradation processes of the sulphated cellulose nanocrystals. First, at low temperature,
hydrolysis of the outer cellulose with subsequent char formation and decomposition of
the amorphous traces occurs, followed by dehydration and depolymerisation at higher
temperatures [95, 128, 130]. Usually, the higher sulphate group content on the cellulose
nanocrystals, the lower is the initial thermal degradation temperature [130]. Sulphate groups
are known to act as flame retardants and thus they favour the char formation over the flaming
process which promotes higher yields. This effect derives from their facilitation of the
dehydration reactions that reduce the thermal stability of the CNCs [127, 128, 133].

The thermal stability of the sulphated CNCs can be increased by pre-treatments so to use
milder conditions for the acid hydrolysis step [134, 135]. For instance, swelling the cellulose
fibres in ionic liquids allows for a reduction of the required sulphuric acid concentration from
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the typical 56 - 65% w/w to 1% w/w, due to the higher surface accessibility. This induces
a reduction of the amount of the charges on the CNCs surface which gives higher thermal
stability [135].

Another approach consists in the alkaline treatment, which leads to the CNC suspension
pH neutralisation via strong base addition, e.g. sodium or potassium hydroxide. This
technique exchanges the counter-ions of the sulphate groups with the one of the strong base
and it can be carried out both in suspension and on the solid CNC films. When in suspension,
assuming that all the hydrogen ions have been exchanged with the cation of the strong base,
so that the suspension pH is equal or higher than 7, the sample becomes more thermally
stable, as the dehydration catalytic effect of the sulphuric acid is inhibited [130]. Infiltration
of a solid CNC film in a strong base, leads to a similar stabilisation and allows for the removal
of the formed salt, if soluble, via rinsing cycles [136].

Similar effects of the surface modification have been reported for filter paper cellulose
fibres infiltrated in alkaline earth metal chlorides, such as magnesium dichloride and calcium
chloride. They are assumed to change the reactivity of the surface molecules of the crystalline
cellulose and to lower the weight-loss starting temperature and to distribute it over a wide
temperature range, from 200 ◦C to 600 ◦C, due to the release of water from the hydrated
chlorides [137].

Other investigated approaches to increase the CNCs thermal stability by removal of
the sulphate group include mild hydrochloric acid hydrolysis and solvolysis. The mild
hydrochloric acid hydrolysis of sulphated CNCs leads only to partial desulphation. Increasing
the number of repeats of the hydrolysis allows to selectively control the amounts of sulphate
groups, which can be reduced up to half of their initial value [138, 139]. During the solvolytic
desulphation the sulphate groups are converted in pyridinium salt which allows for their
complete removal from the CNCs surface [139]. Unfortunately these approaches lead also
to CNCs agglomeration and thus to the suspension destabilisation and do not guarantee the
CNC self-assembly.

Moreover, the CNCs thermal degradation is affected by the cellulose polymorphic state,
the crystallinity degree and the crystallite size. The extent to which these parameters act
is though more limited compared to the surface charges. The activation energy for the
decomposition of Cellulose II has been reported to be higher than for Cellulose I, respectively
187 kJ/mol and 158 kJ/mol, thus implying that more energy is required to start the thermal
degradation [76, 132, 140]. This higher thermal stability is related to the antiparallel packing
of Cellulose II which favours a stronger hydrogen bonding [140]. Similarly, CNCs extracted
from cellulose sources with higher crystallinity or with higher crystallite sizes show an
increased thermal stability due to the higher energy required to start the decomposition.
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Therefore, woodpulp-derived CNCs are generally more stable than cotton-derived nanocrystal
[141].

3.3 CNCs colloidal behaviour

The colloidal stability of CNC suspensions depends on the balance between orientation-
dependent attractive and repulsive interactions. As described in section 2.1, the attractive
interactions are represented by van der Waals forces while the repulsive interactions are due
to short-range polymeric and long-range electrostatic interactions [16, 19]. CNCs can be
stabilised both by electrostatic and polymeric interactions. In the first case, the CNC surface
charge, which is hydrolysis-dependent, ensures for the long-range electrostatic repulsions
when they are dispersed in polar solvents, such as water [36, 142]. In the second case,
instead, polymer grafting on the CNC surface accounts for repulsive steric interactions
[101, 143–146]. Another approach to increase the stability of CNC suspensions consists in
decreasing the attractive interactions by dispersing the CNCs in a refractive index-matched
apolar solvent [46, 147]. As long-range electrostatic interactions are dominant, the CNCs
interact approximately as purely steric objects, which can be described by an effective volume
and aspect ratio.

Depending on the electrolyte concentration, it is thus possible to identify two limiting
cases in which the CNC suspension is in an arrested state. The kinetic arrest is a solid-like
phase in which the CNCs cannot rearrange anymore and change their position one relative
to the other. For low electrolyte concentrations, the electrostatic repulsions are dominant
and long-range. They promote the CNCs kinetic arrest, even at low CNCs concentrations,
∼1 wt%, and this phase is referred to as a repulsive Wigner glass [148–150]. This phase
has been observed to slowly evolve in a nematic phase for rods with extremely high aspect
ratio, such as bacteria-isolated CNCs [107]. For high electrolyte concentrations, instead, the
attractive interactions are dominant and the colloidal stability is disrupted in favour of the
aggregation of the CNCs and the development of an attractive colloidal gel [149–151]. The
gelation occurs when the ion concentration in the CNC suspension reaches a critical value
and it has been recently reported to be independent of the CNC aspect ratio [152].

CNCs liquid crystalline behaviour

As CNC behaviour in suspension varies with the concentration, this section and the next
one investigate the behaviour of CNC suspensions at low and intermediate concentration
and at high concentration. As illustrated in Figure 3.5, upon increase of concentration
the CNC suspension evolves from an isotropic phase, to a fully anisotropic phase, passing
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through an intermediate stage where there is coexistence of the two phases. For even higher
concentration values, the CNC suspension forms first a kinetically-arrested gel and then a
solid film.

Figure 3.5 CNC suspension evolution in function of the concentration during the drying
process. At low concentration the suspension is fully isotropic, upon increase of the concen-
tration an anisotropic phase co-exists with the isotropic one, forming the bi-phasic region,
until it fully develops in an anisotropic phase. Further drying induces the formation of a
kinetically arrested gel which finally evolves in a solid film.

The tendency of the nanocrystals to align above a critical concentration threshold orig-
inates from the interplay between the orientational and the translational entropies of the
individual nanorods. While, as discussed in section 2.2, the original Onsager theory offers a
simplified description of the system [29], later theories provide a better description of the
CNC liquid crystalline behaviour by taking into account low aspect ratio particles [153, 154],
polydispersity [35, 155], and electrostatic effects [36, 37, 156].

At low concentration, the CNCs are randomly distributed in suspension with minimal
interactions, while at higher concentrations their mutual alignment to form a helicoidal-like
phase is energetically favoured thus inducing the phase transition from the isotropic to the
anisotropic phase, as shown in the phase diagram of Figure 3.6a. The evolution in a chiral
nematic phase has been observed for CNC isolated from sulphuric acid hydrolysis [6] while
insufficiently charged CNCs have been reported to show poorer self-assembly properties as
in the case of CNCs isolated by phosphoric [95] and hydrochloric [143] acid hydrolysis.

The anisotropic phase exhibited by CNC suspensions is the chiral nematic liquid crys-
talline phase [44]. CNCs can indeed form a left handed helicoidal structure which is charac-
terised by the cholesteric director m and by the pitch p as previously described in section 2.2
and illustrated in Figure 2.6. CNCs have been observed to assemble only in left handed
helicoids. The lack of any right handed chiral arrangement can be attributed to the chirality
of the interactions between the individual nanorods, even if the underlying mechanism is still
under debate [106–109, 157]. The CNCs anisotropic phase inherits the birefringence of the
aligned nanorods [13, 21, 42, 158, 159]. This characteristic allows to distinguish between
the isotropic phase and the anisotropic phase by observing the suspension between crossed
polarisers: the isotropic phase exhibits a dark plain texture while the cholesteric phase a
colourful texture [44]. This phenomenon is shown in Figure 3.6b and it is described in more
detail in section 2.3.2.
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Figure 3.6 Phase diagrams of cellulose nanocrystals. a Evolution of the anisotropic-isotropic
phase ratio and of the cholesteric pitch in function of the CNCs concentration. Adapted
under CC-BY 4.0 licence from [61], copyright 2017, WILEY-VCH Verlag GmbH & Co. b
Cross-polariser image of a CNCs phase diagram. Reproduced under CC-BY licence from
[42], copyright 2016, American Chemical Society.

Starting from the general description given in section 2.2.2, the CNC critical concentration
for the transition from an isotropic phase to a biphasic system depends on the rods aspect ratio
and on the ionic strength of the electrolyte. Salt addition to a CNC suspension induces two
opposite effects on the liquid crystalline behaviour of a CNC suspension. First, by screening
the CNC surface charges, it decreases the Debye length, and thus the effective diameter of
the rods, which favours an earlier transition to the biphasic region due to the increased rods
aspect ratio [29]. At the same time, as the effective rods volume is reduced, the threshold
concentration for the phase transition increases; as this second effect is dominant, the overall
effect of the salt addition to a CNC suspension consists in an increased concentration for the
formation of a cholesteric phase [36, 160]. During the transition from the isotropic to the
anisotropic phase, the nanorods assemble following a nucleation and growth process. The
first seeds of helicoidally aligned CNCs form small anisotropic liquid droplets with higher
local concentration, which are referred to as tactoids. Each individual tactoid is characterised
by its own pitch and orientation in the suspension. The tactoids can slowly coalesce and
sediment at the bottom of the suspension [13–15, 36, 44, 161]. Upon further concentration
increase, the suspension fully evolves in the anisotropic phase and the tactoids merge and
form a polydomain mesophase, in which defects and disclinations can be trapped at the
domains boundaries. If given enough time, the cholesteric phase can relax and reduce its
defect content by forming larger tactoids with a more uniform orientation. Moreover, in this
regime, upon solvent removal the pitch continues to decrease but remains in the micron-range,
as reported in Figure 3.6a. For progressively higher concentration values the CNC spacing
decreases and their twisting increases, overall resulting in a smaller pitch [162].

There is, though, a critical concentration value for which the suspension reaches a
non-equilibrium kinetically-arrested condition termed gelation. In this condition, the closely-
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packed nanorods are restricted in their ability to relax and rearrange both their mutual
position and orientation. The gelation is reached due to an increase of the ionic strength in
suspension caused either by salt addition or by solvent evaporation during drying. After the
gelation, the cholesteric phase internal structure, whether ordered or disordered, is locked in
that state, due to the dominance of the attractive forces induced by the high ionic strength,
without the possibility of additional rearrangement. If further concentration occurs and
the suspension dries in a solid film, this inherits the internal structure at the gelation point.
Therefore, to ensure the formation of an ordered helicoidal solid structure it is important to
control the cholesteric phase alignment with respect to the substrate before the kinetic arrest.
The kinetic arrest is favoured by the higher suspension ionic strength that occurs during
drying; under these conditions, the kinetic arrest usually occurs when the suspension is in the
anisotropic phase [22, 151]. Depending on the ionic strength, typical concentration values
of CNC suspension above which they are kinetically arrested are in the range 12-25 wt%
[60, 61, 152]. Nevertheless, the kinetic arrest can also be induced also in fully isotropic CNC
suspensions, with concentration ∼ 2 wt%, simply by adding salt to reach the threshold value
of counterion concentration that triggers the gelation [152].

CNC cholesteric films formation

One of the striking properties of CNC suspensions is their ability to retain the helicoidal
arrangement formed in suspension in the solid state. CNC films with helicoidal CNC
arrangement can, therefore, be obtained by complete removal of the solvent from a chiral
nematic CNC suspension until a solid film forms. This can be done either by vacuum-assisted
drying of the suspension or by room-temperature evaporation of the solvent in the suspension,
which is the used technique in this thesis and thus it is described in detail in this section. In
the first case, a CNC suspension is vacuum-filtered through a membrane and the resulting
filtration cake exhibits chiral properties with the pitch being tuneable through the pressure
differential [163]. In the second case, the formation of solid helicoidal films can be divided
in three steps: the formation of an equilibrium chiral nematic phase, the non-equilibrium
kinetic arrest and the structural collapse induced by the solvent complete evaporation [5, 6].
The evolution of the drying process in a suspension drying in a Petri dish can be followed
by polarised optical microscopy as shown in Figure 3.7a. By measuring the change of the
reflectance over time it is possible to observe the transition from an isotropic phase to an
anisotropic phase and the pitch decrease. When the suspension is in the isotropic phase, the
reflected light is spectrally homogeneous over the visible spectrum with a limited reflectance
signal. As the suspension becomes biphasic, the formed cholesteric phase generates a
reflectance signal, upon light interaction, which corresponds to circularly polarised light with
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the same handedness as the cholesteric assembly. In first approximation, the reflectance peak
is centred at a wavelength proportional to the cholesteric pitch. Upon further solvent removal,
the CNCs get closer and twist more thus inducing a pitch decrease and a blue-shift of the
reflected signal [14].

Figure 3.7 Drying process of a cholesteric CNC film. a Reflectance spectra evolution
during CNC suspension drying. The grey spectra correspond to the reflectance signal of the
suspension in the isotropic phase, while the coloured ones to a suspension in the anisotropic
phase, reflecting in the visible range. Adapted under CC-BY 3.0 licence from [14], copyright
2014, WILEY-VCH Verlag GmbH & Co. b Solid CNC film exhibiting structural colour. c
Internal helicoidal arrangement of the CNCs in a solid film. Scale bars: 1 cm, b and 1 µm, c.

After the suspension reaches the kinetic arrest, the last drying stage that precedes the
formation of a solid state structure induces a mechanical constraint on the gelled phase,
which distorts the cholesteric phase. The extent of the helicoidal phase distortion and pitch
variation highly depend on the relative orientation between the domains and the direction of
the anisotropic compression acting on the suspension [60]. Upon complete drying, the CNCs
are locked in a helicoidal arrangement in a solid film whose colour depends on the final pitch
value and on cholesteric phase orientation as shown in Figure 3.7b. By performing electron
microscopy on the cross-section of the CNC film it is possible to recognise pseudo-layer
structure and the rods arcing, which are characteristic of a helicoidal arrangement of the rods
[44, 164, 165] as shown in Figure 3.7c. This helicoidal structure can still be described by
a pitch p which, for the solid films, is usually in the sub-micron range. The smaller value
of the pitch in the solid films enables them to display a brilliant colouration in reflection in
the visible range which is not possible in suspension [6, 166]. The optical response of these
films and the parameters that mostly affect it are described in detail in the next section.
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3.4 Optical properties of cholesteric CNC films

This section describes the optical properties of helicoidally arranged CNC films. The
helicoidal internal arrangement of a CNC solid film depends, indeed, on many interrelated
properties which influence the solid film optical properties [167]. For this reason, it is crucial
to control each stage of the film formation, from the initial isotropic suspension, to the
anisotropic phase, to the kinetically arrested state and the drying geometry. The optical

Figure 3.8 Polarised optical microscopy analysis of a typical CNC film. a Bright-field, left,
and dark-field, right, reflectance and transmittance LCP and RCP spectra. b Corresponding
polarised micrographs. The reflectance and transmittance spectra are collected from the
central region of each micrograph. Bright-field reflectance spectra are normalised to the
reflectance of a silver mirror, dark-field reflectance to a white diffuser, bright-field and
dark-field transmission to a glass slide, all in LCP. Scale bars: 50 µm.

properties of a typical CNC film are illustrated by the polarised reflectance and transmittance
spectra in function of the wavelength of Figure 3.8a and by the corresponding micrographs of
Figure 3.8b. These measurements are carried out both in bright-field and dark-field mode and
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can be acquired by using the set-up described in section 4.3.1. As described in the schematic
of Figure 4.7, bright-field measurements on CNC films give information on CNC domains
with planar anchoring and thus collect the specularly reflected signal. On the contrary,
dark-field measurements are able to collect the scattered light in a broad angular range and
thus give information on misaligned domains in the solid film.

A typical CNC film with internal helicoidal arrangement reflects part of the spectrum
as circularly polarised light with the same handedness as its internal helicoidal structure.
The central wavelength of the reflectance peaks is proportional to the helicoidal pitch and
to the cosine of the illumination angle with respect to the normal to the film, as previously
described in section 2.3.2. The strong reflectance peak is observed only in the left circular
polarisation mode, LCP, while only low intensity and spectrally homogeneous signal is
collected in the right circular polarisation mode, RCP. The corresponding micrographs show
a bright colouration for LCP and a mostly colourless appearance for RCP. The low signal
in RCP is typical of films with domains with cholesteric axis direction perpendicular to the
surface of the films. The film exhibits a complementary behaviour, both in terms of spectra
and colour, in bright-field transmission.

The presence of tilted domains in CNC films can be revealed by the dark-field reflection
measurement. Any collected signal or observed colour in this mode corresponds to the light
scattered from tilted domains. The higher the reflectance signal and the more colourful the
corresponding micrographs, the higher is the amount of misaligned CNC domains. Similarly,
the transmission dark-field measurement for a pure CNC film shows transmittance signal
which is proportional to the amount of tilted helicoidal domains in the film.

By performing polarised optical microscopy it is possible to determine the local quality of
a CNC film as the reflectance and transmittance signals can be collected from specific areas
of the film as described in section 4.3.1. This type of measurement provides quantitative
information on the pitch and on the orientation of the helicoidal structure in the film. The
optical analysis of a solid CNC film allows determining, up to a certain point, the drying
history of the corresponding suspension. As described in the next sections, the effect of the
suspension properties, any force acting during drying, and the geometrical confinement of
the suspension are reflected on the optical appearance of the dry film.

3.4.1 Controlling the pitch

The above described optical properties of cellulose nanocrystals films depend on the pitch
and on the orientation of the cholesteric phase which are determined by the initial suspension
properties and by its drying history. In this section different factors that influence the pitch of
a CNC cholesteric phase both in the initial suspension and during the evaporation process are



3.4 Optical properties of cholesteric CNC films 47

discussed while the mechanisms that affect the cholesteric phase orientation are investigated
in the next sections.

The main factors determining the pitch of a CNC suspension are the CNC shape, the
presence of aggregates and the balance between the attractive and the repulsive interactions
as reported in Table 3.1. The higher the rods aspect ratio, the larger is the pitch increase
[5, 6]. Therefore, to change the pitch it is necessary to change the rods size; as CNCs are
naturally found in a distribution of sizes they are generally size-sorted either by promoting
phase separation or by centrifugation. In the first case, the higher aspect ratio rods undergo
phase transition at lower concentrations than the smaller aspect ratio rods thus allowing them
to be separated [6, 152]. In the second case, centrifugation runs can induce a separation of
the suspension in a bottom part, the pellet, and in a top part, the supernatant. The volume
distribution indicates that the CNCs with the highest volume precipitate in the pellet, while
the rods with the smallest volume remain suspended in the supernatant [168].

Table 3.1 Mechanisms influencing the cholesteric pitch of sulphated-CNCs in suspension.
Adapted under CC-BY 4.0 licence from [61], copyright 2017, WILEY-VCH Verlag GmbH
& Co.

Initial suspension
Mechanism Technique Pitch decrease Pitch increase
CNC shape fractionation short rods long rods
breaking aggregates tip sonication N/A time/ energy input
repulsive interactions charge screening electrolyte addition electrolyte removal

surface charge decrease heating N/A
attractive interactions solvent exchange high εr solvent N/A

The presence of aggregates favours a smaller pitch in suspension unless they are removed
by tip sonication. This technique breaks any CNC agglomerate and induces an increase
in the pitch value of the cholesteric phase which is thought to be caused by the loss of the
aggregates that acted as chiral dopants, thus enhancing the chiral twist [61].

Finally, tuning the electrostatic interactions between CNCs is one of the most versatile
techniques to either decrease or increase the pitch in suspension, respectively by decreasing
or increasing the rods mutual repulsion. In the first case, the addition of an electrolyte to
a CNCs suspension promotes a smaller Debye length; this reduces the effective nanorods
volume and thus allows for a closer rods packing and stronger chiral interactions [5, 106, 107,
142, 160, 167]. On the contrary, larger pitch values can be obtained by using bulkier cations
in suspension instead of the commonly adopted hydrogen and sodium cations [142]. This
trend derives from the increase in the steric repulsive forces that favour a bigger excluded
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volume. The electrostatic repulsion on the sulphated-CNC surface can also be decreased
by heat treatment of the CNCs suspension. This desulphation process, usually carried out
in water baths at temperatures above 40 ◦C for prolonged amount of times, induces the
release of the sulphate groups from the CNC surface to the suspension [5, 129, 142]. In the
second case, increased attractive interactions between the CNCs, that favour a smaller pitch
in suspension, can be obtained by dispersing CNCs in higher permittivity solvents. These
induce a better rods alignment which in turns favour stronger chiral interactions and smaller
pitch values [45].

Amongst the factors influencing the pitch during the formation of a solid film, the self-
assembly time and the presence of external forces are the most important ones as reported in
Table 3.2. The longer the time allowed to a suspension for drying, starting from the anisotropic
phase, the better the self-assembly in terms of cholesteric phase orientation, domain size
and pitch uniformity. For this reason, casting a suspension which is in the biphasic region is
ideal. In the biphasic state the suspension has cholesteric seeds, i.e. tactoids, which drive the
formation of the chiral nematic phase. At the same time, the individual rods have enough
mobility to arrange around the already formed cholesteric domains, favouring the formation
of bigger tactoids with uniform pitch [169]. Fast evaporation of isotropic suspensions leads,
instead, to polydomain films with smaller pitch [14, 167]. This polydomain structure is a
consequence of the tactoids having insufficient time to merge and to form bigger domains
with uniform pitch value and helix axis orientation before the kinetic arrest [13, 15].

Table 3.2 Mechanisms influencing the cholesteric pitch of sulphated-CNCs during the drying
process. Adapted under CC-BY 4.0 licence from [61], copyright 2017, WILEY-VCH Verlag
GmbH & Co.

Drying process
Mechanism Technique Pitch decrease Pitch increase
self-assembly self-assembly duration low RH high RH

high T low T
low initial conc. high initial conc.
low initial volume high initial volume

mechanics unidirectional collapse N/A non-volatile additive
deformation compression swelling
helix alignment vertical tilted

A pitch decrease can also be obtained by decreasing the relative humidity, RH, or by
increasing the temperature, T, of the environment in which the film is forming [14]. Heat
treatment of a suspension leads to different effects depending on whether the temperature
increase is applied before or after the kinetic arrest. Before the kinetic arrest, the heat
treatment has negligible effects on the equilibrium pitch if the suspension is sealed [142],
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unless desulphation occurs. If, instead, an initially isotropic suspension is allowed to dry, the
heat treatment leads to significantly higher drying rates and this induces a pitch reduction in
the corresponding dry film [167]. However, if the heat treatment is applied after the kinetic
arrest, it is reported to favour a red-shifts of the corresponding film, allowing for localized
colours or patterns [8]. Casting from a suspension with either low initial concentration or
small volume induces as well a decrease in the pitch observed in the corresponding dry film.

The presence of external forces on a kinetically-arrested suspension has a strong influence
on the optical properties of the final films. After the kinetic arrest, the complete removal
of the water from the suspension induces a vertical collapse of the cholesteric phase. This
can be reduced by the addition of non-volatile solvents to the suspension [5, 11, 166, 170,
171]. Mechanical deformation of the kinetically-arrested suspension can favour either a
compression or a stretch in the direction of the cholesteric director m, inducing a pitch
reduction or a pitch increase, respectively. Finally, the orientation of the cholesteric phase in
the kinetically-arrested suspension affects the pitch in the solid film. A cholesteric phase with
the director m vertically aligned with respect to the suspension-substrate interface favours a
smaller pitch than a misaligned phase due to a more efficient pitch compression as described
in section 3.4.2.

3.4.2 Controlling the alignment

The alignment of nanoscale materials forming macroscopic structures through hierarchical
assembly can be controlled at different length scales. In the case of cellulose nanocrystals,
the nanoscale alignment controls the relative orientation between individual CNCs while
the microscale one refers to the CNC domains orientation in a suspension. Finally, the
macroscopic alignment of a CNC cholesteric suspension is related to the orientation of
the cholesteric director over the entire suspension volume. This section describes different
methods for controlling the CNC alignment in suspension and it correlates it with the
corresponding optical properties in the solid film. The effect of each of the investigated
techniques on the cholesteric phase is depicted in Figure 3.9 where the cholesteric phase is
schematically represented by a blue helicoid. The helicoid of Figure 3.9a is defined by a
pitch p(β ) and by the cholesteric director m, where the angle β is the tilt of the director m
with respect to the normal to the air-CNC film interface.

Anchoring is an alignment process in which an interface can favour specific orientations
of the liquid crystal it is in contact with, as shown in Figure 3.9b. For CNCs the anchoring in
the liquid phase at the interface between the isotropic and the anisotropic phase is negligible
and thus the nanorods can assume any arbitrary orientations. This allows for the formation of
tactoids with an unperturbed cholesteric order in a biphasic suspension [44, 46, 169]. The
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presence of a flat smooth interface, such as a solid substrate or an immiscible liquid, favours,
instead, planar anchoring of the CNCs, with the nematic director n lying in any direction
parallel to the interface and the cholesteric director m lying normal to it [42, 169].

Alignment can also be induced by applying hydrodynamic shear to a CNC suspension
[106, 158, 172–179], as shown in Figure 3.9c. CNCs in the isotropic phase can orient either
normally to the shear plane, under low shear, or parallel to the shear direction, under high
shear [173]. In the cholesteric phase, instead, under high shear the helicoidal arrangement
untwists inducing the CNCs to align parallel to each other and to the unidirectional shear
direction [106]. By either continuously applying unidirectional shear during a liquid crys-
tal evaporation process [172, 176] or by spin-coating [158, 177] or blade-coating a CNC
suspension [174, 175, 177–180], it is thus possible to obtain birefringent materials with
nematic order. The application, instead, of moderate hydrodynamic circular shear to a drying
suspension leads to a uniform vertical alignment of the cholesteric axis m throughout the
film thickness as reported for the central area of a suspension dried on a circularly oscillating
plate [15, 181].

A further type of alignment is provided by external static and rotating electromagnetic
fields as illustrated in Figure 3.9d and e. These fields are able to strongly couple to the
individual CNCs, due to the anisotropic diamagnetic susceptibility [159, 182], and to induce
alignment of the cholesteric phase. Static magnetic fields applied to a cholesteric phase
align the cholesteric director m parallel to the magnetic field lines as shown in Figure 3.9d.
This effect is not localised to individual CNC domains but it macroscopically extends to
the entire suspension volume subjected to the external field, thus favouring the formation
of a macroscopic monodomain with uniform pitch [106, 142, 183–188]. On the contrary,
immersing a cholesteric suspension in a rotating magnetic field first favours the alignment of
the cholesteric director normal to the field lines [188] and then it induces untwisting of the
helicoidal structure to form a nematic phase whose director n is normal to the field [185–187]
as reported by Figure 3.9e. The magnetically induced alignment of the CNCs cholesteric
phase can be retained in the solid phase by either photopolymerisation of the suspension
[186, 187] or by further drying the suspension to form a film while continuously applying
the magnetic field [60, 167, 186, 189]. Even magnetic fields as moderate as 0.5 - 1 T can
align the CNCs cholesteric phase [183, 186]. As it is described more in detail in chapter 5,
the use of neodymium magnets in the immediate vicinity of the drying suspension enables
to precisely control the direction of the cholesteric director m and to control the scattering
properties of the CNC film [60]. The application of moderate electric fields to a cholesteric
suspension induces alignment of the cholesteric director normal to the field lines [190, 191],
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Figure 3.9 Schematic representation of the available techniques to control the alignment of
the cholesteric phase in suspension and during drying. a The interaction between light and
tilted cholesteric domains in a solid film is described via Fergason’s law. b Planar anchoring
induces a vertical alignment of CNCs cholesteric domains with the helix axis perpendicular
to the substrate. c Unidirectional high shear untwists the helicoid, whereas circular shear
induces uniform vertical alignment of the helix normal to the substrate. d Unidirectional
magnetic field aligns the helix axis parallel to the field lines. e An AC electric field or
a rotating magnetic field induce vertical alignment, followed by untwisting of the helix.
f Mechanical compression causes reduction and distortion of the helicoid which depend
on the initial tilt of the cholesteric phase. Adapted under CC-BY 4.0 licence from [61],
copyright 2017, WILEY-VCH Verlag GmbH & Co.
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whereas stronger electric fields can further lead to the helix untwisting due to the positive
dielectric anisotropy of the CNCs [192, 193], as reported in Figure 3.9e.

The application of mechanical stress to a kinetically-arrested cholesteric suspension
affects both the pitch and the alignment of the final nanostructure. The simple case of
unidirectional vertical compression is discussed and schematically shown in Figure 3.9f,
where β0 is the angle formed by the cholesteric director m and the normal to the suspension-
air interface and p0 is the pitch before the compression. The corresponding angle and pitch
after the mechanical deformation are β and p(β ). For a cholesteric phase with β0 = 0◦ a
unidirectional mechanical compression applied in the direction parallel to the cholesteric
director m induces no variation in the orientation of m and a compression of the pitch.
For chiral nematic domains with the cholesteric director m misaligned with respect to the
direction of the vertical compression a dual effect is observed. First, the director m forms an
angle β with respect to the normal to the suspension-air interface which is smaller than the
initial angle β0; secondly, the pitch p(β ) is less efficiently compressed with respect to the
pitch of aligned domains. This limited compression of the pitch explains the red-shift of the
reflected colour observed in scattering conditions in polydomain CNC films [59, 60]. On
the contrary, the application of a tensile load induces CNCs alignment in the direction of the
induced stretch [194]. This phenomenon can be observed at the edge of CNC films dried
from a suspension cast in a Petri dish. In the latter case, the kinetically-arrested suspension
wetting the walls of the dish induces a radial strain which causes birefringence and pitch
decrease. This effect often occurs together with a degree of shear-induced red-shift and can
give rise to complex edge effects [14].

3.4.3 The geometry role

The geometrical confinement imposed to a CNC suspension during drying is the last investi-
gated factor that affects the optical response of a solid cholesteric material. This determines
the macroscopic shape in which the suspension dries while also affecting the orientation of
the CNCs at the nanoscale. The geometry controls, indeed, the anchoring of the suspension
to any solid interface and the drying dynamic which includes the concentration gradient, the
surface tension, the wetting, the evaporation front and the capillary forces amongst other
factors. Moreover, after the suspension has reached the kinetically-arrested regime, the
geometry determines the type of mechanical deformation acting on the suspension during
the final stage of drying. In this section the role of the geometrical confinement for CNC
suspensions cast in the form of thin films, sessile drops and spherical droplets is discussed.

The simplest case of geometrical confinement consists in the fabrication of thin films by
casting a limited volume of CNC suspension in a Petri dish and by letting it self-assemble
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to form a solid structure as shown in Figure 3.10a. The limited thickness of the solid film,
≤ 5 µm, which is only a magnitude larger than the pitch value [55] does not hinder the
formation of vibrant colours [54] as shown in the macroscopic picture of Figure 3.10a. This
type of confinement favours a planar orientation of the cholesteric phase, whose director m
is thus normal to the dish substrate. Planar anchoring in thin film confinement occurs also
for fast drying conditions, which would otherwise promote a more disordered structure. In
this case, though, disclinations are more likely to be trapped and to form grain boundaries
between adjacent domains [195]. For the limiting case of extremely thin films, with thickness
around 1-2 µm, the disclinations create a discontinuous pitch transition between the domains.
This results in a mosaic-like pattern of different colours [13] as shown by the microscopic
and electron microscopy images of Figure 3.10a.

A second type of confinement is observed for CNCs sessile drops cast on a solid substrate
with no lateral confinement. In this case, the self-assembly of coloured films is more complex
and can lead either to a uniform mass distribution across the substrate or to a radially
distributed mass gradient with the majority of the mass accumulating at the edges of the
drying drop, as represented by the schematics of Figure 3.10b. In this geometry, the dynamics
of the contact line and its pinning to the substrate play an essential role for the final dry film.
At the beginning, due to the absence of any lateral confinement, the drop spreads across the
substrate to reach its equilibrium shape. This stage is controlled by capillary and gravity
forces which can be selectively promoted by tuning the surface tension and the surface
chemistry of the substrate. The wetting of the drop on the substrate limits also the maximum
height of the drop and thus the maximum volume of the suspension per surface area. At the
edge of the drop the decrease in height scales with the capillary length of the liquid forming
the drop and it can lead either to the formation of a curved sessile drop or to a larger flat
puddle, depending on the suspension volume [196]. As the evaporation continues, the mass
flow in the drop becomes predominant and it promotes an opposite effect on the contact line
displacements with respect to the one favoured by the volume. The competition between
these forces promotes different types of CNC deposition on the substrate.

For drops cast on untreated glass or acrylic substrate, the higher evaporation rate near the
edge generates an outward radial capillary flow in the drop. This promotes the accumulation
of CNCs at the edge of the drop and pinning of the contact line. The so formed ring-shaped
material deposit is often referred to as a coffee-ring stain [166, 197]. The radial flow also
induces shear alignment of the CNCs in the outer region of the drop which can disrupt the
cholesteric order and induce linear birefringence. This flow can be minimised either by
the addition of a thickener to the suspension [198] such as glucose [197] or by inducing a
Marangoni counter-flow. As shown in Figure 3.10b casting a CNC drop with increasingly
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higher glucose concentration allows for a more uniform height profile. The counterflow is
formed by using two solvents having different volatility and surface tension, as reported for
CNC dispersed in water and cast in an ethanol-enriched atmosphere; however, the competition
between the inward and outward flow leads to a solid film with a polydomain texture and
birefringent edges [199]. Another approach to minimise the coffee-ring effect and obtain a
more uniform CNC deposition consists in increasing the CNCs affinity for the substrate, for
instance by casting CNCs on hydrophilic surfaces [200].

Figure 3.10 The effect of geometrical confinement on CNCs solid materials optical properties.
a Thin film confinement induces planar anchoring and a polydomain structure. Scale bars:
1 cm macroscopic picture, 100 µm, microscopic film, 500 nm electron microscopy image.
Reproduced under CC-BY licence from [13], copyright 2014, American Chemical Society. b
Sessile drops promote the formation of films either with a coffee-ring effect or with uniform
thickness. Scale bars: 2 mm. Reproduced with permission from [197], copyright 2015,
Springer Nature. c Spherical confinement promotes a cholesteric arrangement with anchoring
either at the centre of the droplet or at its surface. Scale bars: 50 µm cross-polarised images,
10 µm buckled microparticle, 1 µm microparticle cross-section. Polarised images and
corresponding schematics reproduced under CC-BY licence from [201], copyright 2016,
Springer Nature. Electron microscopy images and graph reproduced under CC-BY licence
from [42], copyright 2016, American Chemical Society.
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Finally, the confinement of a CNC cholesteric phase in a spherical geometry is ideal for the
fabrication of hierarchically structured microparticles and for studying the CNC cholesteric
phase self-assembly due to the absence of a contact line with a substrate. Moreover, the high
curvature dictated by the droplet size and geometry leads to very different solid architectures
than the ones achievable for flat films [195]. These types of structures can be fabricated by
using a microfluidic flow-focusing device which produces emulsions of cholesteric CNC
microdroplets immersed in an immiscible oil [42, 201]. The cholesteric phase nucleates at
the droplets interface and it grows inwards incorporating any already formed tactoid and
accommodating them via the formation of disclinations. Upon complete evaporation of the
microdroplet, a microparticle with helicoidal nanostructure forms as shown in the electron
microscopy images of Figure 3.10. The helicoidal nanostructure can be radially distributed
with respect to the microparticle depending on the initial anchoring of the tactoids which
varies with the droplet size. For droplets with radius ∼ 40 - 115 µm planar anchoring at
the liquid-liquid interface induces the CNC cholesteric phase to assemble in a monodomain
Frank-Pryce architecture [202–204]. By analysing one of these particles between cross-
polarisers it is thus possible to observe the concentric fingerprint pattern superimposed with
a Maltese cross as shown in Figure 3.10c. Interestingly, the topological defect in the droplet
centre leads to an isotropic core and has a lower density, thus being ideal for accommodating
small guest nanoparticles [201, 205]. In smaller droplets, radius ∼ 10 - 40 µm, the isotropic
core is, instead, replaced by a central tactoid, surrounded by a thin Frank-Pryce shell, as
shown in the cross-polarised image of Figure 3.10c whereas for particles with radius smaller
than ∼ 10 µm the central tactoid dominates over the surrounding radially-oriented shell.

The spherical confinement allows for the monitoring of the pitch evolution in function of
the suspension concentration during the drying process for a wider range of concentrations
than what is possible for the flat geometry. The graph of Figure 3.10c shows the pitch
evolution both for the flat and the spherical geometry. At low concentratio, they both follow a
power law of approximately p ∝ c−1. Above a specific concentration, attributed to the kinetic
arrest [42, 160], the pitch in the microdroplets scales further as p ∝ c−1/3. This deviation is
caused by the different mechanical compression occurring in the two geometries: a three-
dimensional isotropic compression in the microdroplet and a one-dimensional anisotropic
compression in the suspension cast in the Petri dish. The final pitch in the droplets is much
larger than in the corresponding film, and the orthoradial component of the compression
leads to significant buckling of the final microparticle as shown in Figure 3.10c [42].





Chapter 4

Experimental methods

The fabrication of cellulose nanocrystals films with cholesteric behaviour has been long
established in literature [6]. The fabrication or more complex CNC films, e.g. composite
films or films with a complex optical response, requires instead the development of new
protocols. To characterise the unique optical response of such films it is necessary to use
polarised optical microscopy while electron microscopy is widely adopted to investigate
the films internal morphology and to correlate it to their optical and mechanical properties.
Thermal analysis and tensile testing allow, instead, for the quantification of the thermal
resistance and the mechanical properties of a material. Hence, this chapter describes the used
materials and the adopted experimental methods to fabricate and characterise the cellulose
nanocrystals films and the CNC-based composites described in this thesis.

4.1 Materials

Cellulose nanocrystals

In this thesis two types of cellulose suspensions are used: woodpulp-derived CNCs, which
are commercially-available, and cotton-derived CNCs, also referred to as filter paper CNCs,
which are prepared in this lab. The woodpulp-derived CNCs are used for the fabrication of
flexible CNC films with surfactants, for the preparation of a composite with a shape memory
polymer and for the investigation of the thermal properties of CNCs. In the first and in
the second case, the woodpulp-derived CNCs are chosen due to collaborations restrictions
(chapter 6 and 7) but similar results can be expected by using cotton-derived CNCs. In the
third case, the higher crystallinity of these CNCs compared to the cotton-derived ones makes
them more suitable for this investigation (chapter 8). Cotton-derived CNCs are used for the
study of the alignment of the cholesteric phase by using magnets and for the fabrication of
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CNC-silk fibroin composites, (chapter 5 and 7). For these two projects the cotton-derived
CNCs are preferred over the woodpulp-derived ones as the suspensions are prepared in the
lab, and not commercially sourced, and therefore this allows for an independent choice of
the hydrolysis parameters.

Cellulose nanocrystals, CNCs, isolated from filter paper are produced following the
protocol described in section 4.2.1 using WhatmanT M Filter Paper Grade 1 as starting
material. Cellulose nanocrystals isolated from woodpulp are provided by CelluForce Inc.
(CAS number 9005-22-5) and have chemical formula is (C6H10O5)22−28SO3Na4−6. They
are fabricated following the protocol described in section 4.2.1 and used as received. The
morphology of the woodpulp-derived CNC and of the filter paper-derived CNC used for the
magnet project are reported respectively in Figure A.3 and Figure A.4. CNC suspensions are
stored in a refrigerator at 3 - 5 ◦C and they are vortexed before use to ensure homogeneity.

Silk fibroin

Silk fibroin is obtained from the cocoons of Bombyx mori and it is provided by Prof. F. Omenetto
from Tufts University. The fabrication protocol is described in section 4.2.2.

Surfactants

The surfactants, 3-(N-N-dimtethylmyristylammonio)-propanesulphonate, DMAPS, and hex-
adecyltrimethylammonium bromide, HTAB, are purchased from Sigma Aldrich and used as
received.

Shape memory polymer

Citric acid and 1,12-dodecanediol are purchased from Sigma-Aldrich and ethanol 99.5%
from Panreac and used as received.

Other chemicals

Sulphuric acid 99%, is purchased from Fisher Scientific. Sodium hydroxide (CAS 1310-73-
2), potassium hydroxide (CAS 1310-58-3) and glutaraldehyde are purchased from Sigma
Aldrich. Ethanol absolute (CAS 64-17-5) is purchased from VWR while sodium borohydride
98%(CAS 16940-66-2) from Alfa Aesar and sodium hydrogen carbonate from Breckland
Scientific Supplies. All chemicals are used as received.
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4.2 Fabrication methods

4.2.1 Suspensions preparation

The protocol followed to prepare the filter paper-based CNC suspension and the protocol
provided by CelluForce Inc. to fabricate the woodpulp-based CNC are reported here [87].

For the preparation of woodpulp-CNC, fully bleached, commercial kraft softwood pulp
is milled to pass through a 0.5 mm screen in a Wiley mill to ensure particle size uniformity
and increase in the exposed surface area. Similarly, for the preparation of filter paper-CNC,
WhatmanT M Filter Paper Grade 1 is ground in linters to increase the surface area of the paper.

The milled pulp / ground linters are hydrolysed in sulphuric acid (8.75 ml of a sulphuric
acid solution per gram of pulp and 14 ml per gram of cotton linters) at 64 wt% (at 45 ◦C and
66 ◦C respectively for woodpulp and filter paper) with continuous mechanical stirring for a
fixed amount of time (25 and 30 minutes respectively for woodpulp and filter paper). To stop
the hydrolysis of the woodpulp-CNC, the suspension is diluted with cold deionised water,
DI, which is tenfold the volume of the acid solution used and it is allowed to settle overnight.
The clear top layer is decanted and the remaining cloudy layer is centrifuged. To stop the
hydrolysis of the filter paper-CNC, the reaction is quenched by addition of double-deionised
ice, MQ, and MQ water, ∼ 2 L, under continuous stirring until the final temperature reaches
10 ◦C.

To remove the soluble cellulose and the acid residues the suspension is centrifuged at
20000 g for 30 min for each run in a (Sorvall Lynx 6000 Thermo Scientific). After each
centrifugation run the supernatant containing the residual acid is discarded and the pellet,
containing the CNCs, is redispersed in MQ water to be used for the next centrifugation step.
Usually, three centrifugation steps are necessary to obtain a stable suspension for which the
supernatant and the pellet cannot be clearly separated anymore.

At this step, the filter paper CNC suspension is further diluted with MQ water, trans-
ferred to dialysis membranes with molecular weight cut-off 12-14 kDa and dialysed against
deionised water for three weeks until the conductivity of the dialysis water is comparable to
the conductivity of the MQ water (3-7 µS/cm). Following this, the suspension is tip-sonicated
in an ice bath to break any agglomerate (Fisher Ultrasonic disintegrator, 500 W, amplitude
30%, max 7000 J·g−1 of CNC, tip diameter � 12.7 mm). Subsequently, the suspension is
vacuum-filtered with 8.0 µm and 0.8 µm nitrocellulose filters, (Sigma-Aldrich) and diluted
with MQ water to the desired concentration.

The woodpulp CNC suspension after the dialysis is purified and spray dried. Following
that, the spray-dried CNCs are dispersed in DI water at 2 wt% by stirring overnight with an
overhead stirrer. The dispersed CNC are sonicated at 70% power for 30 minutes in batches
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of 3 L using an ultrasonicator Vibra-Cell (VC750). The average energy input at this stage is
9000 J/g CNCs. After that, the suspension is filtered through Whatman filter paper Grade 4
(20-25 µm ) and Grade 42 filters (2.5 µm). The filtered CNC suspension is dialysed against
DI water overnight, concentrated to the desired concentration using a Rotavap evaporator
and stored in the fridge until further use.

For concentrating the suspension either mixed-bed ion exchange resin, poly(ethylene
gycol) or heat treatments are used. Mixed-bed ion exchange resin (Dowex Marathon MR-3)
is first rinsed in MQ, then added to the CNC suspension for a few days and then removed
through filtration, using 8.0 µm nitrocellulose filters, to ensure that the CNCs have only H+

as counter-ions. Alternatively, the use of an osmotic bath of poly(ethylene gycol), PEG, with
molecular weight 35 kDa can be used to concentrate the CNC suspension. The use of PEG or
mixed-bed ion resin can introduce contaminations with Na+ or polyvalent ions. Conductivity
titration against sodium hydroxide at 0.01 M is thus used to measure the concentration of
ions on the CNCs surface [H+] = [–SO4

−] [206].

4.2.2 Films preparation

CNC films

The CNC films are prepared by evaporation-induced-self-assembly, EISA, [207]. Each sus-
pension is vortexed for about 1 minute to ensure homogeneity prior to casting (Gallenkamp,
Spinmix, 50 - 60 Hz, 220 - 240 Volts, 90 Watts) and poured on polystyrene non-treated
Petri dishes (35 mm internal diameter, 10 mm height Corning®, 430588). The suspension is
allowed to dry at ambient conditions in a drying cabinet containing silica gel beads (Acros,
2 - 5 mm, 1327-36-2). The silica beads absorb the humidity in the air and, if periodically
changed and substituted with dry ones, they ensure a constant humidity value in the cabinet
during the entire drying process (T 23 ◦C, RH 30%). The drying time varies from 3 to 7
days depending on the suspension volume and concentration. The films are considered to be
dry when neither their colour, nor their weight, checked by a precision scale, do not change
anymore over a period of few days. The dry films are detached from the substrate and stored
in a dry cabinet until further use.

CNC films with silk fibroin

The filter paper CNC suspension is tip-sonicated at 7000 J·g−1 of CNC, concentrated by
mixed-bed ion resin and, prior use, diluted with MQ water to 2 wt% and adjusted to the
aimed pH by adding NaOH 0.1 M, starting from a 2.29 pH value. The initial [H+]=[-OSO3

−]
is equal to 221 mmol·kg−1 and the pH adjustment progressively replaces the H+ counterions
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with the Na+. The pH is measured using a pH-meter (Inlab Micro Pro, Mettler Toledo) in
sacrificial volumes of ∼ 0.2 ml with the addition of few mg of dry KCl (Sigma Aldrich,
99.99%) to allow for a stable pH reading. Silk cocoons from Bombyx mori silkworms
are treated at Tufts University. They are first boiled in a solution of 20 mM Na2CO3 for
30 minutes to remove the sericin protein [208–211]. The extracted fibroin is rinsed with
distilled water and dried in air for 12 h. Then, the fibroin is dissolved in a 9.3 M LiBr solution
at 60 ◦C for 4 h, yielding a 20 wt% aqueous solution which is dialysed against distilled
water using a dialysis cassette (Slide-a-Lyzer, Pierce, molecular weight cut-off 3.5 kDa) at
room temperature for 48 h until the solution reaches a concentration of 5 wt%. The obtained
solution is purified using a centrifuge and a 0.8 mm syringe filter.

Silk fibroin at 5 wt% in NaCl 0.1 M at pH 7 is added to the CNC suspension to reach
the aimed volumetric ratio, SF:CNC, and a constant [NaCl] = 4 mM. Due to the limited
amount of silk fibroin, cellulose nanocrystals and silk fibroin films are fabricated by casting
1.5 ml of the CNC-SF mixture in dishes made of an acrylic ring, inner diameter 21 mm,
glued on a microscope glass slide and left to dry at ambient conditions (T 23 ◦C, RH 30%).
Free-standing films are obtained by making the glass slide hydrophobic prior to casting.
The glass slide is first immersed in NaOH 0.1 M for 10 min, rinsed with MQ water, dried,
immersed in Aquapel® (Pittsburgh Glass Works, LLC) for 10 min, rinsed and dried overnight
at 60 ◦C. For pH lower than 3.9 the silk fibroin exhibits the Silk II conformation in suspension,
while for pH values equal to or higher than 4.1 it assumes the Silk I conformation. Due to
the relative ratio at which the CNCs and the SF are mixed, the pH of the CNCs suspension is
assumed not to change after the addition of the neutral SF.

CNC films under static magnetic field

The suspension used for casting CNC films is obtained by tip-sonicating at 5000 J·g−1 the
starting filter paper CNC batch prepared following the hydrolysis process described above.
After tip-sonication the suspension is diluted with MQ water and NaCl is added to tune the
colour of the solid films. Unless otherwise specified, NaCl 0.1 M with a fixed [NaCl]/[CNC]
ratio of 100 mmol·kg−1 (i.e., a ratio of 100 mmol·kg−1 corresponds to [NaCl] = 8.5 mM
for [CNC] = 8.5 wt%) to [CNC] = 8.5 wt% is used. For this [NaCl]/[CNC] ratio different
dilutions with MQ water are prepared and transferred to flat capillaries ( 3536-050, 0.30
× 6.00 × 50 mm3, CM Scientific) and observed between almost crossed linear polarisers
after 14 days, as reported in Figure 4.1a. From the observation of the capillaries between
cross-polarisers the phase diagram of Figure 4.1b is derived. This allows choosing the
concentration of the CNC suspension prior to casting films to be in the biphasic region, more
specifically equal to 8.5 wt%. As previously described in section 3.4.1, this allows for a better
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Figure 4.1 Phase diagram of the CNC suspension used for the fabrication of CNC films under
static magnetic field. a Observation of CNC suspension of increasing [CNC] concentration at
a fixed ratio of [NaCl]/[CNC] = 100 mmol·kg−1 between polarizers a few degrees away from
the cross-polarization configuration, to better show the two phases on a grey background. b
Proportion of anisotropic phase in function of the CNCs concentration measured in capillaries
14 days after their preparation. Image courtesy of Dr. B. Frka-Petesic.

self-assembly of the suspension in terms of domain size, pitch uniformity and cholesteric
phase orientation of the final solid film. The samples shown in Figure 5.3 are, instead, cast
from a suspension with a lower salt content, [NaCl]/[CNC] = 40 mmol·kg−1, to fabricate
films with complex optical patterns that reflect within the visible range. The samples are cast
in a polystyrene Petri dish (35 mm internal diameter, 10 mm height Corning®, 430588) and
covered with a plastic lid to slow down the evaporation of the solvent as reported in Figure
A.1. The initial [H+]=[-OSO3

−] is equal to 190 mmol·kg−1. Magnetic fields are applied to
the drying suspension by placing the Petri dishes in immediate vicinity of magnets. The two
magnetic configurations used to control the magnetic field orientation are a vertical magnetic
field and a continuously tilted magnetic field as schematically presented in Figure 5.1. Large
rectangular neodymium magnets (NdFeB)(F390-N42, N42 grade, with length x width x
height dimensions equal to 40 × 40 × 30 mm3, First4magnets) with magnetisation along
z-axis are used. The magnetic field close to their upper surface is experimentally measured
as reported in Figure A.2.

CNC films with surfactants

To fabricate CNC-DMAPS films 40 g of aqueous woodpulp CNC suspension is first mixed
with 110 g of DI water and sonicated for 10 min at 60% of the maximum power in a Fisher
Sonic dismembrator (Fisher Scientific). The CNC content in the final suspension is 1 wt%.
The CNC suspension is heated to 80 ◦C, and the zwitterionic surfactant, DMAPS, dissolved
in 50 g of DI water, is added with vigorous stirring to produce suspensions with the following
CNC:DMAPS mass ratios: 1:0.1, 1:0.41, and 1:1. The mixture is continuously stirred for 2 h
at 80 ◦C until homogeneous. The clear suspension is mixed with a disintegrator for 1 minute
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and dialysed against DI water for 6 days until reaching a stable conductivity value. The
dialysed clear CNC-DMAPS suspensions are further sonicated for 10 min at 60% max power
using a Fisher Sonic Dismembrator, and the resulting CNC-DMAPS complex has H+ as
counter ions in suspension.

To fabricate CNC-HTAB films 20 g of aqueous CNC suspension at 5 wt% is mixed
with 30 g of DI water and sonicated for 10 min at 60% of the maximum power in a Fisher
Sonic dismembrator. The CNC suspension is heated to 80 ◦C, and the HTAB surfactant,
dissolved in 50 g of DI water is added with vigorous stirring to produce suspensions with the
following CNC:HTAB mass ratios: 1:0.02 and 1:0.03. The HTAB final concentration in each
suspension is 0.046 mM and 0.92 mM, respectively, while the CNC solids content in the final
suspension is 1 wt%. The mixture is continuously stirred for 2 h at 80 ◦C. The suspension is
mixed with a disintegrator for 1 min and dialysed against DI water for 6 days. The dialysed
CNC-HTAB suspensions are further sonicated for 10 min at 60% of the maximum power
using a Fisher Sonic dismembrator.

Aliquots of 40 g of the CNC-DMAPS and CNC-HTAB suspensions are cast on Petri
dishes with �internal = 80 mm and let dry at ambient conditions, under controlled air flow, on
a well leveled surface.

CNC films with shape memory polymer

For the fabrication of the CNC-shape memory polymer composites, the CNC suspension and
the shape memory precursor are individually prepared and then combined at a later stage.
The provided woodpulp CNC suspension is fabricated following the protocol described in
section 4.2.1. Specifically, a 4 wt%, pH 2, conductivity 2100 µS/cm woodpulp suspension
is used as starting batch. First, the suspension is adjusted to pH 5.5 by addition of NaOH.
Then, the suspension is subjected to heat treatment in a water bath at 60 ◦C for either 12 h,
21 h or 30 h respectively to give suspensions with respectively normalised conductivity equal
to 567 µS/cm, 619 µS/cm and 726 µS/cm. To prepare the shape memory precursor a
mixture of citric acid (CA) and 1,12-dodecanediol (DD) (molar ratio of hydroxyl to carboxyl
groups, 4:3) is used following a previously reported protocol [212]. CA and DD are initially
melted at 165 ◦C for 15 - 20 minutes. Subsequently, the mixture is cooled to 140 ◦C and
the esterification reaction is allowed to continue for 1 h until a viscous liquid is obtained.
The formed pre-polymer, tri-dodecan-co-citrate, is diluted in ethanol at a concentration of
0.5 g/ml, by mild heating and bath sonication treatment. The esterification process allows for
the formation of hydrophobic microdomains in the polymer network, as shown in Figure 4.2a.
These domains are referred to as pre-polymer domains or DD-rich domains and are stabilised
by intermolecular hydrophobic interactions, as illustrated in Figure 4.2b. The covalently
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cross-linked polymer is responsible for the permanent shape of the polymer, while the
DD-rich domains allow for the shape-memory effect.

Figure 4.2 a Synthesis of tri-dodecanediol-co-citrate via esterification reaction. b Molecu-
lar schematic of the polymer network of HD-polydiolcitrate elastomer. Reproduced with
permission from [212], copyright 2011, WILEY-VCH Verlag GmbH & Co.

Figure 4.3 schematically shows the three protocols followed for the fabrication of the
CNC:PDDCHD composite films, co-casting, layer-by-layer, and infiltration, and the thermal
activation process necessary to impart the shape memory properties to the composite material.
For the co-casting method, 200 µ l of 4 wt% CNC suspension is mixed with 25 µ l PDDC-HD
precursor diluted in ethanol at 0.5 g/ml, vortexed to ensure homogeneity, and cast in a
polystyrene Petri dish (35 mm internal diameter, 10 mm height Corning®, 430588) and dried
to obtain a free-standing composite film. In the layer-by-layer approach, first a shape memory
film is fabricated by casting the corresponding shape memory polymer solution at 0.5 g/ml
in a 5 cm diameter glass dish, by letting it dry and thermally curing it at 80 ◦C in an oven,
to obtain PDDC-HD. Then, the CNC suspension is cast on top of the cured PDDC-HD to
form a bi-layer structure. Finally, the infiltration procedure requires first the formation of a
CNC film by evaporation induced self-assembly, EISA, of 2 ml of a 1 wt% CNC suspension
diluted with MQ water from the 4 wt% batch in a 3.5 cm diameter Petri dish. A free-standing
CNC flake is infiltrated by the shape memory polymer by immersing it in a room temperature
PDDC-HD precursor at 0.5 g/ml and let the infiltration occur overnight. For this step, the
dilution of the shape memory polymer in ethanol favours its diffusion in the swelling CNC
film. Then, the film is removed from the shape memory polymer solution, drained from
excessive PDDC-HD and let dry overnight in an oven at 40 ◦C to allow for complete ethanol
evaporation.
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Figure 4.3 CNC:PDDC-HD composite fabrication protocols. From top left: co-casting,
layer-by-layer and infiltration. Bottom: curing and activation steps.

To provide the CNC:PDDCHD samples fabricated via infiltration with the shape memory
functionality, a partial thermal treatment is necessary. The films are thermally annealed at
Tcuring = 80 ◦C in an oven for periods from 16 h to 20 h to cross-link the polymer to form
hydroxyl-dominant poly(dodecanediol-co-citrate), referred to as PDDC-HD. During this
curing step, the samples are held by three contact points to minimize curling and adhesion to
the substrate. The samples are also kept flat to define that geometry as the permanent shape
of the films. The CNC:PDDCHD composite films are cooled down to room temperature,
Troom, in that same configuration. The temporary shape is conferred using the following
sequence of heating, mechanical deformation, and cooling. First, the samples are heated
above the melting transition temperature, Ttrans = 30 ◦C, by using a heat gun, then they are
mechanically deformed in the desired temporary shape while maintaining the temperature
above Ttrans. Finally, they are cooled down to Troom, mechanically holding them in the
chosen shape to allow for the material solidification in the deformed configuration (∼10 min).
At this stage, the material is rigid again and it has adopted the new, temporary shape. The
permanent shape can be restored by heating the sample above Ttrans. All the composites are
stored at room temperature prior to further analysis.

CNC films for thermal properties investigation

To investigate the thermal properties of cellulose nanocrystals cholesteric films, different
types of films are prepared. This section describes the protocol followed to prepare films
neutralised and infiltrated with a strong base, cross-linked, and vacuum treated. For this
investigation a woodpulp extracted CNC suspension provided from CelluForce Inc. is used,
with [-OSO−

3 ] = 243 mmol/kg measured by titration against NaOH. Films are fabricated
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by casting 3 ml of 2 wt% suspension in a polystyrene Petri dish (35 mm internal diameter,
10 mm height Corning®, 430588) and let slowly dry in a drying box containing silica gel
beads for one week. Films not subjected to the strong base infiltration treatment are, instead,
fabricated by casting 1 ml of 2 wt% of the same suspension in a Petri dish.

To investigate the effect of the suspension pH, the CNC suspension is partially neutralised
by addition of quotas of NaOH 0.01 - 0.1 mol /L until the desired pH is reached. The pH is
measured using a pH-meter (Inlab Micro Pro, Mettler Toledo) in sacrificial volumes of ∼ 0.2
ml with the addition of few mg of dry KCl (Sigma Aldrich, 99.99%) to allow for a stable pH
reading. The neutralised suspension are cast following the above described protocol.

To test the effect of the infiltration in a strong base on the CNC films, solid films, cast
from a pH 2.2 suspension, are immersed in 30 wt% potassium hydroxide solution in water
for time intervals varying from 15 minutes, to 30 minutes, 1 hour, 2 hours, 5 hours and
24 hours at room temperature. The infiltrated films are gently rinsed with lukewarm MQ
water, ∽ 50 ◦C, until the pH of the rinsing water is stable and equal to 7. This process allows
for the removal of the non-reacted KOH. The samples are left to dry in a drying box until
further use. The samples curling during drying is minimised by placing a rigid sheet of
polytetrafluoroethylene on top of the CNC films.

CNC films cross-linked with glutaraldehyde, GA, are fabricated starting from free-
standing CNC films that are infiltrated in KOH for 24 h following the above described
protocol, and subsequently immersed in 8 ml 25 wt% GA at 70 ◦C for 5 h in an oven. The
films are successively retrieved from the GA solution, dried in air in the oven at 70 ◦C for
1 h and dried in a vacuum oven at 60 ◦C overnight. The samples are stored in a drying box
until further use.

The CNC films used for the vacuum oven treatment are cast from a suspension heat
treated in a water bath at 60 ◦C for 24 h. After drying the films are peeled off from the
polystyrene Petri dish and desiccated in a vacuum oven at 60 ◦C for 5 days. The samples are
stored in a drying box until further use.

Cellulose nanocrystal films are heat treated in a Carbolite Gero split tube furnace whose
set-up is shown in Figure 4.4. Free-standing films are positioned in an alumina boat and kept
flat by using quartz slides on the edges of the film to avoid curling. A holey quartz slide is
positioned on top of the alumina boat to prevent the flake from moving due to the gas flow.
The ceramic boat with the flake is placed inside a quartz cylinder (l = 65 mm, �int = 29 mm,
�out = 32 mm) in the central part of the furnace to provide homogeneous heating. To ensure
complete sealing of the quartz tube, this is connected to the gas hoses with metallic end seals
(TS-032-042-0020, Carbolite Gero) and greased. For an optimal thermal insulation, ceramic
insulating plugs are inserted at both ends of the quartz tube (51-50-11, type D, Carbolite
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Gero). The thermal treatments are carried under a continuous Argon flow. The gas flow is
controlled via a flow-meter set at 200 ml/min and the exhaust gas is directed in an oil bubbler
to prevent reflux in the furnace.

Figure 4.4 Schematic of the split tube furnace used for thermal treatments, top, and of the
sample mounting set-up, bottom.

Unless otherwise specified, the heating ramp followed during the heat treatment is the
following:

• 1◦C/min - from room temperature up to 300 ◦C
• 3◦C/min - from 300 ◦C to 500 ◦C
• 5◦C/min - from 500 ◦C to 900 ◦C
Before each heating treatment, the samples are inserted in the furnace, which is then

tightly sealed, and stabilised at room temperature under 200 ml/min argon flow for 1 h, to
ensure complete removal of the air by replacement with argon gas. After the heating ramp,
the samples are left to naturally cool down inside the furnace under continuous argon flow at
200 ml/min until room temperature.

CNC films with aleuritic acid

CNC films used for the aleuritic acid treatment are cast from 3 ml of 2 wt% of the same
woodpulp suspension used for the investigation of the thermal properties. They are first
infiltrated with KOH as described in the previous section. The aleuritic acid solution
(MeOH:CHCl3, 1:1) is applied by using a spray gun. Subsequently, the composite is hot
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presses at 200 ◦C for 30 min at 160 bar. The aleuritic acid coating and the hot pressing are
carried out by Dr. Jose Heredia-Guerriero at Istituto Italiano di Tecnologia, Genova, Italy.

4.3 Characterisation techniques

4.3.1 Microscopy

Optical microscopy and spectroscopy

A customised microscope (Zeiss, Axio Scope A.1) coupled to a spectrometer (Avantes,
AvaSpec-HS2048) is used for the optical and spectroscopic investigation of the fabricated
samples. The schematic of the used set-up is shown in Figure 4.5.

Figure 4.5 Schematic representation of the customised microscope and coupled spectrometer
used to analyse the samples. The illuminating light path, the image forming light path and
the reflected light path are represented respectively by red, green and blue lines.

To perform reliable microscopy and obtain images with no artifacts it is necessary to
align the microscope before each measurement. Specifically, the microscope is set-up in
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Köhler illumination mode to ensure that the image of the illumination source, i.e. the lamp
filament, is not visible in the acquired images and that the sample is uniformly illuminated
[213]. To achieve this, the sample needs thus to be illuminated with a defocused image of
the light source, that can be obtained by aligning the microscope so that the illuminating
light path and the image forming light path are conjugated. As reported in Figure 4.5, the
illuminating light path consists of the lamp filament, the aperture diaphragm, the back focal
plane of the objective and the eye point. The image forming light path is, instead, formed
by the field diaphragm, the focused specimen, and either the observer retina or the camera
sensor plane.

The samples are observed in reflection mode using a halogen lamp (Hal 100) as the
light source. The type of illumination that reaches the sample is controlled by the aperture
diaphragm and by the field diaphragm. The aperture diaphragm determines the angular
width of the cone of light illuminating the sample. This width corresponds to the numerical
aperture of the objective when the aperture diaphragm is fully open, otherwise it is lower
and it is limited by the aperture diaphragm itself. For samples with angular dependent optical
properties the optical response changes as a function of the width of the illuminating light
cone; hence, it is crucial to use the aperture diaphragm that allows to best analyse the sample.
Similarly, the field diaphragm determines the field of view of the objective. Optimal imaging
is usually obtained when the field diaphragm is set to be 2/3 of the total image size.

The angular range of the light collected by the objective is limited by its numerical
aperture, NA, where NA = ni sinθmax, ni is the refractive index of the medium between the
sample and the objective and θmax is the maximum width of the half cone of the light that
can be collected by the objective.

In reflection mode the samples are observed either in bright-field, BF, or in dark-field, DF,
mode depending on the type of analysis required. For reflection bright-field measurements,
the sample is illuminated by keeping the aperture diaphragm as close as possible in order
to minimise the angular width of the illuminating beam. Only the specularly reflected light
and the scattered light that is reflected at an angle lower or equal to the objective numerical
aperture are collected. For dark-field reflection imaging, instead, the sample is illuminated
from angles that are larger than the numerical aperture of the mounted objective, due to
the presence of a light-stop in the light path. In this configuration, only the light scattered
from the sample can be collected while the specularly reflected light is filtered out, as it is
schematically reported in Figure 4.6.

In this thesis, bright-field and dark-field reflection modes are used to probe the cellulose
nanocrystals domains orientation with respect to the film surface as schematically represented
in Figure 4.7. In bright-field mode, the light reflected from aligned domains at angles smaller
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Figure 4.6 Schematics of reflected bright- and dark-field configuration.

or equal than θmax is collected by the objective, thus making them look colourful, whereas
for tilted domains the light is usually reflected at angles higher than θmax and therefore not
collected by the microscope, as shown in Figure 4.7a. Conversely, in dark-field reflection,
due to the presence of the light-stop, the specularly reflected light is prevented from entering
in the objective while the scattered light is collected, as illustrated in Figure 4.7b. This
implies that in dark-field microscopy aligned domains look colourless whereas tilted domains
are colourful.

To analyse the optical response of chiral samples it is necessary to equip the microscope
with optical components able to transmit either only left- or only right-circularly polarised
light, respectively LCP or RCP. This can be done by mounting a quarter wave retardation
plate followed by a linear polariser in the reflected light path of the microscope. The relative
position of the quarter wave plate with respect to the polariser is set via motorised controllers
(Thorlabs, TDC001) actioned by an APT controller configured using a Matlab interface.
Referring to the schematic of Figure 4.5, the light beam generated by the lamp passes through
the aperture diaphragm, which can limit its angular width, and the field diaphragm, before
hitting a beam splitter and then being focused on the sample through an objective. The light
reflected, or scattered, from the sample is collected by the same objective, it passes through a
beam splitter and it is filtered by a quarter wave plate and a linear polariser (25 mm wire grid
polariser, Thorlabs) before hitting a second beam splitter. Here half of the light is directed
towards a CCD camera (Thorlabs DCC3240C or IDS UI-3580LE-C-HQ) and half of it is
coupled in an optical fibre ( 50-600 µm, Avantes) mounted in confocal configuration and
connected to the spectrometer. The samples are moved by means of a motorised staged in
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the x and y direction (Prior H1P4AAXA1, Prior Scientific Instruments ltd) and by a manual
knob in the z direction. When polarised optical microscopy is not required the quarter wave
plate and the grid polariser can be removed from the light path. Unless otherwise specified,
the free-standing films are mounted on custom-made holey slides so that no other material is
in the light path and thus contributes to the collected signal.

Figure 4.7 Schematics of reflected bright- and dark-field configuration for aligned and tilted
cellulose nanocrystals domains.

The optical response of each sample is quantified by using a spectrometer and compared
to the reflectivity of standard materials. The samples can be analysed in localised areas by
coupling the spectrometer to an optical fibre (Avantes). The area of the sample contributing
to the acquired signal depends on the size of the used optical fibre, it is diffraction-limited and
it can be as small as few micrometres. The collected signal is expressed in terms of counts
per wavelength. For reflective chiral samples, the spectra are normalised to the reflectance of
a silver mirror (25.4 mm mirror, protected Silver, PF10-03-P01, Thorlabs) with the polariser
and the quarter wave plate mounted to transmit left circularly polarised light. The reflectance
spectra are collected from the central region of each shown micrograph. Polydomain samples
are analysed using fibres with a big core size to better capture the presence of domains
with variable pitch, whereas more uniform films are analysed using smaller core fibres. The
characteristics of the used objectives and optical fibres are reported in Appendix A.1.1.

K-space

The use of a Bertrand lens in the optical path of a microscope allows for the imaging of
the Fourier plane, the k-space. A k-space image shows the angular distribution of the light
reflected from a sample as shown in Figure 4.8a. When the sample is illuminated with light
having a small numerical aperture only light with a narrow angular range is incident on the
sample; consequently, a broad angular reflection in k-space can indicate the presence of
defects in the structure or of elements that reflect at high values of θ out . In the schematic of
Figure 4.8a all the lenses have the same focal length and are spaced by a distance equal to
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double their focal length. The lens L2 is mounted in telescopic configuration with L1 and
the lens L3 with 2. The light rays reflected from the sample are collected by the lens L1 and
focused on the back focal plane P2. An image of P2 is formed in P4 due to the presence of
the lens L3. In this final image the spatial position of the light rays with respect to x = 0 is
proportional to the reflection angle θ out .

Figure 4.8 Image formation in k-space and angular-resolved set-up. a The spatial position of
the light rays in a k-space image is correlated to the reflection angle θ out at which those rays
are formed in the sample plane. b A collimated light beam illuminates the sample at an angle
of incidence θ in while the scattered light in transmission and in reflection is collected for
different angles θ out by a rotating detector. Adapted with permission from [214], copyright
2013, The Royal Society Publishing.

K-space microscopy is performed using the microscope set-up described above with a
50× Epiplan Apochromat objective mounted in combination with a Bertrand lens (453671-
0000-000, Carl Zeiss) positioned after the objective and before the beam splitter. Linear
polarisers mounted one before and one after the sample and rotated of 90◦ with respect to
each other allows for the removal of the image of the lamp in k-space. The xenon lamp
used as light source (HPX-2000, Ocean Optics) is coupled to an optical fibre with core
diameter 50 µm and light spot size on the sample � ∼ 1 µm. A grating of periodicity 1200
grooves·mm−1 (GR13-1205, Thorlabs) is used to calibrate the k-space. The incident light
is θ in = 0◦ while the collected light in air depends on the objective numerical aperture as
θ out = sin−1(NA).
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Angular-resolved spectroscopy

Angular-resolved optical spectroscopy is used to investigate the angular response of a sample
upon varying illumination angle and varying collection angle (specular mode, θ in = θ out) and
upon varying collection angle only (scattering mode, θ in ̸=θ out). The angle of incidence θ in

can be varied from 0◦, which corresponds to normal incidence, to 90◦. The used custom-made
goniometer is shown in Figure 4.8b. The sample is mounted on a rotating stage and it is
illuminated with a collimated incident beam (light spot size Ø ∼ 6 mm) produced by a xenon
lamp (HPX-2000, Ocean Optics) coupled in an optical fibre and mounted on an illuminating
rotating pole. The light reflected or transmitted from the sample is collected by a rotating
detector that couples it to the spectrometer (AvaSpec- HS2048, Avantes) through another
optical fibre. The recorded light intensity in function of the angle and in function of the
wavelength is normalised with respect to a white diffuser reflectance standard (Labsphere,
USRS-99-010), while the exposure time is adjusted using an automatic high-dynamic-range
(HDR) method developed by Dr. Gen Kamita. The angular-resolved data discussed in
this thesis correspond to measurements carried out at a fixed incident light angle equal to
-30◦, defined from the normal of the sample surface and by collecting the scattered spectral
intensity with the rotating detector for the angular range going from -20◦ to 80◦.

Atomic force microscopy

An Agilent Technologies 5500 Atomic Force Microscope, AFM, is used in tapping mode and
at room temperature to investigate the CNCs morphology and determine their size distribution
[215]. The samples are prepared by drop casting 10 µ l of low concentration CNC suspension,
∼ 0.002 wt%, on freshly peeled functionalised mica. Prior to deposition poly(L-lysine)
aqueous solution, 0.1%, MW 150 kDa, is applied on the mica for 1 minute and then is rinsed
with Milli-Q water and the mica substrate is dried under a gentle nitrogen flow [160]. After
deposition of the CNC suspension for 1 min, the samples are rinsed and dried under gentle
nitrogen flow. The samples are scanned with a silicon tip with aluminium coating (Bruker,
OTESPA-R3, tip radius 7-10 nm, resonance frequency 300 ± 100 kHz, spring constant
26 N/m). The analysed sample area is typically 15 µm x 15 µm. The software Gwyddion is
used to process the data and remove any artefacts.

Scanning electron microscopy

Electron microscopy is utilised to analyse the topology of the fabricated samples at the
nanoscale. In an electron microscope, an electron beam is generated under high vacuum by
an electron gun and focused on a conductive sample by using magnets that act as lenses. In
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a scanning electron microscope, SEM, the image of the sample is created by scanning the
focused electron beam through a selected area of the sample and by collecting the electrons
that are either generated, secondary electrons, or reflected from the sample surface, back-
scattering electrons. Secondary electrons give topographical information of the sample while
backscattering electrons enables to qualitatively distinguish between the composition of
different materials forming the sample [216].

SEM images of cellulose films cross-sections and top views are acquired using a Zeiss
Leo Gemini 1530VP system, mounted at an angle of 90◦ with respect to the electron beam.
The samples are fixed on aluminium stubs using conductive carbon tape and, to minimize
surface charging, they are sputtered with a 5–10 nm layer of Au/Pd (Emitech K550; I = 55 mA
for 10–14 s) just before imaging. The acceleration voltage is 5.0 kV, the working distance is
kept within 3–4 mm and an Inlens detector for secondary electrons is used.

4.3.2 Thermal analysis

Thermal gravimetric analysis

The decomposition behaviour of the fabricated CNC films is studied in a thermo gravimetric
analyser (TGA 2 (SF), Mettler Toledo). 10 mg of sample are put in a 70 µl Al2O3 crucible
which is positioned on a balance arm and heated from 50 ◦C to 900 ◦C with a heating rate
of 10 ◦C/min in continuous nitrogen flow at 100 ml/min. The change in the sample mass
is continuously recorded during the heating ramp and it is normalised to the initial sample
weight. The first derivative of the mass change in function of the time is calculated and
defined as derivative-TGA or DTGA. The software Matlab R2016B and STARe Evaluation
Software are used to calculate the maximum degradation peak, Tmax, the onset temperature,
Tonset, the temperature for which 10% and then half of the material has degraded, T10 and T50

and the yield, Y. The onset degradation temperature is defined as the intersection of tangents
drawn from thermo gravimetric curve, one before inflection caused by the degradation and
another from the cellulose degradation step.

4.3.3 Chemical analysis

Elemental analysis

Carbon, hydrogen, and nitrogen analysis for the CNC films cast with surfactants are carried
out in a gas chromatograph (Carlo Erba 1106) by the Canadian Microanalytical Service Ltd.
The sample is burned and the amount of the resulting carbon dioxide, water, and nitrogen are
measured by thermal conductivity and compared directly with known standards. Sulphur
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is determined by titration: after combustion, absorption, and pH adjustment, the resulting
solution is titrated with standardised barium perchlorate by a volumetric method, using thorin
as an indicator.

The carbon, hydrogen and nitrogen analysis for the other films is done using an Ex-
eter Analytical CE 440 elemental analyser by the Microanalysis Centre at University of
Cambridge. Samples are weighed in a platinum boat and combusted in oxygen at 975 ◦C.
Thermal conductivity detectors are used to measure the resulting water, carbon dioxide and
nitrogen produced. The sulphur and potassium analysis are performed by using an inductively
coupled plasma mass spectrometer (Thermo Scientific iCAP 7400 ICP-OES). The samples
are digested in concentrated nitric acid and made up to 50 ml with water.

Spectroscopy

Fourier transformed infra-red spectroscopy (FTIR) spectra of the CNC films cast with
surfactants are measured by Dr. Siham Atifi at FPInnovations, Vancouver, Canada. The
spectra are recorded on CNC:DMAPS films using a Nicolet 6700 FTIR spectrometer.

X-ray diffraction

The X-ray diffraction spectra of the CNC-surfactant films are acquired by Dr. Siham Atifi at
FPInnovations, Canada. All the other spectra are acquired by the author using a PANalytical
X-ray diffractometer operating with a Cu Kα radiation source (λ = 1.5405 Å) and recorded
in the 2θ range of 0 ◦ - 40 ◦ for 25 minutes at 40 kV and 40 mA at room temperature.

4.3.4 Mechanical analysis

Micro tensile testing

Tensile mechanical measurements are performed on CNC:DMAPS films cut in rectangular
strips of approximately 7 mm × 25 mm by Dr. Siham Atifi at FPInnovations, Vancouver,
Canada. The films thickness is measured on the vertically mounted strips using a scanning
electron microscope. Samples are imaged, uncoated, in low vacuum mode. Images of the
films, collected in Scandium imaging and image analysis software, are collected so that the
entire film thickness is visible and the top and bottom edges of the film are recognisable.
Tensile testing is carried out using a Deben micro-tensile testing rig equipped with a 200 N
load cell. All tensile tests are carried out at controlled conditions (23 ± 1 ◦C; 50 ± 2% RH).
The gauge length is 10 mm and special PTFE-coated grips with a textured surface are used
to clamp the strips extremities.





Chapter 5

CNCs self-assembly under magnetic
fields

5.1 Introduction

The mechanism underlying the formation of helicoidally-arranged solid CNC nanostructures
and their optical response has been described in chapter 2. In addition, the most recent
advances in terms of CNCs self-assembly, pitch control, and cholesteric phase alignment
are investigated as a tool to control the optical properties of the CNC films [61]. The ability
to tune the orientation of the cholesteric phase in arbitrary directions with respect to the
substrate, is another powerful tool that can unlock the fabrication of films with complex
optical responses.

This chapter1 aims at investigating the control of the orientation of the CNCs’ cholesteric
phase during assembly by using commercial magnets to fabricate films with tuneable optical
properties. It presents a scalable and versatile technique to control the orientation of the CNC
cholesteric domains while in suspension by using neodymium magnets and then it discusses
the optical properties of the fabricated films and correlates their internal nanostructure to the
type of magnetic field configuration used during the CNCs drying [60].

1 Related publication: B. Frka-Petesic, G. Guidetti, G. Kamita, and S. Vignolini. Controlling the photonic
properties of cholesteric cellulose nanocrystal films with magnets. Advanced Materials 45, 1701469 (2017).
The sample preparation, the angular-resolved spectroscopy and k-space measurements were performed by B.
Frka-Petesic. The optical and electronic microscopy experiments were performed by the author. Data analysis
was carried out by B. Frka-Petesic and by the author.
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5.2 Self-assembly under magnetic fields

One of the major challenges in the photonic cellulose field is the ability to control the CNCs
self-assembly to obtain films with uniform colouration and pre-designed colour patterns.
Protocols to fabricate CNC films with desired optical response, that have been reported so
far, include the use of local temperature gradients [8], local substrate variation [217], and
multi-step casting [218]. In these methodologies the colour of the film is tuned by changing
the pitch and keeping the direction of the helical axis perpendicular to the substrate, which
can be enhanced by limiting the film thickness [13], by controlling the humidity during
the drying process [14], by casting from a suspension in an anisotropic phase [15], and by
applying circular shear flow [15, 181]. However, these techniques do not allow for the control
of the cholesteric helix orientation in an arbitrary direction during the self-assembly, which
is one of the main parameters responsible for the colour of the dry film. The use of external
fields as a tool to control the CNC orientation in suspension has been known for many years.
For example, the application of an electric field to a CNC suspension allows for the uniform
orientation of the CNCs [159, 191] and for the untwisting of their helicoidal arrangement
[193].

Magnetic fields have also been successfully used to control the CNCs orientation in
suspensions due to the CNCs anisotropic diamagnetic susceptibility [106, 159, 167, 176, 182–
189, 219, 220]. Diamagnetism is a weak property of materials, which emerges in presence of
an external magnetic field. It induces the material to acquire an opposite magnetisation with
respect to the direction of the magnetic field lines due to the susceptibility, which indicates
the degree of magnetisation of the material, being negative. The magnetisation effect is lost
immediately after the removal of the external magnetic field [221]. The anisotropy of the
susceptibility value for CNCs arises from the magnetic dipoles of the individual C-O, C-H
and O-H bonds and their relative orientation along the cellulose polymeric chain [182, 183].
Hence, the CNCs negative anisotropic susceptibility with respect to the long axis of the
crystals enables for their orientation in response to a magnetic field [159]. More specifically,
for isotropic CNC suspensions, the individual nanorods align with their extraordinary optical
axis perpendicular to the applied magnetic field as expected for diamagnetic materials [182].
Consequently, in anisotropic CNC suspensions the cholesteric director m orients parallel to
the applied magnetic field [184, 185].

Only a few examples, though, show the use of magnetic fields to pattern CNC films
and without significant evidence of the effectiveness of this methodology [167, 186, 189].
These studies indicate that the use of strong magnetic fields, usually higher than 5 T, are
necessary to orient cellulose nanocrystals; these fields are usually available in laboratories
only in nuclear magnetic resonance instruments. Interestingly, the fact that CNCs can orient
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in magnetic fields as low as 0.56 - 1.2 T is due to the tendency of cellulose nanocrystals to
aggregate and form micrometer-sized domains, the tactoids, when their concentration is such
that the suspension is in the biphasic state. This cooperative effect was first observed for
cholesteric suspensions of micron-long tunicate nanofibrils [185] and also for the shorter
cotton-derived nanocrystals [183]. For practical and scalable applications the use of low
intensity magnetic fields, e.g. ≤ 1 T, is highly desirable. Commercially-available neodymium
magnets (NdFeB) can generate a magnetic field of ∼ 1 T and thus provide a more practical
solution to pattern CNC films.

The control over the CNC films optical properties is obtained by drying the CNC suspen-
sion in a magnetic environment generated by neodymium magnets positioned close to the
suspension. This external field affects the long-range order of the cholesteric phase, which
can be retained upon drying. Figure 5.1 shows the investigated configuration for the drying
of the CNC suspensions.

Figure 5.1 Schematics of suspensions drying in Petri dishes in different magnetic environ-
ments. a a CNC suspension drying with no magnetic field, b in a vertically oriented magnetic
field and c in a tilted magnetic field. Magnets and Petri dishes, diameter 3.5 cm, are drawn
with realistic proportions.

In Figure 5.1a no magnetic field is applied, H = 0, and the CNC suspension is left to
dry in a Petri dish partially covered by a lid to ensure slow drying, usually around one
week. By placing a pair of neodymium magnets on top and at the bottom of the Petri dish
containing the CNC suspension, the CNCs experience a field whose axis is perpendicular to
the substrate. This configuration corresponds to the schematic of Figure 5.1b, it is referred to
as a vertical field and is indicated as H ↑. The final configuration investigated requires that
the Petri dish with the drying suspension is placed on top of a pair of adjacent neodymium
magnets as shown in Figure 5.1c. The adjacent magnets generate a magnetic field whose
orientation varies as a function of the position x along the dish. This configuration is thus
referred to as a tilted magnetic field and it is indicated as H = f (x). As indicated in the
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schematic of Figure 5.1 the x direction corresponds to a vector parallel to the Petri dish-
magnets interface and for which x = 0 corresponds to the junction between the two magnets.
The centre of the Petri dish is placed at x= 0 , unless otherwise specified. In this configuration
the suspension drying at x ∼ 0 experiences an almost horizontal magnetic field, while the
suspension at the edges of the Petri dish is subjected to an almost vertical field. CNCs in the
other areas of the dish are immersed in a highly tilted magnetic field. For the magnets to
generate a permanent effect on the helicoidal CNC film, it is necessary to maintain the CNC
suspension immersed in the magnetic field during the entire drying process.

5.3 Optical characterisation

Each of the above-described configurations generate CNC films with very different optical
properties as reported in Figure 5.2 both in terms of specular reflection and scattering
properties at the macroscale. A specular reflection image is obtained by illuminating and
observing the sample from the same angle, θ in = θ out , and it provides information on the
CNC domains whose helix axis is perpendicular to the dish substrate. A scattering image,
instead, forms when the illumination and detection angle are different, θ in ̸= θ out . This mode
allows for observation of the light reflected from misaligned domains.

Figure 5.2 Macroscopic pictures of CNC films dried in different magnetic configurations
acquired in specular reflection and scattering mode. From left to right: a film dried with no
magnetic field, in a vertically oriented magnetic field and in a tilted magnetic field. The films
are cast from a 8.5 wt% filter paper suspension with [NaCl]/[CNC] = 100 mmol·kg−1. Scale
bars: 1 cm.

The characteristic angles used to acquire the images of Figure 5.2 in the specular reflection
mode are θ in = θ out = 20◦, while for the scattering mode they are θ in = 20◦ and θ out = 55◦.
The specular reflected image of a film dried under no magnetic environment shows a uniform
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colour with a blue-shifted edge effect due to CNC mass transport during drying [13]. The
presence of a vertically aligned magnetic field minimises the edge effect allowing for a more
uniform pitch across the film surface. The tilted magnetic field induces, instead, a continuous
variation of the cholesteric helix axis orientation across the drying suspension cast in the
dish. In the regions where the field is mostly vertical the optical appearance of the film
is similar to the one of the film dried in H↑. Close to the junction of the magnets, where
x = 0, the film exhibits, instead, a multi-colour strip. Similarly, for the scattering images, in
the case of H = 0, misaligned domains induce a uniform red-shifted colour and for H↑ the
amount of those tilted domains is minimised thus producing a mostly transparent film. For
the magnetic environment where H = f (x), the film appears transparent in the region where
the field is mostly vertical, and colourful where the domains are highly tilted with respect
to the substrate. The colours and the degree of patterning achievable on CNC films can be
controlled by varying the relative position of the Petri dish with respect to the magnetic field
and its field lines as shown in Figure 5.3.

Figure 5.3 Examples of the degree of pattern and colours achievable on CNC films by
casting CNC suspensions on magnets. a and b show photographs of films cast in a tilted
magnetic field with different position of the Petri dish with respect to the junction between the
magnets. The white dashed line indicates the position of the junction between the magnets.
c shows a photograph of a film cast on a patterned Polymagnet magnet whose structure is
schematically depicted in the inset. The films are cast from a 8.5 wt% filter paper suspension
with [NaCl]/[CNC] = 40 mmol·kg−1. Scale bars: 1 cm.

For instance, the films represented in Figure 5.3a and b are obtained by the same suspen-
sion but cast with different relative position between the Petri dish and the junction between
the neodymium magnets. In the first case the Petri dish is placed almost completely on
one of the two magnets, so that the junction between the magnets, which in the schematic
corresponds to the position x = 0, is at the edge of the dish while in the second case x = 0
corresponds to the centre of the dish. Finally, the use of a radially patterned magnet allows for
the fabrication of films with a concentric colour pattern, as reported in Figure 5.3c. Even more
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advanced patterns can be obtained by tuning the complexity of the magnets configuration
and the mutual spatial arrangements with respect to the drying CNC suspension.

The optical properties of magnetically-prepared films can be studied by using polarised
optical microscopy. The use of a microscope which is able to discriminate between the left-
and the right-circularly polarised light allows for the investigation of the optical selectivity of
the films. As previously described, the set-up shown in section 4.3.1 enables the study of the
reflection of either left- or right-circularly polarised light, respectively LCP or RCP, from
localised areas of the CNC films [214], as shown in Figure 5.4. The measurements are carried
out in bright-field and dark-field reflection modes, to respectively allow for the investigation
of the specular reflection and of the scattering properties as shown in Figure 5.4a and b.

Figure 5.4 Polarised optical microscopy reflectance images of films dried in various magnetic
environments. a From left to right: bright-field LCP and RCP micrographs of films dried
with no magnetic field, in a vertically oriented magnetic field and in a tilted magnetic field.
b Corresponding dark field LCP and RCP micrographs. The films are cast from a 8.5 wt%
filter paper suspension with [NaCl]/[CNC] = 100 mmol·kg−1. Scale bars: 100 µm.

Films cast in H = 0 and H↑, are observed in the central area of the film surface, to avoid
the edge effect, whereas the film prepared with H = f (x) is observed in a region of highly
tilted magnetic field, more specifically at x = 2.5 mm. Films cast in H = 0 display signal in
LCP and RCP both for bright-field and dark-field reflection due to the presence of misaligned
domains. This broad and polychromatic angular response is in good agreement with films
containing highly tilted domains [55]. Films cast in H↑, instead, reflect mostly LCP light in
bright-field at normal incidence while little scattering signal is observed for the off-specular
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directions, in dark field configuration, both for LCP and RCP. This behaviour is expected
for films dried from a cholesteric phase with the chiral nematic director m vertically aligned
with respect to the substrate interface. Films prepared with H = f (x), observed near the
junction between the magnets, display signal for both LCP and RCP due to the high tilt of
the CNC domains in this region.

K-space images represent the angular distribution of the light reflected from a sample
and are based on the conoscopic imaging principle as it is described in section 4.3.1. The
closer the reflected light is to the centre of the image the smaller is the reflection angle
of the reflected light, θ out , with respect to the normal of the film surface. For an ideal
CNC film dried from a cholesteric phase with a vertically oriented chiral nematic director
m, the corresponding k-space image should thus be formed only by a central coloured
spot that corresponds to the light specularly reflected from vertically aligned domains. On
the contrary, for a film dried from a kinetically arrested suspension containing misaligned
domains with various orientation of their cholesteric helix axis, a broader angular response
should be expected due to the variability of the domains orientation as schematically depicted
in Figure 5.5a. As expected from Fergason and Bragg law, the higher the tilting angle of the
cholesteric domain, the more blue-shifted is the reflected colour, upon constant incident light
angle and pitch [39, 57].

Figure 5.5b shows the k-space measurements of the films prepared with and without the
presence of a magnetic field. The angular distribution of the reflected light is expressed in
terms of the scattering angle, θ out = 12◦, 24◦, and 37◦ from the centre outwards as highlighted
by the dashed lines. The corresponding numerical aperture values are 0.2, 0.4, and 0.6. The
higher the numerical aperture value of the objective used for the measurement, the broader
the angular distribution, θ out , of the reflected light that can be collected as described in
Figure 4.8a. For H = 0 both aligned and tilted domains exist in the film, thus reflecting light
for a broad angular range and producing a k-space image with a broad and symmetric colour
distribution visible even at high collection angles. For H ↑ the k-space image indicates the
presence of vertically aligned domains and only little light is thus reflected off-specularly.
For H = f (x), in an area of highly tilted magnetic field, the k-space image shows the
presence of domains tilted in one direction only. This domain orientation is suggested
by the asymmetrical colour distribution of light scattered at high angles, but in only one
direction. These images show an opposite angular response behaviour to what theoretically
expected [39, 57], with the reflected light that red-shifts for higher reflection angles instead
of blue-shifting. This indicates that during the drying of the CNC suspension other factors
induce a relative pitch increase upon domain tilt increase.
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Figure 5.5 Schematics of CNC domains orientation and k-space measurements corresponding
to the films shown in Figure 5.4. a CNC domains orientation in absence of magnetic field,
H = 0, in a vertically oriented magnetic field, H ↑, and in a tilted magnetic field, H = f (x),
close to the junction between the magnets. b K-space images of the films shown in Figure
5.4. The dashed circles delimit the maximum angular collection for angles θ equal to 12◦,
24◦, and 37◦.

A more comprehensive analysis of the optical response of the tilt of the CNC helicoidal
structures can be obtained by performing angular-resolved spectroscopy in scattering mode
using the set-up described in section 4.3.1. In this type of measurement the sample is
illuminated with a white light source at an angle θ in with respect to the normal to the
sample, while the detector rotates around the fixed sample, thus collecting the scattered light
for a broad range of angles θ out and wavelengths [214] as it is schematically presented in
Figure 4.8b. This type of measurement enables for the determination of the orientation of
helicoidally arranged nanostructures in a macroscopically illuminated area, thus providing
information on the orientation of the cholesteric axis in the film. Figure 5.6 shows the
angular-resolved measurement of CNC films cast with H = 0 and in a tilted magnetic field,
H = f (x). For this specific set-up the illumination angle is set to θ in = - 30◦ while the
collection angle, θ out , varies from - 20◦ to 80◦. The data plotted is the collected signal, both
specularly reflected and scattered, in function of the collection angle for each wavelength
in the range 300 - 800 nm. For θ in = θ out = 30◦ there is reflection of light due to the
change of the refractive index going from the air, n = 1, to the CNC film, navg = 1.56, in
accordance with Fresnel laws [41]. This feature is observed irrespectively of the presence of
a helicoidal nanostructure in the dry film and can be seen in both the plots of Figure 5.6. For
chiral films cast with H = 0 an additional higher intensity spot is measured in the spectral
range 400 - 500 nm for θ out∼ -30◦ which derives from the light reflected by the helicoidal
nanostructure in the film. A broad distribution of orientations of the helicoidal domains
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Figure 5.6 Angular-resolved measurements of films dried without and with magnetic field,
corresponding to the films shown in Figure 5.4. Films subjected to a tilted magnetic film
during drying show an enhanced off-specular response compared to films dried in an environ-
ment with no magnetic field. The intensity is reported in log10-scale and normalised with
respect to a white diffuser standard.

inside the film generates a broad angular response. This corresponds to the asymmetric
arrow-like shape in the angular-resolved plot of Figure 5.6 with H = 0. In this case, the
homeotropic anchoring of the cholesteric phase helix axis on the top and bottom interfaces
during drying is favourable to the vertical alignment of the cholesteric structure, but this
effect has a limited efficiency throughout the film thickness [14]. This results in domains
with tilted helicoidal director m that generate light that is reflected off-specularly. For a film
with all the CNC domains aligned with the cholesteric director m perpendicular to the film
substrate the arrow-like shape becomes negligible. By contrast, films assembled in presence
of a magnetic field can enhance the intensity of the reflected light only for a selected angular
range. For a film cast under H = f (x) and measured in an area of highly tilted magnetic
field lines, the angular-resolved measurement shows a strong scattering feature in addition
to the specularly reflected light at θ out ≈ | θ in| + 12◦ with respect the normal of the sample
surface (θ out ̸= | θ in|). Figure 5.6, for H = f (x), shows indeed an arrow-like shape with a
strong asymmetry and with higher intensity for positive collection angle values. This spectral
feature is generated by domains with a uniform tilt with respect to the film surface. The
strong asymmetry in the intensity of the arrow-like shape implies that the majority of the
CNC domains orients as dictated by the magnetic field. Only a few domains orient otherwise
and this generates the lower intensity region of the arrow-like feature.

The angular-resolved measurements are in agreement with the k-space analysis showing
a red-shift of the reflected light for higher collection angles. For an ideal CNC film made of
domains with identical pitch and helix axis orientation perpendicular to the drying suspension-
substrate a blue shift of the scattered light is expected [55, 56]. For an ideal solid film made of
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CNC domains with the same pitch but different tilt with respect to the substrate, a blue-shift is
expected upon increase of the angle formed by the incident light and the cholesteric director
[59]. For these CNC films, the reflectance signal at higher collection angles is, instead,
red-shifted. This opposite behaviour is caused by the unidirectional vertical compression that
occurs in the films during drying. The compression induces a deviation of the cholesteric
helix axis orientation with respect to the normal to the substrate and a pitch compression
which is a function of the initial domain tilt. The higher the initial domain tilt, the less efficient
is the pitch compression and thus the more red-shifted the reflected colour [39, 59, 222].
In addition to the unidirectional compression, phenomena such as tactoid coalescence and
relaxation of the cholesteric orientation contribute to the final tilt of the helicoidal domains
[15, 169, 184].

5.4 Morphological characterisation

To reveal the influence of the presence of the magnetic field on the internal helicoidal
arrangement of the CNC films, their cross-section is investigated using scanning electron
microscopy, SEM [164]. Figure 5.7 shows the films cross-section for low, medium, and high
magnifications, respectively top, middle, and bottom row. For H = 0, the film exhibits a
polydomain structure with domains having different cholesteric orientations, Figure 5.7a,
d, and g. By contrast, for H↑ the film appears as monodomain and highly uniform in both
orientation and pitch, with only some disclinations being visible, Figure 5.7b, e, and h. The
domains tilt with respect to the film-air interface is uniform in the investigated area and it is
almost null, θ tilt ∼ 0◦. For H = f (x) in an area subjected to a highly tilted magnetic field,
the film locally displays a homogeneous helicoidal monodomain with a clear tilt with respect
to the film-air interface, θ tilt ∼ 6◦. This consistent tilt of the helicoidal nanostructure is in
agreement with the previously described optical properties.

The film morphology in the area dried directly above the junction between the two
magnets displays a clear zig-zag pattern as reported in Figure 5.8. This pattern is believed
to be caused by the mechanical buckling of the cholesteric phase, in a kinetically-arrested
regime, upon unidirectional vertical compression perpendicular to the cholesteric director m.
This type of buckling occurs only when both the magnetic fields lines and the cholesteric axis
are parallel to the drying suspension-air interface. When, during the drying, the concentration
reaches a threshold value after which the rods cannot relax anymore, the kinetic arrest, the
rods remain locked in that configuration [42, 160, 223, 224]. At the junction between the
two neodymium magnets, the CNC domains are highly tilted, and so it is the kinetically
arrested cholesteric domain which, upon water evaporation, buckles. In areas where the
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CNCs cholesteric axis is perpendicular to the drying suspension-air interface, the vertical
compression induces a reduction of the pitch, whereas for tilted domains the pitch varies as
a function of the initial tilt angle [60, 61] as previously described in section 3.4.2. So far,
similar buckling has been observed in CNCs dried from a cholesteric phase confined in a
spherical geometry [42]. In both the spherical and the flat geometry the buckling waves are
consistent with a low compressibility of the cholesteric structure normal to the cholesteric
helix axis direction [223].

Figure 5.7 SEM cross-sectional images of the films shown in Figure 5.4. From left to right:
film dried in absence of magnetic field, in a vertically oriented magnetic field, and in a tilted
magnetic field. Low magnification cross-sections, a, b and c; intermediate magnification
images, d, e and f; high magnification cross-sections showing the different tilt of the helicoidal
domains with respect to the film surface, g, h and k. Scale bars: 20 µm top row, 2 µm
intermediate row, and 1 µm bottom row.

Interestingly, for CNC suspensions dried in a tilted magnetic field, the helicoidal tilt
measured in the films does not correspond to the local direction of the magnetic field applied
during casting. This discrepancy is thought to be caused by the vertical compression of
the suspension during drying which affects the final tilt of the helicoidal nanostructure. By
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comparing the local tilt in the film with the tilt of the magnetic field lines in the same area
during casting it can be seen that the helicoidal tilt is always smaller than the magnetic
field tilt. For example, at x = 2.5 mm at the film-air interface the tilt of the magnetic field
is 65 - 70◦ while the tilt in the film is only of 4-6◦, measured with respect to the normal
to the film.

Figure 5.8 SEM cross-sectional images of areas of the CNC film of Figure 5.4 subjected to
horizontally aligned magnetic field during drying. The helicoidal structure exhibits a zig-zag
pattern with variable periodicity between 2 µm and 10 µm, a, b and c. This morphology
suggests buckling caused by the vertical compression of cholesteric structures originally
having the chiral nematic axis parallel to the magnetic field. The dashed lines highlight the
zig-zag pattern. Scale bars: 2 µm a, 1 µm b and c.

5.5 Conclusion

This chapter investigates the optical properties of CNC films cast in the presence of an
external static magnetic field generated by neodymium magnets. By adjusting the spatial
configuration of the magnets with respect to the drying suspension it is possible to fabricate
CNC films with a tailorable uniformity in the helicoidal axis direction and in the pitch across
the film. More specifically, two different magnetic configurations are investigated, a vertical
magnetic field and a continuously tilting magnetic field, with respect to the film substrate,
and compared to the case of a film cast without the presence of any magnetic field. This
vertically aligned external field enables for the alignment of the cholesteric phase in the
same direction as the magnetic field lines across the entire film surface. Increased uniformity
in the pitch is also observed throughout the corresponding solid film. For the case of the
tilted magnetic field, it is possible to orient the cholesteric phase in directions other than
the vertical one, generating a structure which can reflect specific wavelengths off-specularly
from the air-film interface. A discrepancy between the magnetic field lines direction and
the helicoidal phase axis direction is observed when the field has a high tilt with respect
to the substrate. This is caused by the lower compressibility of the cholesteric phase in
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the direction perpendicular to the cholesteric axis. For an almost horizontal magnetic field,
buckling of the cholesteric phase occurs during drying, after the suspension reaches the
kinetic arrest. The possibility to tailor the orientation of the cholesteric axis in suspension by
using commercially available magnets enables for the precise design of the optical response
of CNC films in terms of patterns and colour. A single film can display different scattering
and polarisation features that make it suitable for applications where unique complex optical
features are required, e.g. security labelling. The increased uniformity in the pitch value
make these chiral nanostructures ideal for applications where biocompatibility and colour
uniformity are required, e.g. customer goods such as coatings and cosmetics.





Chapter 6

Flexible photonic CNC films

6.1 Introduction

The high Young modulus of CNCs is one of the major drawbacks that limit a widespread
use of CNC films. Specifically, structurally-coloured CNC films are brittle, and therefore
unsuitable for applications where structural integrity is required, e.g. in coloured conformal
coatings. The high axial tensile modulus of the CNCs, reported to be higher than 130 GPa
[102, 103], causes the films to have a tensile modulus between 15 - 30 GPa depending
on the rods orientation [225] and makes them prone to easily develop cracks. This issue
can be overcome by the addition of water-soluble polymers such as sodium polyacrylate
and poly(ehtylene glycol) [226], poly(vinyl alcohol), styrene butadiene [227], and even
cellulose nanofibrils [228] to the cellulose nanocrystal suspension. All these approaches
successfully increase the toughness of the nanocrystal-based films, but either are limited
to a low additive loading before the cholesteric assembly in suspension is lost [228], or
require a multi-step protocol to tune the CNC films flexibility and optical appearance [226].
This chapter1 describes the use of surfactants as an approach to overcome the CNC films
brittleness while, at the same time, retaining and controlling their intrinsic optical properties.
To achieve this effect the surfactants need to be carefully chosen so that they do not disrupt

the CNCs assembly. Specifically, the effect of the integration of CNCs with cationic and
zwitterionic surfactant is here investigated.

1Related publication: G. Guidetti∗, S. Atifi∗, S. Vignolini, and W. Y. Hamad. Flexible photonic cellulose
nanocrystal films. Advanced Materials 28, 1042 (2016). (∗: equal contribution). The samples preparation, FTIR,
XRD, and mechanical testing were performed by S. Atifi. The optical and electronic microscopy measurements
were performed by the author. Data analysis was carried out by the author and S. Atifi.
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6.2 Choice of surfactant

A straightforward approach for tuning the mechanical properties of CNC films consists in
adding a plasticiser to the cellulose nanocrystal suspension. The mechanical response of the
corresponding composite film can be tuned by the type and the loading of used plasticiser.
This effect can be obtained by using single molecules, such as surfactants, or supramolecular
structures, such as micelles, that interconnect the CNCs creating a continuous net that further
favours elasto-plastic deformations of the composite.

Surfactants are amphiphilic compounds exhibiting both a hydrophilic group, the head,
and a hydrophobic group, a long hydrocarbon chain. Depending on the charge exposed upon
dissociation in water, polar surfactants can be classified as anionic, negative charge, cationic,
positive charge, and zwitterionic, one positive and one negative charge [229]. Zwitterionic
molecules are thus characterised by a dipole moment but no net charge. Above a threshold
concentration value, the critical micelle concentration, CMC, the individual surfactants can
assemble to form supramolecular structures with a finite size called micelles [16, 31].

This chapter investigates the role of two different types of surfactants and of their loading
on the CNC suspensions. The studied surfactants are 3-(N,N-Dimethyl myristyl-ammonio)
propane sulphonate, DMAPS, and hexadecyltrimethylammonium bromide, HTAB (histori-
cally known as CTAB), as shown in Figure 6.1. DMAPS is studied at a concentration below
and above its critical micelle concentrations to determine the effect of the supramolecular
structure on the CNCs self-assembly.

Figure 6.1 Schematic of the CNCs chemical interaction with DMAPS, a, and HTAB sur-
factants, b. Both surfactants are ionically adsorbed on the CNC surface via electrostatic
interaction of their cationic centre, N+, with the anionic surface charges of the CNCs, -OSO−

3 .

HTAB is a cationic surfactant, since it dissociates in water in an amphiphilic cationic
group, N+, with Br− as counterion [230]. DMAPS is, instead, a zwitterionic, or amphoteric,
surfactant with SO−

3 as the anionic group and N+ as the cationic group [229]. These
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surfactants are capable of forming electrostatic interactions with the CNCs surface groups,
-OSO−

3 , due to their positively charged centre. Figure 6.1 shows the chemical structure of
both surfactants, DMAPS and HTAB, when connected to a single cellulose nanocrystal
repeating unit.

After the sulphuric acid hydrolysis treatment, used to isolate the crystalline parts of the
cellulose, some of the primary OH groups of the native cellulose are substituted with negative
sulphate groups on the surface, -OSO−

3 . For simplicity, only one negative charge is indicated
on the cellulose chain. Both surfactants are expected to form an electrostatic bond between
their positive centre, N+, and the negative charge on the surface of the cellulose nanorods,
-OSO−

3 . As a consequence of the ionic interaction, the CNC:DMAPS complex still retains the
net negative charge and the same functional group of the sulphuric acid hydrolysed CNCs,
-OSO−

3 , whereas the CNC:HTAB complex has it masked.
The CNCs self-assembly in helicoidal architectures is known to be affected by the

surface charge of the nanocrystals [36, 142]; thus it is expected to be dramatically influenced
by the presence of the cationic surfactant, HTAB, that neutralizes these charges. The
zwitterionic surfactant, DMAPS, could highly affect the self-organisation if used in high
loadings. Samples with surfactants concentrations both below and above the critical micelle
concentration are useful to investigate how the presence of micelles influences the nanorods
assembly. For the zwitterionic surfactant, DMAPS, the CMC is in the 0.1-0.4 mM range,
whereas for the cationic surfactant, HTAB, it is in the range 0.92-1 mM at room temperature
[231]. To investigate the effect of these two types of surfactants and their loadings on the
CNC films optical and mechanical properties, CNC suspensions with increasing amount of
surfactant2 are prepared following the protocol described in section 4.2.2 and are summarised
in Table 6.1. For the cationic surfactant, a sample below the CMC, NaCNC002, and a sample
at the CMC, NaCNC003, are prepared. For the zwitterionic surfactant three samples with
Na+ as counterion and increasing surfactant content are fabricated: NaCNC01, NaCNC041,
and NaCNC1. A sample with H+ as counter ion and intermediate surfactant loading is also
prepared, HCNC041, to investigate the role of the suspension pH.

2 Each sample label is composed by the name of the counterion of the cellulose nanocrystal suspension,
either H for H+ or Na for Na+, followed by CNC and by the weight ratio between the CNCs and the surfactant,
e.g. 041 for a 1 to 0.41 ratio. The notation CNC:HTAB and CNC:DMAPS refers to the complex made of
cellulose nanocrystals and cationic surfactant and cellulose nanocrystals and zwitterion respectively.
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Table 6.1 CNC-surfactant samples composition

HTAB surfactant DMAPS surfactant
Sample label CNC:surfactant CMC Sample label CNC:surfactant CMC
NaCNC002 1:0.02 < NaCNC0 1:0 <
NaCNC003 1:0.03 = NaCNC01 1:0.10 <

NaCNC041 1:0.41 =
NaCNC1 1:1 >
HCNC041 1:0.41 =

6.3 Optical characterisation

The optical properties of both sets of samples are investigated with polarised optical mi-
croscopy to study the role of the surfactants on the self-assembly properties of CNC sus-
pensions [4]. Figure 6.2 illustrates the optical measurements for the cellulose nanocrystals
films with the cationic surfactant, CNC:HTAB, at 1:0.02 and 1:0.03 mass ratio of cellulose
nanocrystals to surfactant. The HTAB is expected to highly influence the self-assembly of the
CNCs via the neutralisation of the surface charge groups. Therefore, only samples with a low
loading of the cationic surfactant are investigated. The reflectance spectra of Figure 6.2a show
no difference between the left-, LCP, and the right-circularly polarised, RCP, signal for both
CNC:HTAB composites in function of the wavelength. This seems to indicate the absence
of a chiral nematic architecture in the films. The spectroscopic results are confirmed by the
corresponding micrographs for sample NaCNC003 but not for sample NaCNC002 which,
instead, shows a difference between LCP and RCP micrographs as reported in Figure 6.2b.
The faintly coloured domains in the LCP image indicate the presence of a chiral structure
in the film. The reflectance signal produced by the chiral domains in possibly not strong
enough to be distinguishable from the Fabry-Perot fringes created by the thinness of the films.
From this set of measurements it can be concluded that the use of a cationic surfactant is not
suitable for retaining the chiral nematic properties of cellulose films at high loading, which is
needed to fabricate more flexible films, and thus it is not investigated further.

Figure 6.3 shows the optical response of the CNC-only film and of the films containing the
zwitterionic surfactant, DMAPS, for all the investigated mass ratios. Figure 6.3a reports the
normalised reflectance in function of the wavelength for the left- and for the right-circularly
polarised channels, LCP and RCP respectively. For the CNC-only film and for all the
zwitterion composites a strong signal is observed in LCP only. This measurement confirms
that all the CNC suspensions, upon addition of the zwitterionic surfactant, are able to form a
cholesteric phase in suspension and to retain that helicoidal arrangement in the corresponding
solid film. All the films show a reflectance peak with intensity ranging between 80% and
100% and broad peaks. This behaviour is caused by the polydomain nature of the CNC films,
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Figure 6.2 Polarised reflectance spectra and corresponding images of CNC film with increas-
ing cationic surfactant loading. a Reflectance spectra of cationic-CNC films prepared at
1:0.02 and 1:0.03 CNC:HTAB mass ratio. b Corresponding LCP, top row, and RCP, bottom
row, bright-field reflectance images. The films are cast from 1 wt% CNC suspensions with
respectively 0.046 mM and 0.092 mM HTAB. Scale bars: 100 µm.

as clearly visible in Figure 6.3b. As the reflected signal is collected using a fibre whose
spot size is bigger than the size of the single domain, the reflectance signal from different
domains is measured. As adjacent domains can be tilted and have a different pitch, the
resulting spectrum can show more than a single peak. For higher surfactant loadings, the
position of the reflected peak shifts to higher wavelengths. More specifically, if the initial
CNC-only film, NaCNC0, reflects in the green region, higher DMAPS loadings induce a
red-shift of the reflectance peak first to red, NaCNC01 and NaCNC041, and then to near
infra-red, NaCNC1. The conservation of the helicoidal arrangement upon drying is also
confirmed by the corresponding images in LCP and RCP, Figure 6.3b. These micrographs
show bright colourful films for the LCP and mostly colourless images for the RCP. The
colourful areas observed for RCP, in particular NaCNC0 and NaCNC01, can be attributed to
the reflection coming from misaligned domains in the solid films.

The effect of the DMAPS surfactant on the alignment of the cellulose nanocrystals is
investigated by dark-field microscopy in reflection mode. Figure 6.4a shows bright-field
left- and right-circularly polarised images of the analysed films, whereas Figure 6.4b shows
the corresponding dark field images. For CNC-only films and DMAPS loading from 0 to
0.41 the films exhibit little or no colour in both LCP and RCP dark field micrographs. This
implies that the helix axis of the helicoidal structure is perpendicular to the substrate and that
most of the light is specularly reflected and thus not collected by the dark field objective, as
described in section 4.3.1. For the highest surfactant loading, CNC:DMAPS equal to 1:1, the
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film exhibits little colour in bright-field mode as it reflects in the infra-red, whereas it shows
strong scattering in dark field reflection. This is due to the presence of segregated surfactant
on the surface of the film, as also confirmed by Figure 6.6.

Figure 6.3 Polarised reflectance spectra and corresponding optical microscopy images of
CNC films with increasing zwitterionic surfactant loading. a Reflectance LCP and RCP
spectra of zwitterion-CNC films prepared at 1:0, 1:0.1, 1:0.41 and 1:1 CNC:DMAPS mass
ratio. b Corresponding LCP, top row, and RCP, bottom row, bright-field reflectance images.
The films are cast from a CNC suspension in the isotropic phase. Scale bars: 100 µm.
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Figure 6.4 Bright-field, a, and corresponding dark-field micrographs, b, measured in the left,
LCP, and in the right, RCP, circular polarisation for the CNC-DMAPS films of Figure 6.3
with increasing surfactant loading, corresponding to 1:0, 1:0.1, 1:0.41 and 1:1 CNC:DMAPS
mass ratio. Scale bars: 100 µm.
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6.4 Morphological characterisation

Figure 6.5 shows scanning electron microscopy, SEM, cross-section images of the CNC-only
film and of CNC films with the zwitterionic surfactant. The presence of Bouligand arcs [165]
confirms the helicoidal arrangement of the nanocrystals for all surfactant loadings. In the
cross-section of the films no significant segregation is visible amongst the cellulose nanorods
and the zwitterion, especially for high zwitterion loadings.

Figure 6.5 Cross-sectional SEM images showing helicoidal organisation in CNC-only film,
a, and in CNC:DMAPS films prepared at 1:0.1 CNC:DMPAS mass ratio, b, 1:0.41, c, and
1:1, d. Scale bars: 500 nm.

On the contrary, high DMAPS loadings induce segregation at the surface of the solid film
with the formation of a rough interface. Figure 6.6 compares the surface of a CNC:DMAPS
film with 1:1 ratio and a CNC-only film. In the first case, the surface is rough and with
irregularities, whereas in the second case it is smoother and more homogeneous. The
irregularities can be attributed to the excessive amount of surfactant in suspension which
segregated at the suspension-air interface during drying.
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Figure 6.6 Comparison between a CNC:DMAPS 1:1 weight ratio film surface, a, and a
CNC-only film surface, b. Scale bars: 5µm.

6.5 Mechanical testing

The mechanical response of the CNC films is expected to be affected by the zwitterionic
loading. Assuming that the hydrocarbon chains of the zwitterionic surfactant act as springs
that connect to the CNCs through electrostatic linkages, elasto-plastic deformations should
occur above specific DMAPS loading. CNC-only films are intrinsically brittle [102, 103]
and it is not possible to perform reliable measurements of the corresponding stress-strain
curve. Figure 6.7 reports the tuning of the CNC:DMAPS films mechanical properties for
various surfactant loadings and pH values.

For zwitterionic surfactant loading lower than the critical micelle concentration, films
NaCNC01 and NaCNC041, the corresponding composite films still exhibit a brittle behaviour,
Figure 6.7a. For zwitterion loadings above the critical micelle concentration, instead, the
CNC-DMAPS film mechanical behaviour changes to viscoelastic with maximum measured
strain average equal to 1.1%, as reported in Table 6.2. Moreover, from the curve shape of
Figure 6.7a it can be inferred that deformation of the film can occur as a consequence of
the applied tensile strength. For the same DMAPS content, CNC:DMAPS ratio 1:0.41, the
mechanical properties of the film can be further tuned by changing the pH of the suspension,
Figure 6.7b. A film obtained from a pH 3 suspension, HCNC041, exhibits a lower ultimate
tensile strength than a film cast from a pH 4 suspension, as presented in Figure 6.7b and in
Table 6.2.

The stress versus strain behaviour of CNC-DMAPS films is thus dependent on the
surfactant loading and on the pH of the suspension. The films with the highest loadings,
CNC:DMAPS 1:1, sample NaCNC1, and 1:0.41, sample NaCNC041, show higher flexibility
compared to a HCNC film with the same amount of surfactant but different counterion and
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Figure 6.7 Stress versus strain behaviour of CNC-DMAPS films. a CNC films with low
surfactant loadings, NaCNC01 and NaCNC041, exhibit a brittle behaviour, whereas higher
loadings, NaCNC1, induce a viscoelastic behaviour. b For a constant surfactant loading,
the films cast from low pH suspensions, HCNC041, has lower toughness than those cast
from a higher pH suspension, NaCNC041. Insets: macroscopic picture of NaCNC1, a, and
NaCNC041, b, films bent between tweezers showing improved flexibility.

especially to a CNC-only film. This increased flexibility is attributed to the remaining struc-
tures from the micelles formed by the DMAPS surfactant molecules which further increase
the interaction between neighbouring rods, thus allowing for more severe deformations to
occur.

Table 6.2 Mechanical properties of the CNC-DMAPS composites

Sample label Ultimate tensile strength Maximum strain
[MPa] [%]

NaCNC01 63±13 0.9±0.1
NaCNC041 65±5 0.9±0.1
HCNC041 31±9 0.5±0.1
NaCNC1 13±2 1.2±0.2

These films are significantly stronger and more flexible than those obtained with, for
example, graphene and polyaniline composite paper or graphene paper where also the chiral
nematic architecture is not always retained [163]. For graphene- and polyaniline-composite
paper and graphene paper, a tensile strength of 12.6 and 8.8 MPa, and a maximum strain of
0.11% and 0.08%, respectively, are reported [232]. The CNC-DMAPS films show, instead,
comparable mechanical properties to the flexible films fabricated with PEG, which are able
to reach an ultimate tensile strength of 19 MPa and a maximum strain of 1.7% [226].
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6.6 Chemical analysis

To confirm the successful fabrication of samples containing different building blocks and to
study their mutual interaction, chemical characterisation techniques are used. The presence of
zwitterionic surfactants in the cellulose nanocrystal suspension is detected and quantified by
gas chromatography elemental analysis, whereas Fourier Transformed Infra Red spectroscopy,
FTIR, is used to obtain more qualitatively information regarding the adsorption of such
surfactant on the cellulose rods by measuring stretching and bending vibrations. Finally,
X-ray diffraction is used to determine if and how the crystallinity of the material is affected
during the fabrication protocol.

Table 6.3 reports the pH, conductivity value and elemental analysis results for all the
prepared CNC:DMAPS suspensions. Nitrogen detection in elemental analysis is important
as it determines the amount of surfactant in the films as the nitrogen can be found only on the
cationic centres of the zwitterionic surfactant. The amount of sulphur measured corresponds
to the sulphate ester groups on the CNCs and also on the anionic centre of the DMAPS. For
CNC only films the sulphur content around 0.6 - 0.7% is typical for CNCs isolated using
sulphuric acid hydrolysis [44]. For low surfactant loadings, the amount of ionic nitrogen
is too low to be detectable by elemental analysis and the sulphur content is not observed
to increase with respect to the CNC-only film. For medium to high DMAPS loadings,
instead, N+ is more precisely detected and the sulphur amount increases as expected. For
the HCNC suspension at intermediate DMAPS loading, CNC:DMAPS 1:0.41, a pH lower
that the corresponding NaCNC suspension is measured along with comparable amounts of
nitrogen and sulphur. These results confirm the presence of the zwitterionic surfactant in the
composite films.

Table 6.3 CNC:DMAPS composites characterisation

Sample label pH Conductivity DMAPS C H N S
[µS/cm] [wt%] [%] [%] [%] [%]

NaCNC0 6.9 377 0 40.2 6.0 <0.3 0.7
NaCNC01 4.0 103 ≤5 37.9 5.7 <0.3 0.6
NaCNC041 4.2 79 22 43.5 6.7 0.6 1.7
NaCNC1 4.2 75 53 46.7 7.7 1.5 3.6
HCNC041 3.0 319 19 43.1 6.7 0.6 1.4

FTIR spectroscopy confirms the adsorption of the surfactant on the cellulose nanocrystals
surface as shown in Figure 6.8a. The measurements show how starting from a CNC-only
film, NaCNC0, and increasing the amount of surfactant a progressively stronger transmission
dip is measured in the region around 2900 cm−1. This vibration can be attributed to the
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stretching of the C-H groups from the alkyl groups that can be only found in the surfactant
hydrocarbon chain and not associated with the cellulose nanorods.

Figure 6.8 FTIR and powder XRD patterns of CNC-DMAPS films for various surfactant
loading. a FTIR measurements showing an increasing intensity of the C-H stretching from
alkyl groups in the region of 2900 cm−1, as indicated by the arrow. b The XRD data confirms
the crystalline structure of the cellulose nanorods being Cellulose I. The CNC-only curve is
divided by ten.

Finally, the powder X-ray diffraction measurements reported in Figure 6.8b confirm that
the crystalline structure of the CNCs is affected neither by the interaction with a surfactant
nor by the fabrication protocol of the composite. Cellulose nanocrystals isolated through
sulphuric acid hydrolysis exhibit the same polymorphic structure as the native fibres, which
is Cellulose I [233]. As the black curve in Figure 6.8b shows, cellulose nanorods are
characterised by well-defined peaks at 2θ = 22.7◦, given by the (002) crystal plane, and
peaks at 2θ = 14− 17◦, given by the (101) and (101̄) crystal planes [234, 235]. Planes
(040) present a lower intensity signal at 2θ = 34.3◦. DMAPS addition induces a significant
decrease in the signal intensity but no shift or curve shape variation, thus confirming that the
structure of the cellulose nanocrystals in the dry CNC:DMAPS films is Cellulose I both for
intermediate, NaCNC041, and high loading, NaCNC1.

6.7 Conclusion

This chapter explores a straightforward approach to overcome one of the major issues that
still limits the widespread use of iridescent cellulose nanocrystal films. Due to their high
elastic modulus they cannot be used for applications requiring structural integrity. The
addition of commonly used plasticisers can improve the toughness of the films but often it
induces a dramatic detriment of their optical properties, that can lead to the complete loss of
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the structural colour. The choice of the ideal plasticiser to improve the mechanical properties,
whilst retaining the optical properties, thus requires particular attention.

The addition of a cationic surfactant, such as HTAB, to a cellulose nanocrystal suspension
with negatively charged rods alters the net charge of the nanorods thus preventing their
electrostatically-driven self-assembly. This leads to colourless CNC films. The addition of
a zwitterionic surfactant, such as DMAPS, to a CNC suspension allows for the formation
of a chiral nematic phase in suspension and for that helicoidal arrangement to be retained
in the corresponding solid films. Increasing amounts of surfactant induce a red-shift of the
reflected wavelength, due to the increased pitch. The alignment of the helix axis and the
pitch uniformity across the films are not affected by the surfactant as confirmed by dark-field
microscopy and SEM investigation. The mechanical properties of the solid films can be
tuned from brittle, for a cellulose nanocrystals only film, to viscoelastic, for a CNC film with
surfactant loadings above the critical micelle concentration. For a fixed surfactant content, a
further increase in the toughness of the films can be obtained by increasing the pH of the
cellulose nanocrystals suspension. The mechanical properties of the CNC-DMAPS films are
comparable to previously reported CNC-PEG films [226], with an ultimate tensile strength
in the range of 13-60 MPa and a maximum strain of 0.5-1.7%, depending on the plasticizer
loading. Compared to the CNC-PEG films, the use of a zwitterion is more advantageous as it
allows for tuning both the mechanical properties and the optical appearance by using a single
additive. For the CNC-PEG film the addition of anionic polyacrylate is, indeed, necessary to
tune the pitch of the solid CNC films. Therefore, the addition of a zwitterionic surfactant to a
cellulose nanocrystal suspe a desirable approach to tune both the optical and the mechanical
response of CNC films.





Chapter 7

CNC composite films

7.1 Introduction

Bio-inspired photonic structures with diverse optical responses have been produced using
a large variety of biomaterials and fabrication methods [2, 59, 236]. The integration of
cellulose nanocrystals with a second material to form composites is a widely studied topic
due to the appealing optical response of the CNCs and to their high Young’s modulus.
However, to fabricate a composite effectively, it is crucial to understand the interactions of
its building blocks to be able to retain the functionalities of the individual components in the
final material and to regulate the properties of the system as both the mechanical and the
optical properties are affected by the way in which the different components are distributed
[237]. Controlling the building block interactions is even more crucial for structures where
the optical response is not an intrinsic property of the material, e.g. a dye, but, instead, it
derives from the self-assembly of one of the components to form a specific nanostructure,
i.e. structural colour [1, 2]. For instance, in the case of structurally-coloured cellulose
nanocrystal-based composites, it is necessary to control the electrostatic interactions between
the components, to prevent CNCs agglomeration, and to regulate the loading of the additives
to ensure the formation of the structural colour. Therefore, the choice of the additives and
of the fabrication protocol of the composite material is crucial for determining the overall
properties of the system.

This chapter investigates the fabrication of two different CNC-based composite materials:
CNCs with regenerated silk fibroin (SF) and CNCs with shape memory polymers (SMP).
In the first case1 the aim is to study how the optical properties of the composites change
as a function of the initial suspension parameters. The SF:CNC composites are fabricated

1Related manuscript in preparation: B. Frka-Petesic, G. Guidetti, A. Ivanova, B. Marelli, F. G. Omenetto, and
S. Vignolini. Structurally coloured films from cholesteric co-assembly of silk fibroin and cellulose nanocrystals.
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via co-assembly with the aim to retain the cholesteric arrangement typical of CNCs upon
addition of the silk fibroin. Silk fibroin is chosen for this investigation due to the facile
tunability of its surface charges, similar size with CNCs and biocompatibility [238, 239]. The
optical properties of the composite silk fibroin-CNC films are studied using polarised optical
microscopy. Specifically, the change of the optical properties of these films as a function of
two main parameters is investigated: the pH of the CNCs suspension to which the silk fibroin
is added and the silk fibroin to CNC ratio, SF:CNCs.

In the second case 2 the aim is to fabricate cellulose nanocrystals-based composite mate-
rials which exhibit structural colour and a shape memory response by using bio-compatible
materials. So far, the main aim in combining shape memory polymers with cellulose was
focused on tuning the mechanical properties of the fabricated composites. Cellulose, indeed,
has been used for its high stiffness to give robustness to the low Young’s modulus shape
memory polymers [240] or as a cross-linking agent [241]. This leads to the fabrication of
mostly amorphous composites with, for example, self-healing properties using microfibril-
lated cellulose [242] and with tuneable stiffness and toughness using cellulose nanocrystals
[243] but with no structural colouration. Therefore, this chapter continues by describing a
cellulose nanocrystal-based photonic structure with multiple functionalities: the photonic
response, achieved by helicoidally organised cellulose nanocrystals, and the shape memory
effect, enabled by the presence of a polydiolcitrate elastomer. It presents three fabrication
routes, co-casting, layer-by-layer assembly and infiltration, with a comprehensive analysis
of the most promising protocol, the infiltration. For each fabrication step, the evolution
of the optical properties of the samples is monitored via polarised optical microscopy and
spectroscopy, while the final structures are observed in cross-section by scanning electron
microscopy. Finally, the chapter describes the thermal activation treatments necessary to
achieve the shape-memory effect for the fabricated composites.

The sample preparation was performed by B. Frka-Petesic. The optical microscopy experiments were performed
by the author. Data analysis was carried out by B. Frka-Petesic and by the author.

2Related publication: A. Espinha∗, G. Guidetti∗, M. C. Serrano, B. Frka-Petesic, A. G. Dumanli, A. Blanco,
C. Lopez, W. Y. Hamad, and S. Vignolini. Shape memory cellulose-based photonic reflectors. ACS Applied
Materials and Interfaces 8, 46 (2016) (∗: equal contribution). Cellulose suspensions were prepared by the
author, the shape memory polymer was provided by A. Espinha. The composite samples were fabricated
by the author and by A. Espinha. Microscopy measurements were performed by the author. Shape memory
programming was performed by A. Espinha. Data analysis was carried out by the author, A. Espinha, and B.
Frka-Petesic.
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7.2 Silk fibroin

The silk fibroin, SF, is an eco-friendly globular protein that can be extracted as a stable
aqueous suspension from the silk produced by the worm of the Bombyx mori lepidoptera
after removal of the gluey element, the sericin gum [244]. Naturally occurring SF is a
semi-crystalline fibrillar protein formed by the alternation of crystalline hydrophobic regions
and amorphous hydrophilic domains [245], as shown in Figure 7.1. The hydrophobic blocks
arrange either in α-helices or in anti-parallel β -sheets via hydrogen bonding and hydrophobic
interactions. The exceptionally high strength and toughness of silk are given by the crystalline
regions of the β -sheets in which the protein is cross-linked through inter- and intra-molecular
hydrogen bonds and through van der Waals interactions. The crystal structures of SF are silk I,
silk II and silk III; the latter structure is more unstable and it is mostly observed in regenerated
SF at the air/water interface [246]. Silk I is a metastable water-soluble conformation of the
silk fibroin, which contains a mixture of random coils, α-helices and β -sheets, whereas the
water-insoluble silk II is formed by anti-parallel β -pleated sheets connected by hydrogen
bonding. As displayed in Figure 7.1, the fibroin chain can fold to expose the large chain
terminal hydrophilic blocks and self-assemble in spherical micelles with diameter in the
range 100 - 200 nm. Upon increase of the fibroin concentration, the micelles can further
hierarchically organise in micron-sized fibroin globules. These can be mechanically sheared
in fibrillar structures, which can be spun in a continuous fibre [247].

Figure 7.1 The silk fibroin hierarchical structure. From left to right, chains with alternating
hydrophobic and hydrophilic blocks self-assemble in micelles in water. Upon increase of the
silk fibroin concentration, the micelles further assemble in a globular structure, which can be
deformed in an elongated fibrillar structure upon mechanical shear. Adapted with permission
from [247], copyright 2003, Springer Nature.

SF extracted from B. mori consists of three main components: a heavy chain (350 kDa),
a light chain (25 kDa), and a small glycoprotein, P25 (30 kDa) [245]. The isoelectric points,
pI, of these compounds are respectively 4.39, 5.06, and 6.69. For pH values lower than the
isoelectric point each of these components is positively charged while for pH values above
the isoelectric point it is negatively charged. Due to the relative size of the light and of the
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heavy chain, at pH ≥ 5.06 the SF complex is expected to be mostly negative. Moreover, the
hydrophilic blocks along the silk protein chain have a pI estimated at 4.03 [248]. This implies
that in the pH range 4.03 ≤ pH ≤ 6.69 the silk fibroin can be considered to be negatively
charged.

The silk fibroin is usually used in its regenerated form, which is obtained after dissolving
the natural silk fibroin in a chaotropic salt at high temperature followed by dialysis, as
described in detail in section 4.2.2. In addition to being edible and injectable [249], SF
is an easily processable and biodegradable material, that is able to resist large mechanical
deformations, up to 19% strain at break with a modulus of 5-12 GPa [250, 251]. For this
reason, the silk fibroin has been widely used in combination with high Young’s modulus
materials for the design of structural composites [208, 239, 252]. SF suspensions can also be
used for biomedical applications, including tissue engineering and drug delivery [253–255],
as well as cast and moulded into transparent and high quality optical components with
features of few tens of nanometres [238, 256–258].

7.3 SF-CNC films optical characterisation

SF and CNCs have been combined to fabricate films [259–261] and fibres [262–264] with
enhanced toughness and strength and optical transparency without structural colouration. To
fabricate SF:CNC composites in which the CNCs self-assemble in a cholesteric structure,
allowing for structural colouration, it is thus necessary to carefully tune the suspensions’
mixing ratio and the final pH. For instance, working below the silk isoelectric point implies
mixing negatively charged CNCs with positively charged SF, which could induce aggregation
and thus prevent the electrostatic-induced CNCs self-assembly.

Helicoidally-arranged CNC films cast from acidic suspensions with H+ as a counterion
can reflect colours spanning from blue to red depending on the ionic strength of the casting
suspension [61, 106, 107]. The presence of the second building block is expected to act as
an additive and thus to induce a red-shift of the colour reflected by the solid film [5, 11, 166,
170, 171] as previously described in section 3.4.1. Therefore, when investigating the effect of
a non-volatile additive in CNCs suspensions, films reflecting in the blue or green region are
used as a reference to be able to maintain the optical response of the composite film within
the visible range.

To investigate the effect of the CNC suspension pH on the co-assembly of CNCs and SF,
films with low silk content and increasing pH values are prepared as described in section 4.2.2.
The silk volumetric content of this series of films is kept constant and so that the silk fibroin
to cellulose ratio is 10:90. The pH of the CNC suspension is adjusted to the values of 3.9, 4.1,
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4.3, 4.5, 5.5, and 6.5 by NaOH addition, while the pH of the SF suspension is kept at 7. Due
to the ratio at which the CNC and the SF are mixed, the pH of the CNC-SF suspension is not
expected to greatly vary from the pH value of the CNC only suspension. Figure 7.2 shows
the polarised optical microscopy analysis of the prepared SF:CNC films for the investigated
pH range, performed using the set-up described in section 4.3.1.

Figure 7.2 Polarised bright-field images and corresponding reflectance spectra of SF:CNC
films with increasing pH. a LCP and RCP bright-field reflectance images for CNC suspension
pH values of 3.9, 4.1, 4.3, 4.5, 5.5, and 6.5. Scale bars: 50 µm. b Corresponding LCP
and RCP reflectance spectra. The films are cast from 1.5 ml of SF-CNC suspension with
SF:CNC volumetric ratio equal to 10:90. The cotton-derived CNCs are in the isotropic phase,
at 2 wt%, with varying pH from 3.9 to 6.5, and the SF is at 5 wt%, with [NaCl] constant for
all the series and equal to 4 mM.
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For pH of the CNC suspension equal to 3.9 the hydrophobic domains of the silk fibroin
are at pH ≤ pI and thus positively charged. Therefore, strong attractive interactions are
expected to occur between the SF hydrophobic groups and the -OSO−

3 groups on the CNCs
surface and between the -NH groups on the SF and the residual -OH groups on the CNCs
[265]. These interactions are likely to reduce the CNCs colloidal stability and also to change
the CNCs aspect ratio and their chiral interactions. For the other investigated pH values the
suspensions are, instead, all above the isoelectric point of the SF hydrophobic domains and
thus a repulsive interaction between the both negatively charged SF and CNCs is expected to
occur. Figure 7.2a displays the left- and right-circularly polarised images, LCP and RCP, for
increasing pH values showing a progressive colour enhancement, in terms of brightness and
amount of coloured areas in the sample, in LCP upon the CNC suspension pH increase. The
colour observed in the RCP images is, instead, negligible for all the investigated pH values.
From the corresponding reflectance spectra of Figure 7.2b it is possible to observe that for
the film cast from a suspension with original CNC suspension pH value equal to 3.9 no chiral
response is measured as there is no significant difference between the LCP and RCP spectra.

Upon increase of the CNC suspension pH above the isoelectric point, instead, a progres-
sive difference between the LCP and RCP signal is measured. The LCP spectra display a
reflectance peak whereas the RCP spectra are flat over the entire visible range. For films cast
from suspensions with pH ≥ 4.1 this indicates the presence of a left-handed chiral nematic
structure, as expected for CNCs only films [55, 106–109, 157]. Below the SF isoelectric
point, the formation of a cholesteric structure is, indeed, hindered by the strong aggregation
between the positively charged SF and the negatively charged CNCs. Above the isoelectric
point, instead, the interactions between SF and CNCs are repulsive and allow for the for-
mation of the CNCs cholesteric phase. More specifically, when the pH increases above the
isoelectric point, the LCP peak intensity increases from ∼ 20% to ∼ 40%. As the ratio of SF
to CNCs is kept constant for all the investigated pH values, the higher peak intensity that
occurs for increasingly less acidic suspensions can be explained as an increase in the amount
of the CNCs that are able to assemble in an ordered cholesteric phase and thus generate a
reflectance signal [1, 55].

As the peak broadness is proportional to the local birefringence of the film [28], broad
peaks correspond either to a disordered structure, formed by regions with different helicoidal
pitch, or to tilted domains; conversely, narrower peaks correspond to a more vertically aligned
helicoidal structure. The high peak broadness, full-width-half-maximum, FWHM, higher
than 130 nm, observed for all the pH values arises also from using an optical fibre with a big
core to collect the reflectance signal originated from small helicoidal domains as described
in section A.1.1. Moreover, the continuous increase in the reflectance intensity at pH values
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higher than the isoelectric point implies that there still are attractive interactions between the
SF and the CNCs.

These attractive interactions decrease at increasingly higher pH values thus allowing for a
greater fraction of the CNCs to form a cholesteric phase. These interactions can be attributed
to the positively charged terminals of the SF heavy chain.

Moreover, for higher pH values, the domain size shifts from ∼ 5 µm to ∼ 11 µm, as
extracted from the RCP micrographs of Figure 7.2a. The dark-field reflection measurements
of Figure 7.3 capture the light that is scattered by the CNC domains whose cholesteric
director m is not vertically oriented. These measurements confirm the multi-domain nature
of the co-assembled films and show an enhancement of the LCP scattered signal, upon pH
increase, compared to the RCP. This implies that, upon pH increase, a higher proportion of
the CNCs assemble in a cholesteric phase. As for all the investigated pH values the dark-field
LCP images display colourful domains, this implies that the cholesteric phase helix axis
is misaligned with respect to the normal to the substrate, as schematically illustrated in
Figure 4.7, and that this misalignment is retained in the solid state. The low concentration at
which the films were cast has possibly contributed to the formation of polydomain films with
a non-uniform orientation of the cholesteric director m across the film surface [61].

Figure 7.3 Polarised dark-field images of the SF:CNC films of Figure 7.2 with increasing pH.
From left to right, LCP and RCP dark-field reflectance images for pH values of 3.9, 4.1, 4.3,
4.5, 5.5, and 6.5. Scale bars: 50 µm.

Following this investigation, the SF:CNC film cast from a suspension whose CNC
suspension pH is 6.5 is chosen for the subsequent study of the SF:CNC ratio effect as it
displays the strongest chiral response and the largest domain size. SF:CNC suspension ratios
varying from 0:100 to 100:0 are used to cast films, at constant volume, to study the effect of
the relative amount of the two components on the formation of the CNC cholesteric phase.
Figure 7.4 shows the optical analysis of SF:CNC films cast at 0:100, 2:98, 5:95, 10:90, 20:80
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and 100:0 ratio of silk fibroin to cellulose nanocrystal suspension. The films with SF:CNC
ratios equal to 0:100 and 100:0 are used as a reference of, respectively, a pure CNC film and
a pure silk fibroin film. Ratios of SF to CNC higher than 20:80 are not investigated in this
work as the expected optical response would be outside of the visible range.

Figure 7.4 Polarised bright-field images of SF:CNC films with increasing SF loading. a LCP
and RCP bright-field reflectance images for SF:CNC ratios values of 0:100, 2:98, 5:95, 10:90,
20:80 and 100:0. Scale bars: 50 µm. b Corresponding LCP and RCP reflectance spectra.
The films are cast from 1.5 ml of SF-CNC suspension with increasing SF:CNC volumetric
ratio. The cotton-derived CNCs are in the isotropic phase, at 2 wt%, at pH 6.5, and the SF is
at 5 wt%, with [NaCl] constant for all the series and equal to 4 mM.

As displayed by the optical micrographs and by the reflectance spectra of Figure 7.4a
and b, an increase in the SF:CNC ratio induces a red-shift in the reflected colour of the
films. This implies that the silk fibroin is well dispersed throughout the cellulose suspension
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and that it intercalates with the CNCs during the formation of the cholesteric phase, thus
behaving as a non-volatile additive. As only the LCP micrographs show colours and the
RCP images are mostly dark, the addition of the silk fibroin to the CNC suspension does not
induce misalignment of the cholesteric phase director m. This is true for the investigated
SF:CNC ratio range and for a casting pH equal to 6.5. If misalignment of the cholesteric
phase had occurred, the misoriented domains would have scrambled the polarisation of the
incident light interacting with the helicoidal film causing some of the reflected light to be
right circularly polarised. For higher values of the SF:CNC ratio the domain size decreases
from ∼ 25 µm to ∼ 5.5 µm. This implies that during the SF:CNC co-assembly the silk
fibroin not only intercalates between the CNCs assembling in a cholesteric structure but it
also acts as a boundary for the CNC domains to grow. For a film made by a 20:80 SF:CNC
ratio this limits the average size that can be reached by the CNC domains to ∼ 5.5 µm.

The reflectance spectra in Figure 7.4b confirm that the addition of the silk to the CNC
suspension at pH 6.5 enables the CNCs to self-assemble in a left-handed cholesteric structure
for SF:CNC ratios up to 20:80, with reflectance peaks that can be as high as ∼ 55%. The
reflectance peak broadens for higher SF:CNC ratios as a consequence of the presence of
a polydomain structure: increasingly higher loadings of SF limit the tactoid coalescence
and thus promote a polydomain structure with domains size limited to few micrometres.
As previously discussed, the red-shifting of the reflectance peaks is caused by the presence

Figure 7.5 Polarised dark-field images of the SF:CNC films of Figure 7.4 with increasing SF
loading. LCP and RCP bright-field reflectance images for SF:CNC ratios values of 0:100,
2:98, 5:95, 10:90, 20:80 and 100:0. Scale bars: 50 µm.

of the silk fibroin, which acts as a non-volatile additive thus preventing the cholesteric
collapse upon complete removal of the water during drying [5, 61, 166]. The reflectance
measurements in dark-field confirm the films red-shifting upon SF:CNC ratio increase and
the presence of misaligned domains that scatter light at high angles, as shown in Figure 7.5.
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They also confirm that the presence of a higher amount of silk fibroin in the suspension does
not introduce further misalignment of the cholesteric helix axis direction in suspension.

7.4 SF-CNC films mechanical characterisation

The mechanical properties of the SF:CNC films are expected to be affected by the ratio at
which the two materials are mixed, as previously reported [259]. In particular, the Young’s
modulus is shown to linearly increase, from ∼ 5 GPa to ∼ 15 GPa, with the CNC content
while both the strength and the ultimate strain reaches a maximum of 150 MPa and 4 %,
respectively, for 70-80 wt% of cellulose in the SF:CNC composite [259, 261]. Analogous
measurements are currently being performed by B. Marelli at MIT as part of the collaboration
project and therefore will be reported in a future manuscript.

7.5 Shape memory polymers

Shape memory polymers are a promising class of materials to be combined with cellulose
nanocrystals, due to the biocompatibility shown by some of them and to their ability to shift
from a fixed to a temporary shape. Recently, they have been used for the design of a large
variety of thermo-mechanical programmable components with interesting applications in
photonics [266–269].

Shape memory polymers are materials capable of cycling between a temporary and a
permanent shape in response to an external stimulus, such as heat, light, or electric current
[270–272]. The permanent shape is usually fixed during the polymer extrusion and forming
steps, whereas the temporary configuration is obtained by mechanical deformation during
a specifically tailored process known as programming [270, 271]. For thermo-activated
shape memory polymers, the permanent shape is recovered by heating above a threshold
temperature value, Ttrans, which is specific for each material. The shape recovery cycles can
typically be repeated up to 20 - 50 times before losing their effect and, depending on the
structure of the polymer, it is possible to fix two or more temporary shapes at each cycle
[273, 274]. It is worth noting that the shape memory effect is not an intrinsic property of
specific materials but it is obtained via the combination of determined molecular structures,
molecular morphology, and the programming step [270, 271]. Acrylates [275], acrylamides
[276], and caprolactones [277] are traditionally used to achieve the shape memory effect,
being equipped with suitable stimuli sensitive switches [271].

In thermo-activated shape memory polymers two structures are responsible for the shape
changing mechanism: the netpoints and the switch domains. The first are cross-linked
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domains while the latter are stimuli-responsive domains, as shown in Figure 7.6. The
netpoints can store the permanent shape, while the dynamic chain domains act as molecular
switches forming strong reversible interactions, the secondary cross-links, which are triggered
by a characteristic temperature, Ttrans. Above Ttrans the switching domains are flexible and
allow for a deformation of the polymer network, whereas below Ttrans they are rigid. When
the system is cooled below Ttrans and the external stress is released, the previously imposed
deformation is retained due to the presence of the switching domains and, as a result, the
system is fixed in the temporary shape. The initial conformation can be restored by heating
the polymer above Ttrans to allow for the switching domains to release the stored internal
stress and recover the original shape defined by the netpoints [271, 278].

Figure 7.6 Schematic of the thermo-responsive shape-changing mechanism in polydiolcitrate
elastomers, due to the presence of the switch structures, in red, and of the netpoints, in blue.
Reproduced with permission from [212], copyright 2011, WILEY-VCH Verlag GmbH & Co.

An emerging class of biocompatible shape memory polymers is the polydiolcitrate
elastomer, which shows potential in biomedical [279, 280] and random lasing applications
[281] due to the possibility of programming structural features at the nanoscale. The shape
memory polymer used for this investigation belongs to this class and is a poly(dodecanediol-
co-citrate) hydroxyl-dominant elastomer, referred to as PDDC-HD, which is formed by
cross-linking diols with citric acid [282]. The covalently cross-linked polymer acts as a
netpoint whereas the hydrophobic microdomains of the dodecanediol are the switches. The
PDDC-HD shape memory behaviour is temperature-activated and it also induces a variation
of the mechanical and of the optical properties of the polymer when changing from the
scattering glassy state below Ttrans to the transparent rubbery state above Ttrans [212].

7.6 SMP-CNC films preparation routes

This section discusses the three different routes investigated for the fabrication of the cellulose
nanocrystal-shape memory composites: co-casting, layer-by-layer assembly, and infiltration.
The details of each fabrication step are described in section 4.2.2.
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The co-casting approach requires casting a mixture of cellulose nanocrystal, CNC,
suspension and PDDC-HD in a Petri dish and letting the composite solidify via evaporation-
induced self-assembly. Preliminary tests, carried out by casting PDDC-HD in water, show
that the fabricated films exhibit heterogeneous morphology characterised by agglomeration
of the PDDC-HD precursor, i.e. before the curing step, as shown in Figure 7.7a. This
behaviour is observed also for the CNC-PDDCHD films and it is thought to be caused
by the liquid phase interactions between the hydrophilic and the hydrophobic polymers,
which in this case are the CNCs and the PDDC-HD precursor, respectively. CNC-PDDCHD
films prepared following this approach do not show any chiral response due to the phase
segregation. Macroscopically the films appear colourless with white areas of segregated
PDDC-HD precursor, Figure 7.7b. Due to the observed segregation, this approach was not
investigated further.

Figure 7.7 CNC-PDDCHD films prepared via co-casting and layer-by-layer fabrication. a
Micrograph of film of PDDC-HD precursor diluted in water. b Macroscopic pictures of
a colourless CNC-PDDCHD film with visible agglomerates cast from a 4 wt% woodpulp
CNC suspension in the isotropic phase mixed with PDDC-HD at 0.5 g/ml. c Left, LCP,
and right, RCP, circular polarised micrographs and corresponding reflectance spectra of
CNC-PDDCHD films produced via layer-by-layer assembly cast from a 1 wt% woodpulp
CNC suspension in the isotropic phase. Scale bars: 100 µm.

In the second approach, the films are prepared via layer-by-layer assembly and they
consist of a bottom layer made of cured PDDC-HD and a top layer made of a CNC film
formed via self-assembly directly on the PDDC-HD substrate. Figure 7.7c shows the optical
analysis of a typical layer-by-layer film. Both the polarised micrographs and the reflectance
spectra confirm the presence of a helicoidal assembly. The measurements for the left
circularly polarised channel, LCP, show a bright polydomain blue film, with reflectance
peaks in the region 400 - 500 nm, whereas the corresponding right circularly polarised data,
RCP, show the lack of such strong colour and signal. These films are not mechanically stable
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as the bilayer structure delaminates due to the poor adhesion between the two materials. Due
to the lack of structural stability this fabrication protocol was not investigated further.

The films prepared via infiltration require a two-step process. First, a free-standing CNC
film with an internal helicoidal nano-architecture is prepared via evaporation induced self-
assembly. Then, the films are infiltrated overnight with the PDDC-HD precursor, dried, and
cured to cross-link the polymer and obtain PDDC-HD as described in detail in section 4.2.2.
The infiltrated films still exhibit a bright colour, only slightly more matte when compared to
a CNC-only film. This can be attributed to the scattering of the residual non-cross-linked pre-
polymer microdomains [283]. This approach is investigated further due to the straightforward
fabrication route, the desired optical response and the promising structural integrity. To
explore the colour shift of the CNC films after infiltration with PDDC-HD pre-polymer and
curing across the visible spectrum, three CNC-only films, reflecting in the blue, green, and
red are prepared. The differently coloured films are obtained by heat-induced desulphation of
the same starting suspension [7] as described in section 4.2.2. This treatment is performed to
reduce the electrostatic repulsion between CNC rods by lowering their charge and increasing
the ionic strength of the medium [42]. As the heat treatment duration is increased, a clear
blue-shift of the corresponding dried CNC films can be observed, for equal casting and
drying conditions.

7.7 SMP-CNC films optical characterisation

The CNC-PDDCHD composites are characterised using polarised optical microscopy and
spectroscopy [4] at each fabrication step using the set-ups described in section 4.3.1. The
analysis is carried out for CNC only films, CNC films infiltrated with PDDC-HD before
any curing, and CNC-PDDCHD films after curing. To investigate the change of the optical
properties of these films in the entire visible spectrum, CNCs films initially reflecting in the
blue, green, and red region are prepared. Figure 7.8a shows the typical polarisation selective
response of CNC films reflecting in the blue, green and red. The micrographs show brilliant
colour in LCP only and the corresponding spectra show a reflectance signal with intensity
between 50 - 60% in LCP only, induced by the stacking periodicity of the chiral nematic
structure [38].

Figure 7.8 b shows the optical response of the films after the infiltration with PDDC-HD
precursor and subsequent drying. At this stage, the CNC-PDDCHD composite films are
not cured. The presence of a reflectance peak in LCP only, confirms that the infiltration
with the pre-polymer does not compromise the helicoidal ordering of the CNCs. All the
samples systematically show a red-shift in the reflected wavelength, with the infiltrated films
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reflecting respectively in the green, red and near infra-red. Such red-shift indicates that
infiltration of the pre-polymer in the CNC films has occurred, which is either affecting the
average optical index of the infiltrated CNCs film (nPDDC−HD = 1.52) or macroscopically
swelling the CNC films. The latter hypothesis is supported by a broadening of the reflection
peaks as well as by SEM analysis of the films after curing, as reported in Figure 7.10.

Figure 7.8 Optical analysis of CNC-only and CNC-PDDCHD precursor films before curing.
a Left, LCP, and right, RCP, circular polarisation micrographs and corresponding spectra
of CNC films reflecting in the blue, green, and red before the infiltration. b Corresponding
micrographs and spectra of the films after the infiltration with the PPDC-HD pre-polymer,
prior to any curing. The films reflection is red-shifted respectively to the green, red, and near
infra-red. The films are cast from 2 ml of a 1 wt% woodpulp CNC suspension in the isotropic
phase. Scale bars: 100 µm.

To take into account the intrinsic multi-domain nature of the CNC films, several spectra in
different positions of the macroscopic film are acquired. Table 7.1 reports the average spectral
position of the reflectance maxima in LCP, λavg, before and after the infiltration. After the
infiltration, λavg red-shifts of about 20% for all samples. Interestingly, the standard deviation
of the measured λavg increases after the infiltration. This can result from an inhomogeneous
infiltration throughout the CNC film. The peak width, expressed as absolute full width
half maximum, FWHM, and relative full width half maximum, FWHM /λavg = FWHMrel ,
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increases as a consequence of the infiltration process. Moreover, the swelling of the CNC
films by the pre-polymer appears to be smaller in the samples made of a CNC suspension,
which was desulphated for a longer time as expected due to the stronger van der Waals
attractive interactions between the CNC rods, which limit the PDDC-HD diffusion in the
films [8, 42].

Table 7.1 Optical analysis of blue, green, and red CNC films before and after the infiltration
with PDDC-HD.

Initial colour Blue Green Red
λavg FWHM FWHMrel λavg FWHM FWHMrel λavg FWHM FWHMrel
[nm] [nm] [%] [nm] [nm] [%] [nm] [nm] [%]

Initial 470 ± 20 61 13 570 ± 20 39 7 630 ± 70 80 13
Infiltrated 560 ± 70 102 18 660 ± 80 73 11 700 ± 100 106 15

In the last step of the fabrication process, the CNC films infiltrated with PDDC-HD are
subjected to a thermal treatment to cross-link the PDDC-HD polymeric chains and provide
the composite with the shape memory functionality. The optical properties of a representative
cured film are shown in Figure 7.9. After the curing step the films retain their internal
helicoidal arrangement as confirmed by both the bright colour appearance, Figure 7.9a, and
by the strong reflectance peak observed in LCP only, Figure 7.9b.

Figure 7.9 a Representative LCP and RCP optical micrographs of an area of a CNC-PDDCHD
film obtained from the initially blue CNC film of Figure 7.8 after infiltration with PDDC-HD
pre-polymer and curing. Scale bars: 100 µm. b Corresponding reflectance spectra after
curing. c Evolution of the spectral position of λav for each fabrication steps: initial, infiltration
with PDDC-HD pre-polymer, and after PDDC-HD curing. The error bars correspond to the
statistical standard deviation.
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An increase in the RCP signal suggests that the curing process increases the disorder in
the composite structure. Figure 7.9c shows the spectral position of the reflectance peak for the
three steps of the composite preparation: CNC film only (init.), infiltration with PDDC-HD
precursor (impr.), and after the curing step (cur.). As previously discussed, the infiltration
with the shape memory polymer induces a red-shift on the reflection peak. Unfortunately, no
clear trend on the peak position shift from the infiltration to the curing step can be inferred
due to the magnitude of the error bars.

7.8 SMP-CNC films morphological characterisation

The morphology of the CNC-PDDCHD cured composites is investigated via scanning
electron microscopy, SEM, as shown in Figure 7.10 for a representative sample.

Figure 7.10 SEM micrographs of a cured CNC-PDDCHD composite (initially blue film of
Figure 7.8). a Low magnification image with visible multi-layer structure of the CNCs and
PDDC-HD. The interfaces between the materials are indicated by white dashed lines. b High
magnification cross-section image of the cellulose nanocrystal film exhibiting helicoidal
arrangement. Scale bars: 5 µm, a, and 500 nm, b.

From the film cross-section, Figure 7.10a, the multi-layer structure of the infiltrated
film can be observed. The PDDC-HD forms a thick layer on both sides of the CNC film,
increasing the total thickness of the composite from ∼ 5 µm to ∼ 32 µm. The CNC
layer is on average thicker, ∼ 6.5 µm, than before the infiltration step indicating that the
PDDC-HD infiltrates the CNC layer, as reported in Table 7.2. High magnification SEM
imaging of the cross-section, Figure 7.10b, shows the Bouligand arches characteristic of
the CNC helicoidal architectures in the solid cellulose films [165]. In addition, the SEM
images show no delamination occurring at the interface between the CNCs and PDDC-
HD layers. Delamination usually occurs in composites formed by layers having different
Young’s modulus, E. For the CNC film ECNC is in the range of 1.5 - 5.8 GPa [226, 284],
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whereas for the PDDC-HD EPDDC is 2 MPa above Ttrans = 30 ◦C and 13.7 MPa at Troom

[283]. This remarkable adhesion at the interface can thus be explained as the effect of the
subsequent infiltration and polymerisation of the PDDC-HD inside the CNC film. Moreover,
the composite can be further stabilised by the formation of additional ester bonds between the
non-reacted carboxyl groups in the pre-polymer and surface hydroxyl groups on the cellulose
nanocrystals.

Table 7.2 shows a systematic and statistical analysis of the composite layer thickness
and cholesteric pitch prior to and after the infiltration and the thermal curing process for an
initially green sample. In addition to the increase of total composite thickness, caused by
the presence of two layers of pre-polymer, the infiltration process induces a change in the
cholesteric pitch of the CNC films. Measuring the pitch as twice the pattern periodicity3, a
pitch increase of ∼ 16% is measured. This induces a red-shift of the reflected peak from 570
nm to 660 nm for one representative green samples.

Table 7.2 CNC-PDDCHD morphological analysis

Initial Cured Variation [%]

Thickness via
SEM [µm]

PDDC-HD top layer – 21.0 ± 0.5 n\a
CNC middle layer 4.5 ± 0.3 6.5 ± 0.5 + 45

PDDC-HD bottom layer – 6.0 ± 0.3 n\a

Pitch via SEM [µm]
Pitch average 355 412 + 16

Pitch st. deviation 55 82 + 50
Spectral analysis λavg [nm] 570 660 + 16

7.9 SMP-CNC films thermal activation

In the last step of the fabrication process, the infiltrated films are subjected to a thermal
treatment to cross-link the PDDC-HD polymeric chains and provide the samples with shape
memory functionality. In this system, the shape memory mechanism derives from the pre-
polymer’s dodecanediol rich microdomains that undergo a melting transition and therefore
act as a physical switch [212]. The recovery of the permanent shape, which is defined in
the elastomer during the initial curing step, is tested by applying a mild heat stress and
monitoring the change in the film shape, as illustrated in Figure 7.11. The initially flat
configuration is recovered regardless of the bias from the gravity. The number of cycles
between the permanent and the temporary shape of this composite is constrained by the

3 The pitch is measured using high magnification SEM cross-sectional images of chiral nematic CNC
films where pseudo-layers can be observed. The total pseudo-layer thickness is the maximum extension of
ordered layers, measured perpendicularly to the layers. The average pitch value is obtained by dividing the
total pseudo-layer thickness by the number of pseudo-layers in that thickness.
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amount of the PDDC-HD and it is thus limited to ∼ 3-5 cycles. Further optimisation is
thus required to increase the number of cycles [212]. Moreover, upon thermal cycling,
the composite appearance turns from slightly opaque below Ttrans = 30 ◦C to transparent
above Ttrans, at which point the brilliant colouration of the CNC films is fully visible. This
appearance change is determined by the transition from the glassy state to the rubbery state
of the PDDC-HD [212, 283].

Figure 7.11 Thermo-mechanical cycles for the CNC-PDDCHD composite at four different
times during the shape recovery process (initially blue film of Figure 7.8). In the top row the
shape recovery is in favour of gravity and in the bottom one it is against it. The images at t =
0 s show the temporary programmed shape.

7.10 Conclusion

The ability to fabricate CNC-based biocompatible composites exhibiting structural colour
is crucial for a broader use of the CNC films as natural pigments. Ideally, the fabricated
composites show tuneable structural colour, determined by the initial CNC suspension
properties and by the composite fabrication protocol, and additional functionality, given
by the second building block. This chapter explores the fabrication of two CNC-based
composites: first the CNCs are combined with regenerated silk fibroin, SF, and then the
CNCs are integrated with a shape memory polymer, SMP. The optical properties of both
composites are analysed with the aim to retain the helicoidal arrangement. Then the shape
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memory effect of the SMP:CNC films is investigated while the mechanical properties of the
SF:CNC films are not included in this thesis due to collaboration limitations.

In particular, for the SF:CNC composite, the combination of silk fibroin and CNCs to
form nanostructures with helicoidal arrangement via an evaporation-induced self-assembly
process is investigated. Both the pH and the ratio at which the suspensions are mixed need to
be carefully controlled to allow for the formation of a CNC cholesteric phase in presence of
the silk fibroin. The effect of these two parameters can be observed and understood from
the analysis of the optical response of the co-assembled films. For pH values of the CNC
suspension lower than 4.1, strong electrostatic complexation between the positively charged
SF and the negatively charged CNCs prevents any cholesteric co-assembly. On the contrary,
increasing the pH above the SF isoelectric point leads to weaker repulsive interactions that
allow for the CNCs cholesteric self-assembly. The SF-CNC films exhibit strong optical
selectivity, comparable to the pure CNC films, and a polydomain texture. The SF:CNC
ratio determines, instead, the reflected colour of the corresponding film and regulates the
maximum size of the CNC domains. The colour of the composite does, indeed, red-shift
while the domain size shrinks as more SF is added for the investigated volumetric ratio,
SF:CNC 0:100 – 20:80. This allows for the production of composite films with tuneable
colour throughout the entire visible range. This study shows how the optical properties of
helicoidally-arranged CNCs change in presence of silk fibroin and offers reflections on how to
understand their interactions starting from the optical response of their composite. Moreover,
the SF-CNC composites are fabricated from bio-sourced, renewable, biodegradable and even
edible materials. They are able to retain the optical properties typical of pure CNCs and show
potential for the design of novel functional materials in optics and photonics.

This chapter continues by describing the fabrication of thermo-responsive chiral nematic
photonic materials using cellulose nanocrystals and polydiolcitrate elastomers, which are
a type of shape memory polymers. Amongst the explored fabrication routes, the most
promising approach that allows to retain both the functionalities of the individual composite
components is the infiltration. This protocol consists in the infiltration of the helicoidal
CNC films with the shape memory pre-polymer, PDDC-HD, followed by drying, curing and
thermal programming. In the fabricated composites the CNC-rich layer is responsible for the
photonic properties and for the overall mechanical robustness, while the PDDC-HD layers
provide the shape memory effect while also ensuring flexibility and reduced brittleness, due
to their elastomeric properties. The evolution of the optical properties at each fabrication
step indicates that the CNC film is partially swollen by the surrounding PDDC-HD without
disruption of the CNC helicoidal order. The infiltration of the PDDC-HD in the CNC layer
ensures high mechanical adhesion of the composite material. Finally, the composite is
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successfully programmed to exhibit shape memory effect upon temperature variation. This
investigation allows to bridge structural colouration with shape memory effect to fabricate
multi-functional composites with applications in the fields of packaging for thermal sensitive
products, smart textiles and sensors for biomedical applications.



Chapter 8

Thermal properties of CNC films

8.1 Introduction

The highly tuneable optical response of helicoidal CNC films and the possibility to treat them
to increase their water-resistance make them promising to be used as photonic pigments in the
paper, textile and plastic industries. One of the factors that prevents this type of applications
is their low thermal resistance, which restrains the highest processing temperature at which
CNC films can be used. The decomposition temperature of CNC helicoidal films can,
indeed, be as low as 150 ◦C due to the presence of the sulphate groups. Consequently,
the choice of the polymers for the fabrication of CNC-based composites, via hot-melt
extrusion processes, is limited to those with a low melting point such as polypropylene
and polyethylene [285]. CNC-based conductive coloured materials could be obtained by
heat-treatment at temperatures as high as 900 ◦C and this could favour their use in more
sophisticated applications such as flexible coloured electronics and sensors.

The variety of possible approaches to tune the sulphated CNCs suspension properties to
improve the CNC films thermal stability is limited by the conditions required to preserve the
CNCs self-assembly in a cholesteric phase. Electrostatic interactions have been reported to
be crucial for the CNCs chiral assembly [36, 142], yet the presence of the sulphate groups on
the CNC surface is also the major cause of their low thermal stability [128]. Conversely, the
removal of the sulphate groups from the CNC surface leads to a higher thermal stability but
hinders the formation of the chiral nematic phase [130, 135]. Post-processing techniques of
helicoidal CNC films offer a higher versatility on the approaches that can be used to improve
their thermal stability: first sulphated CNCs are assembled in a chiral structure and then the
sulphate groups are either removed by vacuum treatment or stabilised by counterion-exchange
without affecting the helicoidal nanostructure.
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This chapter explores various routes to improve the thermal stability of CNC films with
helicoidal nanostructure, fabricated using sulphated nanorods. The properties of the films
are modified by tuning the pH of the casting suspension, by cross-linking, by strong base
infiltration [12, 136] and finally by desulphation [9, 129]. For every investigated route, the
films are pyrolysed at 250 ◦C and at 900 ◦C to investigate which method can allow for the
retention of the helicoidal structure at such high temperatures. After the heat treatment, the
optical properties of the films are analysed using polarised optical microscopy and compared
to their response prior to the treatment. The evolution of the films nanostructure morphology
is monitored using electron microscopy. Finally, the most promising post-processing method
is used to fabricate a more thermally stable CNC film for a bio-inspired application.

8.2 Heat treatment protocol

To investigate the thermal properties of the fabricated CNC films, the films are heat-treated
by pyrolysis in a custom made tubular furnace whose set-up is described in section 4.2.2.
To study the evolution of the helicoidal arrangement of the films, they are treated in inert
atmosphere at 250 ◦C and at 900 ◦C. In particular, the high temperature treatment is necessary
to investigate the possibility of the CNC films decomposition in a helical conductive carbon
structure. This pyrolysis process is referred to as carbonisation, while heat-treatments carried
out at lower temperatures are more generally referred to as pyrolysis.

To carry out this type of treatments inert gases such as nitrogen and argon are used, as
they ensure minimal interaction with the sample temperature-induced decomposition reaction
and avoid concurrent reactions caused by the presence of oxygen. The continuous flow of
these gases throughout the entire heat-treatment process ensures the removal of the generated
by-products. The flow rate is maintained in the range of 200 - 300 ml/min to ensure that only
limited accumulation of by-products occurs in the furnace tube and fresh gas is continuously
replenished. Another factor to take into account is the relative size of the CNC films to be
pyrolysed and the tube furnace size. Ideally, one free-standing CNC film, corresponding to
∼ 20 mg of CNCs, is inserted in the central part the used tube furnace to guarantee that the
applied flow rate is sufficient to eliminate the formed by-products.

Finally, the pyrolysis treatment is influenced by the heat ramps used to increase the
temperature from room temperature, Troom, to the maximum temperature for each pyrolysis
treatment. Multi-step ramps are preferred to single step ones as they allow for a finer tuning
of the cellulose decomposition reactions. As described more in detail in section 4.2.2 and
unless otherwise specified, the used ramp is of 1 ◦C/min from Troom to 300 ◦C, 3 ◦C/min
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from 300 ◦C to 500 ◦C and 5 ◦C/min from 500 ◦C to 900 ◦C followed by natural cooling
until Troom.

8.3 Neutralisation

The low thermal stability of sulphated CNCs can be increased by neutralising the sulphate
surface groups via alkaline treatment of the CNC suspensions as previously reported in
literature [128–130] and as described in section 3.2. The neutralisation is usually carried out
by addition of hydroxide bases to a suspension, e.g. sodium and potassium hydroxide. The
addition of the hydroxide to an acidic CNC suspension induces the exchange of the sulphate
counterion from the hydrogen ion, H+, to the cation of the used hydroxide.

The neutralisation treatment makes the sulphate groups less reactive at high temperatures;
Figure 8.1 shows the effect of such treatment, performed by neutralising the acidic CNC
suspension with initial pH equal to 2.2 up to pH values equal to 3.5, 5.5, and 6 as reported
in section 4.2.2. As described in section 4.3.2 the thermo gravimetric analysis, TGA,
measurement monitors the change in a sample weight upon temperature increase for a
set heating ramp and flow rate of the gas in which the sample is immersed. From this
curve it is possible to determine the yield of the heat-treated sample, the initial degradation
temperature, Tonset and the temperatures at which the sample loses 10% and 50% of its
original weight, respectively T10 and T50. The corresponding first derivative curve in
function of the temperature, DTGA, allows for the determination of temperature at which the
maximum degradation peak occurs, Tmax, and for discriminating between different reactions
occurring during the degradation. For cellulose pyrolysis it is possible to reach a maximum
yield of ∼ 29.6% under the assumption that all cellulose rings decompose in aromatic
structures [115, 116].

The TGA analysis of Figure 8.1 shows the change in the degradation path of CNC films
upon variation of the corresponding suspension pH from 2.2, to 3.5, 5.5 and 6. The TGA
curves show that a change in the pH induces a change in the degradation path of the films in
the intermediate temperatures region of 100 - 450 ◦C. More specifically, upon pH increase
from 2.2 to 6 the initial degradation temperature increases from 157 ◦C to 255 ◦C while the
yield slightly decreases from ∼ 28% to ∼ 26% as reported in Table A.2.2. As the Tonset

changes by ∼ 100 ◦C the temperature at which the high pH sample has lost 10% of its
original weight, T10, increases from 179 ◦C to 273 ◦C going from pH 2.2 to pH 6. The
temperature for which half of the weight is lost, T50, is less affected by the pH changes, as it
decreases from 375 ◦C to 361 ◦C upon pH change from 2 to 6. For CNC films cast from pH
= 2.2 suspensions the DTGA curve shows two main peaks, one in the low temperature range,
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Figure 8.1 Thermal behaviour of CNC films for suspension with pH values equal to 2.2, 3.5,
5.5 and 6. The top plot represents the sample weight evolution in function of the temperature,
whereas the bottom plot is its the first derivative in function of the temperature.

110 - 200 ◦C and one in the high temperature range, 300 - 600 ◦C. These peaks correspond
to a two-step degradation process of cellulose, which can also be observed for sulphuric
acid infiltrated cellulose [127]. Thus, the low temperature peak corresponds to primary
pyrolysis of CNCs catalysed by the sulphate groups [76, 130], while the high temperature
peaks are related to the slow charring process of the solid residue [130]. For films cast from
progressively less acidic CNC suspensions, the low temperature peak associated with the
sulphate groups is thus not observed anymore [286]. However, as neutralising a suspension
up to pH 6 does not allow for a complete substitution of the hydrogen ion as it would occur
at pH 7, all the TGA curves for the pH range 3.5 - 6 exhibit multiple high temperature peaks
due to the incomplete inhibition of the sulphate groups catalysed degradation reactions [136].
Higher pH values are not investigated as the higher ionic strength of the suspension leads
to highly pixellated films reflecting in the blue - UV range. As the pyrolysis treatment is
expected to induce a unidirectional vertical shrinkage in the films, which would induce a
pitch decrease, it is preferable to start from films with a photonic bandgap in the red or
near-IR region to be able to obtain a helicoidal carbon film reflecting in the visible range.

For this reason, another approach, which leads to the films neutralisation, is investigated.
CNC films are cast from the same suspension used for the pH investigation, at pH 2.2,
and once dry they are neutralised by infiltrating them with a strong base [12]. The major
difference between performing the neutralisation on the CNC liquid state and on the solid
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state is the fact that in the first case a strong base affects the self-assembly process while in
the second case it is a post self-assembly treatment.

As described in detail in section 4.2.2, the helicoidal CNC films are immersed in potas-
sium hydroxide, KOH, at 30 wt% at room temperature, for a period varying from 15 minutes
to 24 hours; after that the films are carefully rinsed with MQ water and dried. The optical
response of the KOH-infiltrated CNC films is measured using polarised optical microscopy
for the infiltration times of 2 h, 5 h, and 24 h and compared to the response of a non-treated
CNC film, used as a reference. Figure 8.2a shows the reflectance images for LCP and RCP
while Figure 8.2b reports the corresponding reflectance spectra in function of the wavelength.

Figure 8.2 Polarised optical micrographs and corresponding spectra of samples infiltrated in
KOH for 0 h, 2 h, 5 h and 24 h. a LCP and RCP micrographs showing the retention of the
CNCs helicoidal arrangement and b corresponding normalised reflectance spectra showing
no apparent shift as a consequence of the infiltration process. The films are cast from 3 ml of
an isotropic woodpulp suspension at 2 wt%. Scale bars: 100 µm.

Prior to any treatment, the CNC films spectroscopic response consists of a broad re-
flectance peak in the red region of the visible spectrum, when measured in the central area of
the films. After the infiltration, rinsing and drying, the films retain the initial broad optical
response. Interestingly, both from the micrographs acquired in left- and right-circularly
polarised mode, respectively LCP and RCP, it can be seen that no increase in the RCP signal
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occurs. This implies that the immersion of a CNC film in a strong base does not have a
detrimental effect on the ordering of the CNC domains that would produce a further increase
of reflectance signal in RCP as described in section 3.4.

The internal morphology of the films is analysed via electron microscopy as reported in
Figure 8.3, where the cross-section of the CNC films infiltrated with KOH for 2 h, 5 h and 24
h is shown. As expected, the helicoidal arrangement of the cellulose nanocrystals is retained
after the KOH infiltration.

Figure 8.3 SEM cross-sectional micrographs of the CNC solid films of Figure 8.2 infiltrated
with KOH for 2 h, a, 5 h, b, and 24 h, c. Scale bars: 1 µm.

Due to the prolonged immersion in a strong base, the cellulose in the films is mercerised
and the crystalline structure of the cellulose nanorods changes from Cellulose I to Cellulose
II [78] as it is confirmed by the X-ray diffraction measurements presented in Figure 8.4a.

Figure 8.4 XRD and TGA spectra for CNC films for KOH infiltration times equal to 15 min,
30 min, 2 h, and 24 h. The non-treated sample is presented as a reference and indicated as
no KOH. a The strong base infiltration induces a polymorphic change from Cellulose I to
Cellulose II. The indicated peaks are for Cellulose II. b The TGA and DTGA curves show
an increase in the CNC films thermal stability and a change in the degradation process.

As a consequence of the mercerisation, the peak corresponding to the reflection from the
family of planes {100} shifts from 2θ = 14 - 17◦ to 12◦, whereas the peak generated by the
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family of planes {200} shifts from 2θ = 23◦ to 20 - 21◦ as indicated in Figure 8.4a. On the
contrary, the CNC films infiltration in KOH does not induce any shift of the low intensity
peak at 2θ = 34◦ corresponding to the family of planes {400}. Infiltration times as short as
15 minutes are sufficient to induce the polymorphic change from the less stable Cellulose I
structure, corresponding to the curve no KOH in Figure 8.4a, to the more thermodynamically
stable Cellulose II structure [76, 80].

Figure 8.4b reports the thermo-gravimetric analysis of the same set of CNC samples used
for the potassium hydroxide infiltration. For all the samples subjected to the base treatment
the Tonset varies from 299 ◦C to 306 ◦C, whereas the non-treated samples start to degrade
at a lower temperature, Tonset ∼ 157 ◦C. The slightly lower Tonset measured for the longest
infiltration time, Tonset ∼ 298.9 ◦C, is possibly caused by an over degradation of the cellulose
molecules due to the mercerisation process [136]. The higher Tonset measured for Cellulose
II compared to Cellulose I is caused by the stronger interactions of the residual hydroxyl
groups in Cellulose II that require more energy to start the thermal degradation [76]. As
expected, the CNC films in the form of Cellulose II produce a lower char yield compared
to Cellulose I samples [76], with yields values in the range of 20 - 22% compared to the
28% of the pH 2.2 Cellulose I sample, as also reported in Table A.3. Moreover, from the
DTGA curves, it is possible to observe that, the neutralisation step causes the decomposition
process to evolve from a two-step process to a single-step process due to the absence of the
degradation reactions induced by the surface sulphate group [286].

Elemental analysis of the residual total sulphur content in the films shows that the strong
base infiltration, followed by rinsing, does not remove the sulphur from the CNC film as the
amount detected after the longest infiltration time is comparable to the amount found in the
non-treated films as reported in Table A.4. For this reason, it is assumed that the surface
charge of the CNCs changes from -OSO3H to -OSO3K. If, instead, the soluble potassium
sulphate salt, K2SO4, had formed, it would have caused a decrease of the total amount
of sulphate groups in the CNC films after the infiltration and rinsing process which is not
measured. The increase in the CNC thermostability is thus caused by the sulphate group
hydrogen counterion ion not being anymore available to catalyse the hydrolysis reaction of
the cellulose nanorods at high temperatures.

The fabricated KOH-treated films are pyrolysed via the multi-ramp heat-treatment up to
900 ◦C in a split tube furnace under continuous argon flow as described in section 4.2.2. After
the heat treatment, the carbon films are characterised using polarised optical microscopy and
SEM, as shown in Figure 8.5 and in Figure 8.6, respectively.

The optical micrographs of Figure 8.5a reveal the lack of any visible colour in both LCP
and RCP images. Moreover, as a consequence of the heat-treatment, the films are wavier and
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Figure 8.5 Polarised optical microscopy images and corresponding normalised spectra of the
pyrolysed CNC samples of Figure 8.2 initially infiltrated in KOH for 2 h, 5 h and 24 h. a LCP
and RCP micrographs showing no colour in the visible range in LCP and b corresponding
reflectance spectra showing the lack of chiral nematic signal in the visible range. Scale bars:
200 µm.

their surface is more irregular as visible from the optical micrographs. The lack of any chiral
signal in the visible range is confirmed by the reflectance spectra of Figure 8.5b where no
reflectance peak is collected in LCP.

As the high temperature pyrolysis induces a shrinkage of the samples, it is possible that
the CNC films retain their helicoidal arrangement, but with a smaller pitch which produces
an optical response at wavelengths smaller than the visible range, e.g. in the UV. To test
this hypothesis, the pyrolysed films are further analysed in cross-section via SEM and the
corresponding images are reported in Figure 8.6. For all the KOH-infiltration times a bulk
film can be observed after the pyrolysis treatment.

Figure 8.6 SEM cross-sectional micrographs of the samples of Figure 8.5 infiltrated in KOH
and heat-treated at 900 ◦C. The infiltration times are 2 h, a, 5 h, b, and 24 h, c. Scale bars: 5
µm for a and b and 10 µm for c.
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Interestingly, limited areas of the pyrolysed films show morphological features that can
be attributed to the initial helicoidal arrangement of the CNCs, both on the external surface
of the films and in their cross-section. Figure 8.7 shows cross-section SEM images of a heat
treated CNC film initially infiltrated in KOH for 2 h. Individual carbon nanorods arranged in
a helicoidal fashion are visible in the cross-section of Figure 8.7a. This internal arrangement
is observed only in a limited number of heat-treated flakes and along cross-section regions
up to 10 µm in length. For cross-sections showing rods twisting, the helicoidal arrangement
is usually seen throughout the entire cross-section of the film. Figure 8.7b and c show other
typical morphologies of this series of films, characterised by delamination in the cross-section
and on the surface of the films. In both cases, it is possible to recognise the pseudo-layer
organisation of the CNCs. This protocol shows the successful fabrication of chiral carbon
films starting from CNC films with helicoidal structure. A non-uniform distribution of the
helicoidal arrangement after the pyrolysis process has been observed with films showing
delamination and twisted structures only in some areas. The lack of reproducibility could
be attributed to an insufficiently uniform heat-treatment and to a non-uniform exchange of
the sulphate groups counterion from H+ to K+. Prolonged immersion in KOH or multiple
infiltration and rinsing cycles could allow for a more homogeneous counterion distribution in
the films and thus for a more reproducible and extended chiral carbon morphology after the
heat-treatment.

Figure 8.7 SEM cross-sectional micrographs of samples infiltrated in KOH for 2 h and
heat-treated at 900 ◦C showing chiral features. Chiral organisation of the carbon films is
observed in cross-section, a, in delaminated areas of the film, b, and on the surface, c. The
films are cast from 3 ml of an isotropic woodpulp suspension at 2 wt%. Scale bars: 1 µm for
a and 2 µm for b and c.

8.4 Cross-linking

Cross-linking is a widely adopted methodology to improve the thermostability of polymeric
materials [287, 288]. Cellulose nanocrystals allow for a variety of chemical cross-linking
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types due to their high surface area and tuneable surface charges. For instance, bacte-
rial cellulose has been reported to be successfully cross-linked by glutaraldehyde [289].
Glutaraldehyde, GA, is, indeed, used to cross-link hydroxyl and amine groups and thus
commonly used for deacetylated chitin or chitosan and cellulose [288, 290, 291].

During the sulphuric acid hydrolysis of cellulose, the hydroxyl groups on the surface
of the crystalline domains are esterified to give negatively charged sulphate groups [86].
This substitution extends only to the primary hydroxyl groups while the secondary hydroxyl
groups are unaffected [87, 89, 93, 97, 207]. The remaining hydroxyl groups are reactive
centres that can thus promote an earlier thermal degradation of the CNCs unless stabilised by
functionalisation or cross-linking [292–294].

For this reason, it is worth investigating the role of cross-linking on the thermal stability
of the CNC films. CNC films cast from acidic woodpulp suspensions are first neutralised
with KOH treatment, to ensure stability in aqueous solutions, and then infiltrated with the
cross-linker, glutaraldehyde, for 24 h following the protocol described in section 4.2.2. After
this treatment, the cross-linked film thermal stability is quantified by TGA as reported in
Figure 8.8.

Figure 8.8 Comparison of thermal behaviour of glutaraldehyde cross-linked CNC films, GA,
with acidic films at pH 2.2 and with KOH-neutralised films.

The thermal behaviour of the films is compared to the films cast from an acidic suspension
and to a film treated with KOH for 24 h. The cross-linking post treatment induces a lower
degradation onset temperature, Tonset= 260 ◦C, compared to the film only neutralised with
KOH, Tonset= 299 ◦C. On the contrary, it promotes a more gradual weight loss, that occurs
over a broader range of temperatures, than for the acidic film and the KOH-treated film. The
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final residue is higher than for a KOH only treated film, with a yield equal to 26.8% for
CNC-GA films and to 22.3% for KOH only treated films. The films are pyrolysed at 250 ◦C
and at 900 ◦C and their optical response after the thermal treatment is measured via polarised
optical microscopy and spectroscopy as illustrated in Figure 8.9.

Figure 8.9 Polarised optical microscopy images, a, and corresponding spectra, normalised to
a silver mirror, b of CNC films cross-linked with GA for various heat-treatment temperatures.
From left to right, films prior to any heat-treatment, heat-treated at 250 ◦C and at 900 ◦C.
The films are cast from 3 ml of an isotropic woodpulp suspension at 2 wt%, infiltrated in
KOH for 24 h and immersed in 25 wt% GA at 70 ◦C for 5h. Scale bars: 200 µm.

The optical response of CNC films after the cross-linking treatment but prior to any
heat-treatment is in the infra-red and thus only a slight difference between the LCP and the
RCP images is visible while no difference between the corresponding spectra is measured in
the 400 - 800 nm range as shown in Figure 8.9a and b. The presence of an internal helicoidal
arrangement can be confirmed using electron microscopy as illustrated in Figure 8.10a. Due
to the thermally-induced shrinking the optical response of the films heat-treated at 250 ◦C
is expected to be in the visible range. They, indeed, show a clear optical chiral response,
as confirmed both by the micrographs with bright colours and by the broad reflection peak
observed in LCP only. For films heat-treated up to 900 ◦C, instead, no difference in the LCP
and RCP images and in the corresponding reflectance signal can be measured, thus showing
no retention of the helicoidal architecture of the original CNC films. From the micrographs of
Figure 8.9a it is also possible to notice that the 900 ◦C film surface is covered with dendritic
structures, that can be attributed to an insufficient rinsing of the sample after the cross-linking
process.
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Figure 8.10 shows the SEM cross-sectional images of cross-linked films before the
heat-treatment and heat-treated at 250 ◦C and at 900 ◦C. The cross-linking of the CNC
films induces the formation of a compact pseudo-layer structure with a long range order and
helicoidal organisation, Figure 8.10a and d. Cross-linked samples heat-treated at 250 ◦C
display a denser pseudo-layer structure, Figure 8.10b and e, whereas for films pyrolysed up
to 900 ◦C no hierarchical organisation is observed but only a dense carbon film can be seen,
Figure 8.10c and f.

Figure 8.10 SEM images of the CNC films of Figure 8.9 cross-linked with GA for various heat-
treatment temperatures. Cross-sectional low, top row, and high, bottom row, magnification
images of cross-linked CNC films prior to any heat-treatment, a and d, heat-treated at 250
◦C, b and e, and at 900 ◦C, c and f. Scale bars: 1 µm, top row, and 500 nm, bottom row.

It is important to note that the cross-linker presence in the CNC films prevents the cellu-
lose from extensive sulphuric acid-induced browning [129] at intermediate heat-treatment
temperatures, ∼ 250 ◦C, as shown in Figure 8.11. Interestingly, the less pronounced browning
shown by the cross-linked films allows to qualitatively correlate the extent of the browning to
the helicoidal arrangement of the films. Figure 8.11a shows two KOH-treated films, one infil-
trated with KOH only, left, and one infiltrated with KOH and subsequently cross-linked with
glutaraldehyde before the pyrolysis, right. The films macroscopically appear brown whereas
when imaged under a microscope they show colour in the visible range, as previously shown
in Figure 8.9. Both films are cut from a semicircle after the heat-treatment, as explained
by the schematic of Figure 8.11b. The top left film, which is not cross-linked displays a
stronger browning that covers the entire surface of the film. The top right film shows, instead,
browning which is mostly limited to the edge of the film where the chiral arrangement of the
cellulose nanorods is less ordered. Since there is no remarkable difference in colouration
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between the edge exposed during the pyrolysis and the edge formed by a fresh cut after the
heat-treatment, the heterogeneous colouring of the films cannot be attributed to the geometry
of the films during the pyrolysis but it is rather related to the chiral arrangement of the rods
in the film.

Figure 8.11 Macroscopic images of the CNC-KOH films of Figure 8.9 heat-treated at 250 ◦C
with and without cross-linking agent. a Macroscopic picture of heat-treated films neutralised
with KOH, left, and further cross-linked with GA, right. b Schematic of the correlation
between the films browning and the internal helicoidal arrangement.

Cross-linking CNC films with GA allows for an improvement of the macroscopic colour
appearance for intermediate pyrolysis temperatures, ∼ 250 ◦C. The reduced browning effect
is ideal for all those applications requiring a thermal treatment either during the fabrication
stage of the product or during the final use, as it allows for a better macroscopic optical
appearance of structurally coloured CNC films. Further investigation is required to increase
the retention of the helicoidal structure at high heat-treatment temperatures using GA.

8.5 Desiccation

The removal of the sulphate groups by desiccation is another approach reported to increase
the thermal stability of sulphated cellulose nanocrystals [9, 129]. The desulphation process
induces the cleavage of the bond formed by the sulphate groups with the oxygen on the
CNCs surface, which is followed by substitution with hydrogen proton to form a hydroxyl
group. In suspension, the released sulphate anions and protons diffuse in the bulk water
that surrounds the nanocrystals, whereas in the solid films they are confined in the absorbed
volume of water that surrounds the CNCs surface, thus increasing the proton activity on
the CNCs surface. The desulphation in acidic CNCs suspensions has a significant effect at
temperatures above 40 - 50 ◦C [142] and it is favoured by high temperatures and by low
moisture content in the atmosphere where the experiment is carried out. Acidic CNC films
treated in an oven at 50 ◦C show 50% of sulphate content loss after 30 minutes, while films
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treated at 105 ◦C loose 75% of the sulphate content after 5 minutes [129]. Similar results
are confirmed by studies performed by heating solid CNC films at 75 ◦C under vacuum [9].
Nevertheless, desulphation is also reported to occur in acidic suspensions and in solid CNC
films kept at room temperature under vacuum, though at a slower rate. Over a period of 32
days solid CNC films stored at 100% relative humidity at room temperature are reported to
loose 12% of their initial sulphate content, sulphur covalently bound to the CNC, while films
stored at 0% of relative humidity up to 50% [88]. The self-catalysed desulphation occurs at a
faster rate in solid CNC films rather than in aqueous suspensions due to the increase of the
local sulphate ester proton counterion concentration due to the close vicinity of the nanorods.

Inspired by these results, a similar protocol has been used to treat helicoidal CNC films
prior to the carbonisation as reported in detail in section 4.2.2. CNCs suspensions are first
partially desulphated in a water bath and then cast to form solid helicoidal films. In the next
step, the films are vacuum treated in an oven at 60 ◦C for 5 days prior to pyrolysis to reduce
the sulphate content from 0.6 wt% to 0.4 wt% of the dry mass as measured using elemental
analysis.

Figure 8.12 Polarised optical microscopy images, a, and corresponding spectra, normalised
to a silver mirror, b of vacuum dried CNC films before and after the pyrolysis. From left to
right, films prior to the high temperature heat treatment and after the pyrolysis at 900 ◦C. The
films are cast from 1 ml of an isotropic woodpulp suspension at 2 wt%. Scale bars: 100 µm.

Figure 8.12 reports the optical analysis of the vacuum-treated films before and after
the pyrolysis at 900 ◦C. Before the pyrolysis the films have a chiral nematic structure as
confirmed by the brilliant blue colouration and by the strong reflectance peak observed
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for LCP only, respectively Figure 8.12a and b on the left. The RCP image shows, instead,
little colour due to the presence of misaligned peaks, probably caused by casting from low
concentration suspensions [61]. After the pyrolysis at 900 ◦C the film appears colourless
both in LCP and in RCP as shown in Figure 8.12a on the right. No chiral difference in the
reflectance signal of the films in LCP and RCP can be observed in the range 400 - 800 nm,
Figure 8.12b, therefore indicating the lack of a helicoidal structure reflecting in the visible.

SEM analysis of the cross-section of the pyrolysed films allows for the investigation of
any chiral structure with pitch smaller than 200 nm and thus reflecting at a wavelength below
the visible range. Figure 8.13 reports representative low, a and c, and high magnification,
b and d, images of the films before and after the pyrolysis. Before the pyrolysis the CNC
films show the typical helicoidal arrangement of the cellulose nanorods, Figure 8.13a and b,
whereas after the treatment a bulk film with no nanostructure can be seen, 8.13c and d.

Figure 8.13 SEM images of the vacuum dried CNC films of Figure 8.12 before and after the
pyrolysis. Cross-sectional low and high magnification images of vacuum dried CNC films
prior to the pyrolysis, a and b, and after the pyrolysis at 900 ◦C, c and d. Scale bars: 2 µm a,
and 1 µm b, c, and d.

A small percentage of the films fabricated using this protocol and pyrolysed at 900 ◦C,
exhibit, instead, a chiral arrangement, as illustrated in Figure 8.14. The helicoidal organisation
is seen continuously in the flakes up to tens of micrometres in length along the cross-section
of the film, Figure 8.14a. Moreover, when the chiral arrangement is observed, it is visible
throughout the entire thickness of the film, Figure 8.14c, e and f, and only in few instances
it is observed in combination with unstructured regions, Figure 8.14d. The shape of the
original nanorods is retained, Figure 8.14b, as well as heterogeneities in the pitch or in the
cut, Figure 8.14e. The chiral morphology is found in repeats of the samples subjected to the
same desulphation and vacuum oven treatment prior to the pyrolysis but it is not uniformly
observed throughout the films cross-section. It is, though, limited to only a few micrometre-
long regions and the majority of the pyrolysed films show no helicoidal arrangement when
analysed via electron microscopy in cross-section.
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Figure 8.14 Cross-sectional SEM images of vacuum dried CNC films pyrolysed at 900 ◦C
exhibiting chiral features. Low magnification images showing chiral arrangements up to tens
of micrometres, a, and helicoidal areas next to bulky ones, d. Delaminated area exhibiting
arcing of the rods, b. Higher magnifications cross-sectional images showing helicoidal
arrangement of the nanorods, c, e and f. The films are cast from 1 ml of an isotropic
woodpulp suspension at 2 wt%. Scale bars: 10 µm in a and 1 µm the other panels.

8.6 Applications

The ability of cellulose nanocrystals films to homogeneously retain their helicoidal arrange-
ment up to 250 ◦C is of crucial importance from the application point of view. Modern
fabrication techniques of composite materials usually require a medium/high temperature
processing stage to ensure blending of the materials used for the composite. The lack of a
strong browning effect is a further advantage towards the use of helicoidal CNC films outside
the laboratory for a better colouration after heat treatment processes.

CNC films subjected to strong base infiltrations with KOH are used to fabricate irides-
cent plant cuticle-like materials via a high temperature processing step with aleuritic acid
following the procedure described in section 4.2.2. Figure 8.15 shows the polarised optical
measurements before and after the aleuritic acid hot pressing at 200 ◦C.

The films retain both their colouration and texture after the addition of the aleuritic acid,
Figure 8.15a. The optical selectivity is equally maintained as no increment in the reflectance
signal in RCP can be observed after the treatment, Figure 8.15b. As shown in the insets
of Figure 8.15, the macroscopic colour of the CNC films is enhanced by the presence of
the aleuritic acid layer while the curliness of the films before the treatment is induced by
the strong base infiltration. The cross-sectional electron microscopy images of Figure 8.16
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Figure 8.15 Polarised optical microscopy images, a, and corresponding spectra, normalised
to a silver mirror, b, of CNC films before and after the aleuritic acid hot pressing treatment.
The films are cast from 3 ml of an isotropic woodpulp suspension at 2 wt% and infiltrated
with KOH 30 wt% for 24 h. Scale bars: 50 µm initial, 100 µm after aleuritic hot pressing,
and 1 cm inset.

confirm that the helicoidal arrangement is retained after the hot pressing at 200 ◦C. The
aleuritic acid forms a dense layer on top of the CNC films with thickness of the order of few
microns.

Figure 8.16 SEM images of the CNC films of Figure 8.15 before, left, and after, right, the
aleuritic acid hot pressing treatment.
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8.7 Conclusion

This chapter describes a series of investigations on the optical response and on the internal
morphology of helicoidal CNC films pyrolysed at 250 ◦C and tested up to 900 ◦C for a
variety of pre-treatments. The aim is to improve the retention of the CNCs chiral properties
in solid films after the high temperature heat-treatment, to allow for a widespread use of
CNC films as photonic pigments in all those applications requiring processing temperatures
equal to or higher than 250 ◦C.

First, the effect of the neutralisation, both in acidic suspensions and on solid helicoidal
CNC films, is investigated. By addition of sodium hydroxide in suspension to reach pH 6
the corresponding CNC films initial degradation temperature increases from 157 ◦C, for pH
2.2, to 255 ◦C. By infiltrating solid helicoidal CNC films cast from acidic suspensions with
potassium hydroxide it is possible to achieve a further increase of the Tonset which reaches
299 - 306 ◦C depending on the duration of the infiltration. As a consequence of the strong
base infiltration, the cellulose crystalline structure undergoes a polymorphic transformation
from Cellulose I to Cellulose II. The chiral arrangement of the KOH-CNC films is retained
up to pyrolysis temperatures equal to 900 ◦C even if not uniformly throughout the films cross-
sections. These films show, indeed, areas where delamination and helicoidal nanostructures
are visible via electron microscopy.

The strong base infiltration treatment is then used in combination with other treatments
aimed at expanding the areas with helicoidal arrangement in the pyrolysed films. Cross-
linking CNC films with glutaraldehyde improves the optical appearance of pyrolysed films
at intermediate temperatures by decreasing the browning effect even if no helicoidal nanos-
tructure is observed for the corresponding films pyrolysed at high temperatures. Finally,
the fabrication of films from desulphated suspensions and their desiccation under vacuum
at 60 ◦C leads to carbon structures where the chiral arrangement is seen in the films cross-
sections up to tens of micrometres in length but not consistently through the fabricated
films. The lack of reproducibility in the retention of the CNCs helicoidal structure after the
pyrolysis at 900 ◦C is possibly caused by a non-homogeneous heating process or by the
intrinsic differences between cellulose nanorods caused by them being a naturally-sourced
material. Further investigation is thus required for a better understanding of the thermal
properties of CNC helicoidal films. The findings of this research allow for a more widespread
use of cholesteric CNC films requiring structurally coloured pigments that do not degrade at
temperatures up to 250 ◦C and show limited browning effect.
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Conclusion

The field of cellulose photonics is in continuous growth due to this material’s sustainability,
natural abundance and biodegradability, combined with its ability to display complex optical
properties. Some of the applications where cellulose nanocrystals, CNCs, are most promising
include edible photonic pigments, security papers, and vapour sensors.

This thesis solves some of the open challenges in the field of cellulose photonics. In par-
ticular, the first part of the thesis addresses challenges relative to the optical response of CNC
films, while the second part focuses on the CNC films mechanical and thermal properties,
and on CNC-based multi-functional composites. It is now possible to comprehensively tune
the optical properties of helicoidal CNC films in terms of scattering response, pitch value
and domain size. This can be done by regulating the CNC formulation and by controlling the
drying history of the suspension.

For instance, external fields, such as magnetic field, aid the alignment of the cholesteric
phase, which determines the final scattering response of the CNC films. This gives an
unprecedented control over the films optical response in terms of helicoidal axis orientation
and complexity of the optical pattern. Moreover, this technique allows for a greater uniformity
of the macroscopic optical appearance, besides being scalable (chapter 5). Therefore, the
use of static magnetic fields and a thorough control of the suspension properties and drying
history allows for a refined control of the CNC cholesteric phase orientation, pitch, and
domain size to fabricate CNC films with a tuneable and complex optical behaviour.

The thesis continues by using the advances in the knowledge of the formation of the CNC
films optical response developed in chapter 5 to improve properties of CNC films that are
crucial for their broader use as photonic pigments. Helicoidal CNC-surfactant films with
tuneable flexibility and optical response in the visible range enable the implementation of
CNC-based colour sprays and their use for conformal coatings. These CNC-surfactant films
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exhibit comparable optical properties to pure CNC films, in terms of reflectance intensity
and alignment (chapter 6).

Moreover, CNCs can now account for the photonic response of biocompatible and multi-
functional materials. It is though crucial to choose the fabrication process and the suspensions
mixing conditions so to preserve the properties of the individual components. The presence of
additives in the CNC suspension provides control over the CNC film reflected colour, domain
size and reflectance intensity. Sustainable additives that offer a broad versatility of their
formulation properties, such as silk-fibroin, are proving to be especially promising in terms
of optical and mechanical properties (chapter 7). Regarding the choice of the fabrication
process, infiltration has proved to be an effective route to combine CNCs and shape-memory
polymers to fabricate photonic materials with shape-memory response (chapter 7).

The CNC films low thermal stability, responsible for browning and loss of the helicoidal
arrangement, has so far prevented their use at the industrial scale. Post-processing treatments
that stabilise the CNC film structure and delay its degradation can solve this issue. In
particular, the retention of the helicoidal arrangement up to 900 ◦C paves the way for the
fabrication of controllably porous conductive materials from sustainable sources, especially
due to the scalability of their fabrication process (chapter 8).

This work provides some insights on the future use of CNC-based materials which are one
of the most promising materials to achieve the objective of a more sustainable development
of the bio-inspired photonics field. Despite the progress achieved in the understanding of the
optical properties of the CNC films, large scale control of the self-assembly process is still
challenging.

Moreover, further work is necessary to develop CNC-based composites which can be
really considered sustainable. A primary limitation is that the materials to fabricate the
composites with the best performances are not usually the most sustainable. A second
limitation is that the production methods are usually either non-sustainable or non-scalable.
A potential venue for future research is to take further inspiration from nature by using natural
materials for all the building blocks of composite materials. For instance, to regulate the
CNCs thermal and mechanical properties one could use natural cross-linkers and plasticisers,
e.g. gelatin and other polysaccharides, instead of synthetic ones.

Further research is also necessary to improve the CNCs thermal stability in order to
achieve a complete retention of the helicoidal structure after heat treatments and to fabricate
sustainable carbon materials with a controllable multi-scale porosity. The ability to fabricate
conductive materials with a hierarchical structure starting from CNCs would offer a sustain-
able alternative to the currently used electrodes for energy harvesting and energy storage
devices.
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The sustainable path suggested to reach these goals is highly desirable for the cellulose
photonics field. Other fields have already shown that the study of natural materials provides
efficient solutions for fabrication strategies due to the insights provided by millions of years
of evolution. This is true, for instance, for adhesives inspired by gecko feet and mussels
and for self-cleaning surfaces based on the pitcher plant. It is my hope that, by taking even
more inspiration from nature, one day it will be possible to adopt fully sustainable photonic
pigments in every day applications, from banknotes, to food and textiles, to inks for printing
PhD thesis investigating them.
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Appendix A

A.1 Instrumentation

A.1.1 Optical Microscopy
Table A.1 Properties of the used objectives

Objective type Magnification [X] Numerical Aperture Working distance [mm] Dark field

Zeiss, EC Epiplan-Apochromat
10 0.3 5

√

20 0.6 1.7
√

Nikon, T Plan SLWD 20 0.3 30 X

Table A.2 Optical microscopy set-up used for each project. The fibres acquisition spectral
range is 200 - 800 nm.

Use Chapter Reflection mode Objective Fibre core [µm]

Bright Dark Type Magnification
field field [X]

Magnet 5
√ √

Zeiss Epi-Apo 20 N/A
Silk Fibroin 7

√ √
Zeiss Epi-Apo 20 600

Zwitterion 6
√ √

Zeiss Epi-Apo 20 200
Shape memory 7

√
X Zeiss Epi-Apo 10, 20 100

Thermal properties 8
√

X Zeiss Epi-Apo 20 200
√

X Nikon T Plan 20 200

The optical measurements described in chapter 7 are carried out using a fibre with a core
significantly bigger than the fibres used for the other measurements. As, with the used set-up,
for the 600 µm the actual fibre collection size has a diameter �∼ 30 µm when on focus
on the sample and the SF:CNC domains reach up to 15 µm in their longest direction, the
fibre collects signal coming from domains with different pitch or different orientation at the
same time. This phenomenon contributes to a broader reflectance peak than the one that it
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could be collected by using a fibre with a smaller core size, but it allows for a more realistic
representation of the multi-domain texture of these films.

A.1.2 Casting with magnets

Figure A.1 Photographs of the magnets used to generate a vertically aligned and a tilted
magnetic field. a Two vertically stacked parallel magnets with a 14 mm ABS 3D-printed
spacer to keep the magnets apart. The CNC suspension in the Petri dish is inserted in the
slot. b Two magnets placed side-by-side on top of an iron plate. The sample is covered
with a 3D-printed lid, not shown, to slow down the solvent evaporation. c Experimental
visualization of the magnetic lines with iron filings immersed in silicon oil. Scale bars: 2 cm.

Figure A.2 Magnetic lines mapping for the continuously tilted magnetic field. a Experi-
mental mapping of the magnetic field H expressed as the magnetic induction B = µ0 = H
produced in the vicinity of the two magnets assembled side-by-side with vertical anti-parallel
magnetisation. The magnetic field is measured experimentally (Lakeshore 450 Gaussmeter
with MMTB-6J04-VG transverse Hall probe) along a line of coordinate z = +3.5 mm, y = 0
mm, passing at the upper liquid-air interface of the suspension when cast. b Scaled side-view
of the magnets used and the corresponding vectorial field from the data in a.
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A.2 Materials

A.2.1 AFM imaging

Figure A.3 a Representative atomic force microscope image of the used woodpulp cellulose
nanocrystal suspension. Scale bar: 1 µm. b Length and height distributions of the CNCs.
The average length and height are respectively 100 nm and 3.8 nm, for a total number of
measured rods equal to 2331 for the length and 2303 for the height.

Figure A.4 Representative atomic force microscope image of the filter paper suspension used
for the magnet project. Scale bar: 1 µm.
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A.2.2 Thermo-gravimetric analysis
Table A.3 TGA analysis of CNC for improved thermal stability

Sample label Tonset[◦C] Maximum degradation peak [◦C] T10 [◦C] T50 [◦C] Yield [%]
pH 2.2 156.9 178.5 172.0 375.0 28.4
pH 3.5 250.0 266.5 258.3 362.9 28.3
pH 5.5 254.0 270.9 263.7 369.6 29.9
pH 6 255.0 273.4 268.2 360.8 25.7
KOH 15 min 299.2 319.5 278.8 321.8 20.6
KOH 30 min 304.8 321.7 267.3 324.8 19.8
KOH 2 h 305.7 322.3 271.2 324.7 19.9
KOH 24 h 298.9 318.5 289.0 320.8 22.3
KOH 24 h - GA 260.3 298.1 234.6 369.1 26.8

A.2.3 Elemental analysis
Table A.4 Elemental analysis of KOH-infiltrated CNC films

Sample label C [%] H [%] S [%] K [%]
no KOH 40.4 ± 0.3 6.3 ± 0.3 0.53 ± 0.1 -
KOH - 15 min 39.1 ±0.3 6.3 ± 0.3 0.53 ± 0.1 0.53 ± 0.1
KOH - 30 min 39.0 ± 0.3 6.2 ± 0.3 0.5 ± 0.1 0.71 ± 0.1
KOH - 2 h 39.2 ± 0.3 6.4 ± 0.3 0.59 ± 0.1 0.55 ± 0.1
KOH - 5 h 39.1 ± 0.3 6.4 ± 0.3 0.60 ± 0.1 0.57 ± 0.1
KOH - 24 h 39.1 ± 0.3 6.4 ± 0.3 0.61 ± 0.1 0.63 ± 0.1
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