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Abstract

The self-assembly of chitin nanocrystals into hierarchically structured
functional materials
Aurimas Narkevičius

To drive more sustainable technological innovations, highly abundant natural resources
such as a biopolymer chitin need to be better exploited. In this work, chitin was used to
produce rod-shaped nanoparticles, known as chitin nanocrystals (ChNCs) via acid hydrolysis.
Firstly, hydrolysis in hydrochloric acid with varied acidity (3.0 and 5.0 M) and duration
(90 to 540 min) was investigated to correlate hydrolysis conditions to colloidal and self-
assembly properties of the resulting ChNCs. The post processing using tip sonication was
investigated, showing that while it reduced the nanoparticle size, the self-assembly properties
were not strongly affected, which contrasts with the previously reported findings for cellulose
nanocrystals. Using ChNCs allowed to increase the surface charge by means of deacetylation
while maintaining the nanoparticle dimensions unaffected, providing evidence that too high
surface charge hinders the self-assembly. On the other hand, the process of deacetylation
if applied on chitin before the acidic hydrolysis, allows to reduce the nanocrystal thickness
without changing the surface charge strongly. As such, nanoparticles of higher aspect ratio
can be produced. The importance of the chitin source was evaluated, revealing that ChNCs
prepared from mushroom Agaricus bisporus were longer, higher aspect ratio, and less
crystalline, when compared to shrimp derived ChNCs. Furthermore, fungal ChNCs exhibited
self-assembly at lower nanoparticle concentrations and had smaller chiral nematic pitch in
comparison to shrimp ChNC studied at comparable conditions. This broad investigation into
the preparation conditions of ChNCs is the first of its kind; the field of cellulose nanocrystals
is flourishing owing to comparable studies on cellulose nanocrystals. The effect of ionic
strength and pH was revisited to demonstrate that these two parameters can be used to
effectively tune the self-assembly of ChNCs, and in turn tune the helicoidal nanoarchitecture
preserved in the solid state. While the shrimp ChNC system was found to be limited to
pitch values ranging from 650 to 4,000 nm in solid state, fungal ChNC suspension could be
evaporated to reach helicoidal pitch values small enough to manifest structural colouration.
Optical properties of such ChNC films, reported for the first time, were studied in relation
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to previously published works and theory to understand their low reflectance, which could
be increased by an in-situ post-treatment using a concentrated alkali. The resulting chitin
conversion into chitosan retained the nanoarchitecture and increased the birefringence from
0.001-0.003 (chitin) to approximately 0.015 (chitosan). Overall, this work provides the basis
for designing ChNC preparation conditions to obtain desired colloidal and liquid crystalline
properties, outlines the differences between ChNCs and a much more studied system of
cellulose nanocrystals, and shows that ChNCs can be successfully used to be used as a
functional material.
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Chapter 1

Introduction

The technologies developed in the last century have greatly enhanced the living standards of
people around the world. However, it was accomplished by heavily relying on fossil fuel as a
starting material which have led to massive environmental issues that the world is currently
facing. One of them is the accumulation of waste such as plastics. Nature, on the other
hand, rarely leaves waste for a long time as virtually everything is recycled, serving as an
inspiration on how to develop technologies of the future which are more sustainable. In fact,
enabling the exploitation of highly abundant natural resources is a promising way to develop
more sustainable and affordable future technologies.

Along the aspects of sustainability, various natural materials such as teeth, bones, nails,
hair, wood, and cuticles are also highly functional. These materials are in fact made of a
limited range of the building blocks, primarily, proteins, lipids, minerals, and polysaccharides
which is unlike the current human technologies that require a wide range of materials. [1, 2]
Despite the apparent simplicity of the building blocks, the deeper understanding obtained by
relying on the advances in nanoscience proved these natural yet functional materials to be
complex. [3] This is achieved by employing hierarchical structuring on the nanoscale.

In the context of the most abundant biopolymers, namely chitin and cellulose, this
hierarchy is observed over several length-scales. The molecules of these polysaccharides are
assembled into nano-fibrils which are often organised further to obtain nano-architectures
resembling a plywood organisation. Such complex structures impart the organisms with
functions such as structural colouration or toughness and resistance to crack propagation.
[4–6] As a result, relatively simple repeating building blocks can lead to complex and
multi-functional materials, however, the natural assembly processes are still beyond our
understanding. [6, 7]

Analogous materials can be produced by relying on artificially tailored self-assembly of
cellulose or chitin derivatives and nanoparticles, which spontaneously self-assemble into a
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chiral nematic liquid crystalline phase. [8–10] In fact, cellulose derived materials are already
highly appreciated for the vibrant structural colouration attainable in liquid and solid state.
[7, 11–14] In contrast, chitin based materials are yet to be artificially imparted with functions
which have served crabs, shrimps, beetles, and even fungi in their daily struggles for aeons.
[15]

1.1 Outline and objectives

While there are many direction in which the research on chitin could propagate, this work
is dedicated to study chitin nanocrystals (ChNCs), with a particular emphasis on their
self-assembly. Therefore, this work aims to:

1. Establish the connection between preparation conditions and resulting ChNC colloidal
and liquid crystalline properties.

2. Establish a routine preparation procedure to achieve ChNCs that self-assemble.

3. Determine the range of ChNCs that can be produced by means of changing the starting
material source.

4. Produce solid-state ChNC films with tunable nanoarchitecture.

5. Produce functional ChNC solid-state materials.

6. Study the relationship between the material, its structure and function.

Chapter 2 provides relevant background, required to achieve the objectives outlined
above. The theoretical knowledge is integrated with the current knowledge on polysaccharide
nanocrystals. Such a combination should provide a comprehensive qualitative framework to
be used when dealing with polysaccharide nanocrystals.

Chapter 3 begins with the important question of why one should even bother studying
chitin, instead of a similar polysaccharide cellulose, which is not only more abundant but also
more investigated. The overview of the current state of ChNC research follows, describing
other areas besides their liquid crystalline properties; it includes different approaches in
preparing ChNCs, their possible applications as well as potential chemical modifications.
Overall, this chapter should give a good context for where the ChNC research is currently at.

Chapter 4 provides details on the experimental conditions, techniques, statistical analysis
of the data as well as the source of the reagents that were used in this work.
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Chapter 5 focuses on making of ChNCs from chitin. Acidic hydrolysis conditions,
namely acidity and duration, are investigated first in relation to colloidal and liquid crystalline
properties. A post-processing by tip sonication is explored next. Thereafter, two different
approaches are employed to increase the surface charge of ChNCs to establish the effect of
this parameter on colloidal and liquid crystalline properties. Lastly, another chitin source,
mushroom, is used to prepare ChNCs to better understand the impact of chitin source on the
produced ChNCs.

Chapter 6 is dedicated to the use of produced ChNCs in the previous chapter to manu-
facture functional solid state materials. Given that the liquid crystalline state dictates the
structure in the solid state, suspension formulation parameters (i.e., ionic strength and pH)
are studied, allowing to tune the chiral nematic pitch in both suspension and solid-state films.
Thereafter, the attention is shifted to using fungal ChNCs as these nanoparticles allowed
to produce structurally coloured solid state films. Such optical performance of ChNCs,
which is reported here for the first time, is studied by bringing forward theory and previously
published works on structural colouration. A method to improve and blue-shift the reflected
light from fungal ChNC films is then demonstrated, which, when applied on shrimp ChNCs,
can shift the reflection to red/near-IR range.

Chapter 7 provides a summary of the key findings and concluding remarks for this work,
while chapter 8 outlines the future perspectives for ChNC research.





Chapter 2

Background

2.1 Chitin and chitosan

When we are being annoyed by a perpetually buzzing fly or having a fancy dinner eating a
crab topped up with truffle shavings, we rarely stop to think that all of that is only possible
because of chitin. Chitin is a ubiquitous biopolymer employed by various organisms, from
insects, crustaceans, arachnids and molluscs, to fungi. [15] It not only provides a mere
structural support to these organisms but also imparts additional functions such as eye-
catching structural colouration or crack resistant shells. [16–18]

A lot of chitin is disposed as a waste product of the fishing or food industries as such
tough crustacean shells, unlike the soft inner flesh, are unsuitable as food for human con-
sumption. [15, 19, 20] Chitin constitutes up to 30 % of the crustacean shell dry mass and
thus represents an abundant, cheap, and sustainable resource. [20] It is thus hardly surprising
that crustacean shells currently are the most available raw source of chitin. [15] These
mechanically impressive shells contain calcium carbonate, proteins, and pigments besides
chitin. Thus it needs to be purified first which is relatively easy to accomplish due to chemical
inertness of chitin arising from its molecular structure. [15, 19]

Chitin is a linear polysaccharide made up of repeating β (1-4)-N-acetyl-D-glucosamine
monomers which provide many sites for hydrogen-bonding (Figure 2.1). The individual
chitin molecular chains assemble into elementary fibrils with a tight packing. [15, 16] Such
an organisation, as well as its molecular structure, result in chitin being chemically inert
in comparison to proteins, calcium carbonate, and pigments. Therefore, rather mild acidic
and basic conditions are sufficient to disintegrate calcium carbonate and proteins with the
remnants of red-orange pigments being removed by gentle bleaching. [21] These treatments
yield pure chitin.
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Figure 2.1 Molecular structure of cellulose, chitin, and chitosan. While they differ only by a
single substituent, the resulting physicochemical properties are significantly different.

The physical and chemical properties of chitin strongly depend on the hierarchical organ-
isation of chitin molecular chains and thus its source. [15, 16] In nature, chitin molecules are
arranged either in parallel or anti-parallel; these organisational patterns are known as β and α

crystalline allomorphs, respectively. [16] With chitin molecular chains arranged anti-parallel
in α allomorph, the structure overall forms sheets. The sheets themselves are strongly held
by intra-sheet hydrogen bonds arising from numerous hydroxy and amide groups. Such a
tight packing and numerous interactions result in α-chitin fibres being resistant to dissolution
in most common solvents, not swelling as well as not being particularly reactive. [15] Thus,
it is not surprising that α-chitin is the most abundant chitin allomorph in nature, found in
crustaceans, insects, arachnids, fungi and many more. In some exceptional organisms, like
molluscs or Riftia pachyptila worms, molecular chains of chitin are arranged in parallel to
each other resulting in β -chitin instead, which is a meta-stable chitin allomorph that can
be converted to more stable α-chitin by, e.g., base treatment. [16, 22] Whether chitin is of
α or β allomorph can be distinguished by X-ray diffraction, FTIR and/or solid-state NMR
spectroscopies. [15, 16, 23]

In practice, natural chitin is far from being an ideal crystal as even the molecular chain of
β -(1-4)-N-acetyl-D-glucosamine monomers is not perfect. [15] When extracted from the raw
resources, chitin is always found to be partially deacetylated, meaning that amine functional
groups are present instead of a fraction of the amide groups (Figure 2.1). [10, 15, 24] This
deacetylation is likely to be present only on the molecular chains lying at the surface of
the chitin elementary fibrils as they are more accessible and do not contribute much to the
crystalline-like ordering. The number of amines in comparison to all the available sites is
usually quantified by the degree of deacetylation. When it reaches values of 50 % or higher,
the physical properties of chitin drastically change, for example, becoming soluble in acidic
aqueous conditions. [15]
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When chitin becomes soluble in acidic pH because of deacetylation, the molecule is
termed chitosan, which is the most known and important chitin derivative. While it can
be obtained by employing chitin deacetylase enzymes, most often chitin deacetylation is
performed using a concentrated alkali solution. [15, 24, 25] The protonation of chitosan
amines, which have pKaH ≈ 6.3, occurs in acidic conditions and induces strong electrostatic
repulsive forces between chitosan chains as well as increases the hydrophilicity of the
polymer. As a result, chitosan is highly soluble in acidic aqueous solvents. [15] This reaction
is carried out heterogeneously as chitin itself is insoluble in most common solvents. Only
at concentrations above ∼40 wt% of sodium hydroxide, can the chitin crystal structure be
swelled and deacetylation can be carried out throughout the crystal rather than just at the
surface. [24–26]

Practically, most of chitin is used in the form of chitosan as it is inexpensive and non-
toxic with uses in many different fields: as an antimicrobial compound in agriculture, as an
activator of plant defence responses, as a flocculating agent in waste-water treatment, as an
additive in the food industry, as a hydrating agent in cosmetics, as a pharmaceutical agent in
biomedicine, wound healing, and also as a biodegradable plastic. [15, 19, 27] While such
chitosan applications have highly boosted the use of chitin, a lot of it is still discarded to
landfill which could change if it was valorised as a novel nanomaterial.

2.2 Polysaccharide nanocrystals

Chitin has an analogous polysaccharide in the plant kingdom: cellulose (Figure 2.1). Due to
the extent of the massive forestry and paper industries the study of cellulose-based systems
attracted a wider attention in comparison to chitin. This is especially true in the case of
the polysaccharide nanomaterials with chitin being studied mostly as a side project by
people interested in cellulose nanocrystals (CNCs). Fortunately, cellulose resembles chitin
in primary, secondary, and tertiary structures, and as such the extensive cellulose research
provides a wealth of knowledge.

However, even small differences, like the presence of amine/amide in chitin instead
of a hydroxy in cellulose result in large differences due to the accumulative effects of the
hierarchical organisation of these materials, making it interesting to study chitin based
systems.
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2.2.1 Colloidal properties of polysaccharide nanocrystals

Chitin and cellulose are water insoluble polysaccharides, unlike e.g., sucrose, a common
table sugar. This disaccharide can be readily and homogenously dispersed in water on a
molecular level, meaning that every single molecule of sucrose gets surrounded by numerous
water molecules. In contrast, chitin and cellulose can only be dissolved in some unusual
solvents, but when mixed with water they simply sediment.

Nevertheless, in 1959 R.H. Marchessault discovered a way to disperse chitin in water by
obtaining nanoparticles of this polysaccharide by hydrolysis in HCl, inspired by reports on
cellulose by Ranby and Mukherjee. [8, 28, 29] While a lot of new ways of preparing chitin
nanocrystals (ChNCs) are emerging, in this thesis only hydrolysis in hydrochloric acid is
employed as it is the predominant and most promising method. [19] Nanoparticles prepared
this way can be well dispersed in water but not a molecular level. [30]

Colloids like ChNCs can be well understood by applying several fundamental concepts
of physical chemistry. With many different examples of colloidal systems (e.g. aerosols,
fogs, mists, and smoke, emulsions, gels), ChNCs represent colloidal suspensions as they are
made of ultra-fine solid particles that can be well dispersed in aqueous medium. This occurs
because the dispersed phase has at least one of the dimensions below a micrometre which
ensures a considerable surface area to volume ratio resulting in a lot of molecules facing the
medium rather than the identical molecules in the bulk. [30]

ChNCs are colloids derived from natural resources and as such they are disperse in their
physical dimensions, [10] though it is not to say that they are inferior to many artificial
non-disperse systems of identically sized particles. In fact, both systems have their own
advantages and uses. [30] ChNCs are rod-shaped averaging to 200 nm in length and 20
nm in width, while CNCs are typically shorter and thinner, with physical dimensions being
strongly dependent not only on the preparation methodology but also on the source of the
raw material. [10, 31–33] Because of the dimensions being sub-micrometre in size, ChNCs
have a large surface areas compared to their volume.

Having a large surface area is usually energetically unfavourable. The loss of attractive
van der Waals interactions between similar molecules of chitin are not compensated by
the interaction with the surrounding water molecules. Such a system if kept at a constant
temperature will spontaneously evolve to lower its free energy. In the case of the colloids, it
would mean the formation of aggregates. In fact, many nanoparticles tend to clump up after
they are finely dispersed by mechanical means. Rather loose aggregates, or flocs, sometimes
separate out but sedimentation or creaming are almost certain if the aggregate coagulates to a
much denser form. [30]
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Yet, ChNCs can remain well dispersed for months to years. This is because the aggre-
gation follows a mechanism with a transition state that imparts an energy barrier which the
system has to overcome. This barrier is higher in energy than the dispersed phase or their
aggregates, thus preventing the system to reaching the lowest energy state, i.e. aggregate. The
energies in colloidal systems are distributed about a mean value according to the Maxwell-
Boltzmann distribution and so there is always a possibility to over-come this energy barrier
but if the energy of the system is low compared to the energy barrier, such transformation
would progress exceedingly slowly, or practically speaking, would not happen. [30] The
energy to over-come such a barrier for ChNC particles arises from a high rate of random
encounter with water molecules which is known as Brownian motion (or random walk). The
average translational energy of colloidal particles undergoing Brownian motion is ∼ 1.5kT
(k - Botlzmann’s energy, T - absolute temperature), thus it is best to keep ChNC suspensions
cool to reduce the aggregation.

The energy barrier in the mechanism of ChNC aggregation originates from long range
repulsive forces. These prevent the nanoparticles from coming close enough for the attractive
van der Waals interactions to become dominant, leading to aggregation. In the case of ChNCs,
the repulsive forces originate from the ionisation of the nanoparticle surface (Figure 2.2 A).
The surface of ChNC is decorated with amines with pKaH ≈ 6.3, which get completely
protonated at pH values below 3, while at pH above 7 the system becomes colloidally
unstable. [10, 33] This contrasts with CNCs which are decorated with sulphate half-esters
with pKa ≈ 0 thus making them not sensitive to pH. [34]

This ionisation results in ChNC having a positively charged surface. Due to the principle
of electroneutrality, these surface charges have corresponding counter-ions. In solution,
however, not all of them are tightly held to the surface and are instead distributed following
a Boltzmann’s distribution due to the balance between the electrostatic attraction to the
nanoparticle surface and entropy driven diffusion outwards. These are the premises of the
Debye-Hückel model which dictates that in the case of a plane surface carrying uniform
charge, the electrical potential decreases exponentially with distance from the surface. It can
be expressed mathematically as Ψ = Ψ0exp(−κ · r), where Ψ is the potential at distance r,
which decreases from the surface potential Ψ0 (Figure 2.2A). At a distance equal to 1/κ the
initial potential drops by a factor of 1/exp(1). The ion cloud up to this distance is known
as a double-layer. Not only does it strongly depend on the initial surface potential but also
on the ionic strength, I, since 1/κ = const./I (Figure 2.2 A). Importantly, the ionic-strength
depends not only on the concentration but also on the valency of the counter-ions via I =

∑(C ·Z2). This Debye-Hückel model can be further expanded as was done by B. Derjaguin,
L. Landau, E. Verwey, and T. Overbeek resulting in the so-called DLVO theory. It combines
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various attractive and repulsive interactions into an overall energy profile for the potential
aggregation mechanism which can be heavily modulated by the ionic strength. [30]

More intuitively, these theories can be understood by considering a charged nanoparticle
which randomly moves in suspension and carries along with it a double-layer along. When
two such nanoparticles start getting close enough so that their double layers overlap, they
begin to repel each other (Figure 2.2 B). This repulsive interaction gets stronger as the
overlap increases, as in the overlap region, the concentration of the counter-ions becomes
much higher than in the surrounding environment. Consequently, water molecules start to
diffuse in to reduce this ion concentration gradient, thus resulting in the apparent repulsive
interactions. This electrochemical gradient is extremely high, however, at sufficiently high
ionic strength, the overlap region never creates a strong enough gradient for water to diffuse
in to separate two approaching nanoparticles and so they can get close enough so that the
short-range attractive interactions take over.

Figure 2.2 Diffuse ion cloud surrounding rod-shaped nanoparticles. A Double layer expo-
nentially shrinks with distance from the particle surface and depends on the ionic strength.
B Ion concentration and repulsive potential increase locally when the double-layers of two
nanoparticles start to overlap.

While these theories were developed for uniform spherical nanoparticles with uniform
charge distribution at low concentrations, they provide a surprisingly convenient qualitative
description to describe the behaviour of ChNC suspensions. The double-layer essentially
can be considered to add an additional non-overlapping layer to the physical nanoparticle
dimensions. As a result, the effective length and diameter become Le f f = L+2 ·1/κ and
De f f = D+ 2 · 1/κ , respectively. This is a less prominent effect on ChNC length as it is
a much larger dimension than the diameter or the double-layer size. This simplification
provides good working grounds to understand the effects of the double-layer but for a more
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extensive discussion the reader is referred to Appendix A. As a result, the effective ChNC
aspect ratio, L/De f f decreases, with particles looking less spindle like while the effective
volume, Ve f f = L ·De f f

2 increases. When the ionic strength is low, the ChNCs have an
enormous effective volume causing jamming of the nanoparticles and gel-like behaviour
even at low concentrations. This is an example of a repulsive gel, or Wigner glass, which
was thoroughly studied for CNCs. [35–37] On the other hand, when the ionic strength is
high, the double-layer is thin, allowing the nanoparticles to get close enough for the attractive
interactions becoming relatively strong thus developing the nanoparticle suspension into an
attractive gel via formation of a percolating network of aggregates. [36–38]

It has important consequences when well dispersed ChNC suspensions are dried to
form solid state materials. Initially a moderate ionic strength is used to disperse these
polysaccharide nanoparticles so they would not form neither a repulsive, nor an attractive
gel. However, the ionic strength inevitably increases as the suspension dries, resulting in
a thinning double-layer. Eventually a critical ionic strength is reached which promotes
gelation via attractive interactions. In the case of CNCs, this kinetic arrest can be obtained at
nanoparticle concentrations ranging from 2-25 wt% by fine tuning the ionic strength of the
suspension and appears to be mostly related to the absolute ionic strength. [7, 38–42] Due to
this kinetic arrest, the defects and particle configurations within the gelled suspension can be
preserved upon complete drying.

Besides the ionic strength, the surface charge also influences the double-layer thickness
and, in fact, is the reason for its appearance in the first place. The electrostatic stabilisation
of ChNCs result from a number of protonated amines. It is directly related to the degree
of deacetylation at ChNC surface which could be inferred by methods such as solid-state
NMR or IR spectroscopies, elemental analysis, and conductometric titration. [15, 23, 24]
However, only conductometric titration truly probes the number of amines on the nanoparticle
surface, which contribute to the colloidal stability, and the titration is performed akin to
a weak acid - strong base titration. [24] The surface charge reaches the values of around
∼ 300 mmol−NH+

3
/kgChNC, which results from a low degree of deacetylation found naturally

in chitin in conjunction with some deacetylation happening during the acid catalysed amide
hydrolysis during ChNC preparation. [10, 24] However, the absolute surface charge can
be increased by a further hydrolysis under basic conditions, while the adjustment of the
pH in the range of 2-7, the number of amines that are protonated can be tuned, which
may prove to be advantageous when high surface charge is required. [24, 25, 43, 44] In
contrast to ChNCs, the surface charge of CNCs is limited to ∼ 300 mmol−OSO−

3
/kgCNC. The

maximum surface charge in CNCs can be altered by tuning the hydrolysis conditions but
altering them also results in changes to the physical dimensions of CNC. [31, 32] Then it
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Figure 2.3 Crystalline and liquid crystalline phases of rod-shape mesogens. The rod-shaped
ChNCs in theory could achieve A crystalline, B smectic, C nematic, or D chiral nematic
phases, however, only the chiral nematic phases have been observed.

can be controllably reduced by acid catalysed desulphation at elevated temperatures. [45]
However, this desulphation happens, though slower, even when CNC suspensions are kept
at low temperatures (∼5 ◦C), however, the effect becomes non-negligible during long term
storage (months to years) confirmed by changes in the CNC colloidal properties. [45]

2.2.2 Polysaccharide nanoparticle self-assembly

With the ionic strength and surface charge well controlled, ChNCs remain colloidally stable
over a range of concentrations. Interestingly, the same researcher who discovered ChNCs
in 1959, also described that ChNCs exhibit a peculiar behaviour at higher concentrations.
[8] The suspension separated into two distinct phases if left unperturbed, with the bottom
phase appearing bright when observed between the crossed-linear polarisers with a back
illumination while the top phase remained dark (Figure 2.5). [10, 33] This interaction with
the polarisation of light is indicative that the bottom phase of the material is birefringent and
anisotropic, similar to molecular liquid crystals such as cholesterol derivatives. [46]

Liquid crystals (LC) are materials constructed of mesogens which overall flow like a
liquid but attain some ordering thus reminiscent of the crystal. There are many known organic
molecular mesogens exhibiting liquid crystalline behaviour which arises primarily due to a
high geometrical anisotropy. [46] Interestingly, geometrically anisotropic colloids exhibit
a similar behaviour which was described in proteins such as the tobacco virus, amyloid
fibrils, and collagen and polysaccharide nanoparticles such ChNCs. [6, 7, 46] The transitions
between different LC phases can be promoted by a number of factors that can be divided
primarily into either thermal changes (thermotropic LC) or changes in composition (lyotropic
LC). In principle there are several ordered phases that can be formed from rod-like mesogens
such as ChNCs:
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• Crystalline phase (Figure 2.3 B). It is the ultimately organised state, a colloidal crystal,
however, virtually unachievable for disperse colloids such as ChNCs. This structure
would be rigid and would not flow, unlike the liquid crystals (LCs).

• Smectic LC phase (Figure 2.3 B). The mesogens align in parallel along a common
director n as well as in well-defined planes and so is the most ordered phase of the
three possible LC phases since it has long range directional and translational order.
The phase can be further subdivided if the director n is perpendicular to each layer
(Smectic A) or tilted at an angle (Smectic C).

• Nematic LC phase (Figure 2.3 C). The mesogens align in parallel along a common
director n but in the absence of long-range translation order. Another vector m can be
defined which is perpendicular to the director n.

• Chiral nematic (or cholesteric) LC phase (Figure 2.3 D). The mesogens align parallel
along a common director n which continuously rotates in the plane perpendicular helix
director m. The distance over which the common director n makes a 360◦ rotation is
called the chiral nematic pitch (p).

When aqueous suspensions of ChNC (or CNC) are concentrated, they spontaneously
self-assemble into an ordered phase. [8–10] Such anisotropic phase starts to form after a
threshold concentration, CI , following a nucleation and growth mechanism. Small spher-
ical formations, known as tactoids, spontaneously appear and grow. They have a higher
local nanoparticle concentration and, therefore, are denser than the surrounding isotropic
suspension and sediment. Initially each individual tactoid can be characterised by its own
individual nanoparticle alignment and orientation in suspension. After sedimentation they
start to merge into domains which may further relax into a uniform continuous macroscopic
phase. [9, 10, 13, 33, 47–50] The amount of the anisotropic phase formed typically increases
linearly with the nanoparticle concentration until it reaches a second threshold concentration,
CA, after which the entire suspension is fully anisotropic. [51]

This self-assembly of colloidal nanoparticles was first explained in the seminal paper
published by L. Onsager in 1949. [52] Onsager’s theory considers a monodisperse population
of long and thin hard rods which are well dispersed in a continuous medium. Such hard rods
with a high aspect ratio do not interact at all except that they are not allowed to intersect
one another. At low concentrations these rods are spaced apart sufficiently that they can
take any possible orientation without having to intersect with the neighbouring rods. This
behaviour is equivalent to an isotropic liquid. However, as the concentration increases, the
neighbouring rods are forced into closer proximity which limits their freedom to occupy
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certain orientations. As a result, they start to jam but by sacrificing some orientational entropy
for a gain in a translational entropy, a proportion of the system begins to order into a nematic
liquid-crystalline phase. Although counter-intuitive, the overall result is that the overall
entropy of the system is maximised by having a part of the system ordered as a nematic phase.
[53] A qualitatively extremely useful result derived from this theory is that the transition
from isotropic to a nematic liquid crystalline phase depends on the excluded volume of the
particles and is inversely proportional to the aspect ratio of the rods. The threshold volume
fractions (or concentrations) for the isotropic φI and anisotropic φA nematic phase are simply
a function of the inverse aspect ratio multiplied by a constant: [52, 54, 55]:

φI = 3.3× D
L
,φA = 4.5× D

L
(2.1)

This essentially means, that when the nanoparticle concentration is below φI , only the
isotropic phase is formed. However, when the average suspension concentration is in-between
φI and φA, the suspension separates into isotropic and anisotropic parts, which are of φI and
φA concentrations, respectively. However, when the average nanoparticle concentration is
beyond φA, only anisotropic phase will be formed.

The assumptions employed in this model resemble well the behaviour of ChNCs which
can be approximated as long thin rods. They can be further assumed to be non-interacting by
simplifying repulsive interactions as simply non-overlapping effective length and diameter
(i.e. Le f f and De f f ) arising from the double-layer. This description works well to qualitatively
describe the tendencies of ChNCs to phase separate. In addition, the theory has been refined
to circumvent some of the assumptions, limiting its quantitative applications, by including
electrostatic interactions, dispersity, and lower aspect ratio. [49, 56–60]

The threshold concentrations for ChNC phase transitions are determined by the nanopar-
ticle physical dimensions and the ionic strength via effective dimensions as expected from
the Onsager’s theory. [33, 52] Addition of electrolytes to ChNC suspensions increases both
CI and CA because the double layer and so the effective rod volume shrinks. In contrary, the
effective aspect ratio would increase, predicting lower threshold concentrations. However,
the experimental observations suggest that the change in the effective volume is the dominant
factor in determining the phase transitions threshold concentrations when the ionic strength is
tuned. [33, 49, 52, 61, 62] Similarly, increasing the surface charge leads to higher threshold
concentrations of ChNC and CNC suspensions. [24, 63]

This phase separation can be exploited to tailor the nanoparticle dispersity in terms of
size and the overall average size. Extrapolating from the Onsager’s theory, for a disperse
suspensions, such as ChNC, the high-aspect ratio (or generally large) nanoparticles transit
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into the anisotropic phase at a lower concentration than those with smaller aspect ratios.
Thus by physically separating anisotropic and isotropic phases from the initially biphasic
suspension results in two new suspensions which have different nanoparticle distributions in
terms of size. Then, if the anisotropic suspension is diluted, a biphasic suspension can be
obtained which can be physically separated into anisotropic and isotropic phases. Similarly,
isotropic phase can be concentrated. Consequently, by repeatedly physically separating
anisotropic and isotropic phases several suspensions can be obtained which have different
sizes with narrower distributions and thus different liquid crystalline behaviour. [62] To an
extent size sorting can also be obtained by centrifugation where the nanoparticles of the
lower volume remain suspended while the rest of the rods form a pellet. [64] In this way,
large aspect-ratio ChNCs could be separated out though not as well as by means of phase
separation and with a lot of waste.

However, ChNCs form a chiral nematic rather than a nematic phase but the latter can
be considered to be a case of a chiral nematic phase with an infinite pitch. [10, 33] In fact,
the nematic and chiral nematic LC phases are comparable in an overall energy as the energy
of twisting is small compared to the overall energy of parallel ordering of mesogens which
can be confirmed experimentally as minute amounts of molecular chiral nematic LC are
sufficient to dope the molecular nematic LC with the whole phase obtaining chirality. [46] In
this way molecular nematic liquid crystals can be forced to form left-handed or right-handed
chiral nematic phases.

In contrast, the chiral nematic phase of ChNCs (and CNCs) is always a left-handed helical
structure. [10, 33, 65, 66] While other cellulose derivatives, such as hydroxypropyl cellulose,
can also form chiral nematic structures that have a right-hand helical structure. [11, 67] Thus,
it is unlikely that chirality in the molecular structure is solely responsible for the translation
of chirality of the final liquid-crystalline phase. In fact, the origin of chirality in these phases
is not clear and it could result from the nanocrystal shape, their bundled aggregates acting
as chiral dopants, chiral distribution of the surface charges, and the twisting of the crystal
structure. [66, 68–72] Regardless of the origin of the chirality, the fact that only left-handed
structures are formed by ChNCs or CNCs indicates that specific interparticle interactions
are employed. However, these must be different in magnitude for ChNCs and CNCs, as the
chiral nematic pitches and thus the twisting strengths are rather different. [33, 63]

The pitch, in these polysaccharide nanoparticle suspensions, depends on many parameters,
for example, attractive and repulsive interactions which can be easily adjusted. The addition
of simple electrolytes (e.g. NaCl, KCl) to the aqueous suspension causes the pitch to
decrease which can be related to the thinner double-layer and smaller effective nanoparticle
volume (Figure 2.2 A). Consequently, the physical nanoparticles can pack denser to each
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other, resulting in stronger chiral interactions. [62, 65, 66, 68, 73, 74] Also, only for ChNC
suspensions a complex non-linear behaviour as a result of HCl addition to ChNC suspension
was found. [33] This behaviour results from the intricate balance between increasing the
ionic strength and the surface charge, as they appear to exhibit opposite effects on the chiral
nematic pitch. Indeed, the chiral nematic pitch was observed to decrease as CNCs surface
charge was lowered by, e.g., autocatalytic desulphation. [45, 63, 65, 73] The attractive
interactions between the nanoparticles can be enhanced by employing a high permittivity
solvent which results in smaller pitch values. [45] Lastly, even a commonly applied tip
sonication treatment used to better disperse these suspensions was shown to affect the liquid
crystalline behaviour. [65, 75]

This chiral nematic structure thus formed can be preserved when the colloidal liquid
crystals, such as ChNCs, are dried. This is unique for colloidal liquid crystals as they
become gel-like when the suspensions are allowed to dry due to the inevitable increase in
ionic strength and particle concentration leads to a formation of a gel. The drying process
proceeds, accompanied only by the shrinkage of the gelled suspension. This behaviour
has predominantly been described with CNC suspensions where the micrometre pitch in
liquid state becomes mechanically compressed to hundreds of nanometres, permitting the
interaction with the visible light. [76] While there is only a single mention of the possibility
to preserve the helicoidal structure of ChNCs into the solid state, [10] this attractive optical
functionality arising from the helicoidal nanoarchitecture in solid state has become one of
the key aspects of science in CNCs. [13, 42, 45, 47, 47, 65, 75, 77–79] Thus, it suggests
that either ChNCs are far from being understood or there are some fundamental differences
between the two systems, or both, explaining the lack of structurally coloured materials being
produced from chitin.

2.3 Optics of chiral nematic and helical structures

While the colour does not appear to be the most important aspect of humans’ life, it brings
a lot of joy and meaning to life. The use of nanoarchitecturing of otherwise colourless
materials to produce structural colouration is a wide-spread strategy in nature. [5, 80–82]
Most of the examples are present in the animal kingdom, specifically Arthropoda, where
chitin is used as one of the principal building blocks. Structural colour gives the organisms
much more brilliant and intense looking colouration in comparison to colours obtained from
dyes or pigments and serve an important role for the interspecies communications. [81]
This is achieved because of the structural colouration may give rise to additional optical
effects such as selective reflection of light of a specific polarization or angle dependence.
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Figure 2.4 Electromagnetic wave and polarisation states of light. A An electromagnetic wave
is comprised of electric and magnetic fields oscillating perpendicular to each other and the
propagation direction. The polarisation of light is defined as the direction of electric field
oscillation which, when looking towards the light source, can be categorised as B random, C
linear, D right elliptical, E left elliptical, F right circular, and G left circular polarisations.
However, the definitions of handedness vary among different scientific fields. [84]

[81] Besides, the materials with structural colour are much more resistant to colour changes
because of light bleaching or thermal degradation which are notable problems for pigment
based colours. [78] The ability to produce structurally coloured materials analogous to the
ones found in nature is highly desirable: a single cheap and highly available biodegradable
biopolymer, like cellulose or chitin, could allow to attain the whole range of colours by
tuning its nano-architecture, to be used in new branches of art, decoration, or to replace
various polluting plastic-based materials, e.g., glitter in cosmetics. Structural colouration
could be used as sensors for, e.g., humidity or various molecules, which could be detected
via colour change due to the changes in the nanoarchitecture and/or refractive index.[83]

To better understand light matter interaction with chiral nematic phase and helicoidal
architectures, it is important to recall some concepts about light. In fact, light is an electro-
magnetic wave characterised by its wavelengths. It is a combination of electric and magnetic
fields oscillating periodically with time (Figure 2.4 A). These two fields are perpendicular to
each other and also to the light propagation direction. [84] By convention, the direction of the
electric field oscillation describes the polarisation of light which is vital for the emergence of
structural colouration in the case of helicoidal nanoarchitectures, among other things.

When the light propagates along an arbitrary direction z, the electric field can only
oscillate in a perpendicular plane constrained to x and y directions (Figure 2.4 A). Therefore,
any polarisation of light can be expressed as a combination of the electric field components
in x and y. It is more convenient to look at a more formal equation, derived by solving
Maxwell’s equations, describing electromagnetic wave travelling through a material with a
refractive index n (Equation: 2.2). [85]

E = E0xexp(i(kz−ωt +φx)x+E0yexp(i(kz−ωt +φy))y (2.2)
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where

• E0x and E0y are the initial electric field amplitude components in x and y directions,
respectively.

• k is the magnitude of the wave vector, which described the direction of light propagation.
The magnitude, however, is known as a wavenumber and is equal to a number of waves
per unit distance.

• z is the position along the light propagation direction at a given time.

• t is the time.

• ω is the angular frequency of oscillations, which is related to the more familiar
frequency f = ω

2π
.

• φx and φy are the phase of the electric field in the x and y directions. The phase gives
an offset from the 0th position for the periodically oscillating waves.

• x and y are the unit vectors along x and y directions and have magnitude equal to 1
and they define the plane in which the electric field oscillates.

From this equation, it can be inferred that only the electric field amplitude components
E0x and E0y and the phases φx and φy determine the direction along which the electric field
oscillates and so the polarisation of light. In general, four main types of light polarisation
can be described: [84]

• Random (or natural) polarisation occurs when many coherent light beams with different
polarisations are superimposed. Various sources natural (e.g. sun) or artificial (e.g.
incandescent lamp bulb with a filament) can provide such a light (Figure 2.4 B).

• Elliptical polarisation occurs when E0x ̸= E0y and φx ̸= φy and it can obtain any real
value. The electric field vector defines an ellipse in the xy-plane (Figure 2.4 D, E).

• Circular polarisation occurs when E0x = E0y and φx = φy ± π

2 . The electric field vector
defines a circle in the xy plane. This can be achieved by the electric field rotating
clockwise (RCP) or anti-clockwise (LCP) when viewed towards the light source (Figure
2.4 G, F).

• Linear polarisation occurs when E0x ̸= E0y and φx = φy. The electric field vector
defines a line in the xy-plane (Figure 2.4 C).
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Figure 2.5 Characteristic liquid crystalline behaviour of chitin nanocrystals. A The
anisotropic phase starts form past the first threshold concentration, with the volume fraction
of anisotropic phase increasing with the nanocrystal concentration until the whole suspension
becomes fully anisotropic. B The anisotropic phase exhibits characteristic fingerprint pattern
when looked at by polarised optical microscopy. C The spacing, equal to half the chiral
nematic pitch, becomes smaller as suspension gets concentrated.

One of the applications of linearly polarised light for ChNCs, is to study their self-
assembly because ChNC suspension are birefringent. Birefringence is a term used to describe
the refractive index contrast and in general can be further divided into two categories. [84, 86]
Intrinsic birefringence arising from the crystal-like molecular arrangement of a cellulose or
chitin. While the studies on chitin optical constants are scarce, it is well known that CNCs
have a higher refractive index along their long axis than perpendicular to it. [79, 87, 88]
Form birefringence arises when geometrically anisotropic particles are ordered in medium of
a different refractive index as in the case of ChNCs aqueous chiral-nematic phases as there is
a refractive index difference between chitin and water, called form birefringence. Therefore,
the isotropic and anisotropic phase separation can be easily distinguished by observing the
suspension between crossed-linear polarisers with back illumination (Figure 2.5 A). The
isotropic phase is not birefringent, so it remains dark overall, while only the anisotropic
phase alters the polarisation direction of light, thus resulting in a brighter appearance when
looked at between crossed-linear polarisers. [9, 13, 34, 79, 89, 90]
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Beyond just the bright appearance, which could be attained by any ordering of ChNCs, the
appearance of a fingerprint pattern under polarised optical microscopy (POM) is characteristic
of chiral nematic ordering (Figure 2.5 B, C). [10, 33] When the sample is oriented so that
the light propagates through the chiral nematic LC perpendicular to the helical director m,
it encounters periodic variation in the refractive index. [46] The maximum transmission
occurs when the ChNCs are aligned perpendicular to the direction of light propagation and
minimal when they are parallel. [91] In this way, one can measure the chiral nematic pitch
equal to twice the periodicity of the fingerprint pattern, which is usually several to tens of
micrometres for CNC and tens to hundreds of micrometres for ChNC aqueous suspensions.
[9, 10, 33, 34]

In contrast, when the light impinges on the chiral nematic LC like structures parallel to
the helical director m, it encounters a spatially modulated continuous and periodic refractive
index variation because ChNCs have intrinsic birefringence. In the case of CNCs, it can
result in selective reflection of visible light, if the pitch is of the chiral nematic structure is
comparable to the wavelength of light (Figure 2.6 A). Such structures can be approximated
as Bragg diffractors of finite thickness with repeating units every half-pitch. Superimposing
numerous interferences from the inside of the film, the reflected wavelengths can be calculated
to be λ = navg× p×cos(θ), where navg is the average refractive index, p is the chiral nematic
pitch, θ is the angle between the direction of incident light and the helical director m. [92]
This can be further simplified by assuming an illumination and reflection at (θ = 0 ◦), giving
an easily applicable equation; λ = navg × p.

However useful this model is, it is an oversimplification that does not account for the
reflected light being circularly polarised. Whether LCP or RCP light is reflected depends
on the handedness of the helicoidal structure (Figure 2.6 B, C, E). For example, only LCP
light is reflected by CNC films as they have a left-handed helicoidal structure, while only
RCP light comes back from the hydroxypropyl cellulose samples as they have a right-handed
helicoidal structure. [13, 47, 65, 93] Light of opposite handedness compared to the structure
is simply transmitted. Such observations can be explained by more sophisticated analytical
or numerical methods. [94–99]

De Vries in 1951, [97] considering the chiral nematic LC as a stack of infinitesimally
thin layers of different refractive indices corresponding to the chiral nematic LC, provides a
solution to the Maxwell’s equations in this geometry. This approach describes why LCP, but
not RCP, light is reflected by CNC films as well as it can be used to calculate the expected
reflectance spectra (Figure 2.6 D). [98] The type and the amount of light reflected thus
depends on many parameters such as the angle θ between the angle of the incident light and
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Figure 2.6 Structurally coloured CNC films. A A photograph of a structurally coloured dry
CNC film. B, C Polarised optical microscopy reveals that the colour is only present in the
LCP channel, with RCP light not being reflected. D Corresponding reflectance spectra show
that such films selectively reflect 100 % of the LCP light of the appropriate wavelength. E
A cross-section of a structurally coloured CNC film. Data for this figure was provided by
Benjamin Droguet, Yusuf Hamied Department of Chemistry, University of Cambridge.

helical director m, the average refractive index navg, birefringence, thickness, the pitch and
handedness of the chiral nematic-like structures. [91, 97, 98, 100]

In fact, by combining linear polariser and quarter-waveplate in a particular arrangement,
it is possible to characterise such samples in detail (Figure 4.1). The reflected LCP or RCP
light can be distinguished by a quarter-wave plate followed by a linear polariser (Figure
2.6 B, C, D). The quarter wave plate induces a phase delay of π/2 which, as described above,
will transform LCP and RCP light into LP light which would oscillate in different directions.
Then a linear polariser oriented at −π/4 would allow only the light which was originally
LCP to pass through and +π/4 orientation only for RCP. When such optical components are
combined with a microscope and spectrometer, the reflected wavelength and its reflectance
can be measured as well as the handedness (Figure 2.6 D). Such measurements can now be
easily compared to computational calculation. [101]





Chapter 3

Current state of ChNC research

3.1 Motivation for studying chitin

Chitin is an amino polysaccharide which is biologically active, unlike cellulose. [102]
Chitin (and chitosan) can be used as materials that promote wound-healing and improve
cosmetic skin restoration. [102–104] This polysaccharide exhibit hypolipidemic activity,
when ingested as dietary fibre, as well as increases lipid digestion, as confirmed by in vivo
and in vitro experiments. [102, 105] When tested for antibacterial and antifungal properties,
chitin and especially its derivative chitosan show strong effects. In addition, plant germination
and growth can be improved by coating seeds with chitosan. [102, 106]

In nature, chitin is widely associated with various proteins. In the phylum of Arthropoda,
various structural proteins in the cuticle have a highly conserved chitin binding motif.
[107, 108] Better understanding chitin and ChNCs will enable to approach the study of
chitin-protein interactions from a materials science perspective to better understand the
function of such interactions in nature. There is also a potential in harvesting the knowledge
of such chitin-protein interactions to produce high-end functional products. [109, 110]

Chitin nanocrystals (ChNCs) have better thermal stability in comparison to cellulose
nanocrystals (CNCs). [111–113] The latter material suffers from a decreased thermal stability
partly because of the sulphate half-ester groups, which are grafted onto cellulose surface
during the nanocrystal preparation. The temperature of degradation for CNC is 250 °C while
that for ChNC is 280-300 °C. In addition, chitin has a better stability than cellulose when
exposed to chemicals, in particular to alkali, which originates from a much tighter chitin
hydrogen bonding network. [15, 114] The hydrogen bonding makes chitin less prone to
swelling in water than cellulose.

ChNCs have an advantage when considering the sustainability and cost of production
of the material. While 3.0 M (10 wt%) HCl is commonly used to produce ChNCs, 64 wt%
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H2SO4 is required to prepare CNCs, at comparable solid-to-liquid ratios. The acid used
in the process is hard to recover and usually discarded. [10, 115] Furthermore, there is a
promising emerging way to sustainably obtain chitin from insect farming, since they grow
fast and could produce chitin in large quantities. Insect farming is promising for their high
protein yield per area when compared to other protein sources: mealworm requires 18 m2 to
produce 1 kg of protein, which is significantly lower than 200 m2 per kg required for obtain
beef protein. [116] The other advantages include lower light and water consumptions as well
as a sustainable source of food (e.g., crop waste). [117, 118] Chitin constitutes 5 to 10%
of insect dry mass and can be easily separated as evidenced by the successful bio-refinery
approach to separate proteins, lipids, and chitin from black fly pupae. [118, 119] Besides,
growing insects molt frequently, leaving behind chitin-rich shells, which can be harvested
directly for chitin. Improving the value of chitin products is one of the steps to promote
insect farming industry.

ChNCs much like CNCs exhibit liquid crystalline properties. [7, 10] However, many
fundamental questions still remain unanswered and, in this respect, ChNCs can serve not only
as an interesting yet less explored system on its own right, but also as a valuable comparable
system to evaluate the generality of the theories of colloidal self-assembly established on
the grounds of only CNCs. This is especially true when considering the enigmatic origin of
chirality in the liquid crystalline phase for these polysaccharide nanocrystals.

ChNCs have an amine and amide functional groups in addition to hydroxy groups and as
such offer additional interesting routes for chemical modifications in comparison to CNCs.
The possible routes take advantage of this property are addressed in more detail in Section
3.5.

Lastly, there are other interesting findings where chitin outperforms cellulose, and these
are, where appropriate, mentioned in the text that follows.

3.2 ChNC preparation

3.2.1 Hydrolysis in hydrochloric acid

The most common preparation strategy to convert chitin into ChNCs employs acidic hy-
drolysis in hydrochloric acid (HCl). In general, chitin is hydrolysed at 2.5 - 4.0 M HCl
at temperatures varying from 90 to 104 °C (i.e., reflux) for 1 to 6 hours. [8, 10, 21, 23–
25, 33, 61, 120–123, 123–139] While many studies successfully prepare discrete ChNCs
dispersed in an aqueous solvent, there is a considerable variation in reported nanoparticle
size and shape. Although ChNCs polydispersity in size can contribute to this variation, even
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the average values fluctuate: 200-800 nm in length and 3-60 nm in width; this is despite the
apparently similar preparation conditions used in the process, making it virtually impossible
to disentangle the relationship between the slight alterations to the reported preparation
conditions and nanoparticle characterisation. The difficulty in characterising ChNCs by
means of TEM and AFM complicate the extraction of meaningful relationships between
preparation conditions and resulting properties. In fact, the issues with characterisation
of polysaccharide nanoparticles are now recognised in the established field of CNCs and
efforts to standards the methodologies are emerging. [140–142] Additionally, the nature of
the manuscripts for publishing does not encourage negative results or issues despite their
usefulness; such accounts are only rarely reported, e.g., a notable material sedimentation
after ChNC preparation at commonly used conditions. [33] Moreover, there appears to be
conviction in the literature that 3.0 M HCl concentration is optimal in preparing ChNCs, in
spite of the lack of studies on the effects of acid concentration on ChNC properties. Given
that chitin dissolves only above 8.0 M HCl aqueous solution,[143] the hydrolysis at higher
acid concentrations than 3.0 M (or lower) could produce useful ChNCs with unusual physical
properties.

3.2.2 Alternative methods

The use of sulphuric acid, which is commonly used to prepare CNCs, has only been recently
reported to be suitable to ChNCs. [144] The reaction conditions employed were much milder:
3.0 M H2SO4 at 95 °C for 12 hours in comparison to 64 wt% H2SO4 at 60 °C, 1 hour used
to prepare CNCs. [115] On the other hand, using sulphuric acid concentration of 64 wt%
can also be used to prepare ChNCs, however, the STEM images presented, under closer
inspection, show a significant number of bundles and aggregates. [145–147]

Seemingly more sustainable, yet more expensive, routes employ oxidation reactions.
The radical catalyst 2,2,6,6-tetram-ethyl-piperidinyl-1-oxyl (TEMPO), in combination with
NaClO and NaBr, can act as a co-oxidant in a reaction converting the primary hydroxy
into the carboxy moiety. [148] When the degree of oxidation, adjustable by NaClO/chitin
ratio, becomes sufficiently high, a large number of carboxy groups provides a strong enough
electrostatic repulsion for mechanical agitation to be able to break chitin into well dispersed
ChNCs. Such a TEMPO-mediated oxidation allows to obtain 15 nm wide and 270 nm long
ChNCs on average. [148] However, extremely high surface charge values are required to
prepare ChNCs in this way; lower oxidation values produce chitin nanofibers (i.e. extremely
long and aggregated fibrils of chitin). A variation of the TEMPO based system, involves a
laccase enzyme to produce carboxylated ChNCs. [149] Due it its large size, chitin cannot
access the active site of the laccase enzyme, but TEMPO is able to mediate the electron
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transfer to oxidize chitin primary alcohol. An alternative milder approach utilized ammonium
persulfate as an oxidant without the need of TEMPO to prepare carboxylated ChNCs, offering
a more sustainable and economical route. [147] Lastly, even hydrolysis of mechanically-
defibrillated chitin in H2O2 was shown to be able to prepare carboxylated ChNCs, which
may become a more sustainable route in the future. [150]

A high surface charge, that facilitates conversion of chitin into ChNCs, can be also
obtained by partial chitin deacetylation. [44] When controlled deacetylation is carried out,
only surface amides to amines are converted, and at acidic pH the resulting large number
of the amino groups provided a positive surface charge sufficiently large for mechanical
agitation to break chitin into discrete ChNCs. This methodology, in principle, is analogous
to carboxylation methods presented above, however, while carboxylation provides a negative
surface charge, deacetylation gives rise to a positive surface charge. Nevertheless, the surface
charge values are relatively large and may not be conductive for liquid crystalline behaviour
of such ChNCs. Using lower surface charges, however, usually leads to production an
entangled network chitin nanofibers or barely de-fibrillated chitin.

An alternative greener and more sustainable approach utilises deep eutectic solvents,
composed of choline chloride and organic acids, to produce ChNCs. [151, 152] While the
research in the use of such solvents is only now emerging, by altering the solvent systems and
reaction temperature, the average produced ChNCs could be tuned to have the average length
from 250 to 750 nm, and the average diameter of 45 nm. [151, 152] While the self-assembly
properties of so prepared ChNCs have not been investigated yet, they were shown to be
promising in stabilizing emulsions.

It is noteworthy to stress that virtually all the work related to chitin nanocrystals (ChNCs)
is performed using crustacean derived chitin, which is partially because of its facile commer-
cial availability. However, a significant variability in chitin physical properties originating
from the chitin source can be expected, which is also supported by studies on CNCs pro-
duced different sources. [19, 31] The reports regarding ChNCs prepared from insects are
virtually absent despite their abundance in variety and biomass. [118] In contrast, chitin and
chitin nanomaterials extracted from fungi have started to grow in popularity, with exciting
properties such as chitin nanopapers produced from fungi showing superior tensile properties
compared with the crustacean derived analogous. [153–156] However, only a single study
to date, have prepared actual fungal ChNCs. [157] The nanoparticles were prepared via
acid hydrolysis at 3.0 M HCl at reflux for 90 minutes, and the resulting fungal ChNCs were
reported to be 143 ± 24 nm long and 10 ± 2 nm wide, however, TEM images provided appear
to be over-crowded and images at lower magnification indicate a lot of nanoparticles which
are 1-2 µm long. Nevertheless, the use of such fungal ChNCs as a liquid crystalline material
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was not explored, yet these results suggest that unique liquid crystalline properties can be
expected.

3.2.3 CNC preparation

In contrast, the field of CNC research is well advanced, partly because of the studies, where
the cellulose source, reaction temperature, duration, acidity. and the post treatment by tip
sonication were systematically investigated and related to the physicochemical and self-
assembly properties. First of all, it is well established that different sources of cellulose
(e.g., cotton, wood pulp, ramie, etc.) will result in different sizes and shapes of CNCs even
under comparable experimental conditions. [31, 32, 115, 158] When the same cellulose
source is used, increasing reaction duration from 10 to 240 minutes, while keeping the
temperature constant at 45 °and sulphuric concentration constant at 64 wt %, the CNCs
produced decreased in length from 390 nm to 177 nm. [115] The reduction in length was
most prominent during the initial 60 minutes of the reaction, followed by levelling off.
The suspension, which was prepared by hydrolysis for only 10 minutes, was deemed to be
underhydrolyzed, as it did not exhibit liquid crystalline properties. [115] Increasing acid
to cellulose ratio is another strategy to reduce the average length of the CNCs. [32] By
increasing the reaction temperature, the reaction ran a risk of over-hydrolysis (i.e., cellulose
turning black) and similar results could be achieved by simply adjusting the reaction duration.
When the reaction duration was fixed to 30 minutes, and temperature altered from 45 to
72 °C using 65 wt% sulphuric acid, the nanoparticle length shifted from 141 to 105 nm.
[31] When considering these results, it is important to note that when applying apparently
equivalent CNC preparation methods (45 °C, 64 wt% sulphuric acid, 30 minutes, cotton
as cellulose source), the average reported values in two separate studies were 141 nm and
276 nm. [31, 115] The differences in the average values could originate from different tip
sonication treatments and differences in sample preparation for TEM imaging and the result
analysis. In fact, the energy input by tip sonication drastically reduces CNC dimensions,
improving their dispersibility; however, there were associated increase in conductivity and
decrease in pH, which are difficult to explain. [65, 75] Ultimately increased tip sonication
application, resulted in self-assembly at higher concentrations and larger chiral nematic pitch,
resulting in red-shifting in reflectance of the produced solid-state films. The surface charge
of CNCs results from the sulphate half-ester groups which are grafted during the hydrolysis
in sulphuric acid: in general, it is observed that the harsher reaction conditions lead to higher
surface charge, independently of the other mentioned changed. Lastly, a recent study showed
that by repeated separation of the anisotropic and isotropic phases, in different fractions the
average nanoparticle size and their polydispersity can be tuned. [40] This approach allowed
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to alter nanoparticle dimensions, while maintaining constant surface charge, which is not the
case when the reaction conditions are changed. [31, 32, 115, 159]

Overall, these studies show that by altering the reaction conditions, the physical dimen-
sions of CNCs can be tuned and as a results their ability to self-assemble into a chiral nematic
state. Even with these optimisation studies, there is still a great variation in the CNCs that are
commercially available despite apparent similarity in their reported preparation conditions.
[142] Some of the issues originate from the inherent difficulty in characterising the material
and, therefore, the standards are becoming to emerge. [140, 141] It is worth noting, that the
concept of ideal CNCs, as well as ChNCs, is difficult to apply as it not only depends on
the intended material use but, even for self-assembly applications, the "best" combination
of physicochemical parameters is difficult to tell. If the material is intended to be used in
lubricants, Pickering emulsions, or polymer fillers, a high yield may be chosen at the expense
of dispersibility. On the other hand, for the liquid crystalline studies, it may be tempted
to aim for completely individualized nanoparticles, however, the nanoparticle bundles may
be critical in forming the chiral nematic liquid crystalline state. [160] Nevertheless, it is
clear that cellulose needs to be sufficiently hydrolysed for it to be colloidally stable and to
start forming liquid crystalline state. [115] In addition, even for the applications relying
on self-assembly, depending on the nanoparticle properties larger or lower chiral nematic
pitches can be attained or the development of the liquid crystalline phase can occur at lower
or higher concentrations. [7] In essence, the ideal combination of parameters for ChNCs or
CNCs should be considered synergistically to adapt the system for the desired application,
yet liquid crystalline properties of CNCs and ChNCs are not fully understood and, in the
case of ChNCs, the in-depth studies on ChNC preparation conditions relating to colloidal
and liquid crystalline properties need to be done for such a selection to be possible.

3.3 Liquid crystalline properties of ChNCs

While there are numerous reports demonstrating the successful production of ChNCs, only
a handful investigates their liquid crystalline properties. [8, 10, 24, 33, 61, 137, 161] The
most notable researchers who shaped the current understanding of ChNC self-assembly are
R.H. Marchessault, J.-F. Revol, J. Li, and E. Belamie. Even in these magnificent pieces
of work, there is an unexplained variation in preparation in methodology with 2.5-4.0 M
HCl at 90-104 °C and 90-180 minutes duration being used. Nevertheless, the preparation
conditions generally yielded discrete ChNCs polydisperse in size, ranging from 50 to 300 nm
in length and average width of 7 nm. ChNC suspension prepared in this manner were shown
to separate into isotropic and chiral nematic phase at various nanoparticle concentrations,
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which depended on pH and ionic strength, though the concentration range of interest was
within 2 to 10 wt%. The effect of ionic strength and pH are much better explored in terms of
the phase separation, while their effect on the chiral nematic pitch was not studied in depth,
i.e., it was shown that by varying pH the chiral nematic pitch can be tuned from 250 µm to
20 µm in liquid state. [33] The values are significantly larger than what is attainable with
CNCs, where 80-5 µm are normally achieved. [7, 46] Interestingly, only a single mention, to
the best of our knowledge, exists on the possibility to retain the helicoidal architecture in
the solid state upon ChNC evaporation: a drop of ChNC suspension upon drying showed a
helicoidal pitch of 5 µm, [10] which is significantly larger than what has been reported for
CNC films. [7, 46] Given the extremely large pitches achievable using ChNCs but not CNCs,
it opens a niche for its exploration as a functional material. In addition, it poses the question
whether the structural colouration readily obtainable using CNCs, can ever be obtained using
ChNCs as well as whether there is a fundamental difference between ChNC and CNCs that
results in such a large difference in the chiral nematic pitch as noted above. [162]

Overall, a handful of publications on ChNC self-assembly shows a stark contrast with
a vast literature and numerous research groups working on CNC self-assembly, where the
effect of material sources, preparation conditions, formulation parameters, additives, and
miscellaneous treatments have been studied in function of CNC self-assembly for years and
are well reviewed. [7, 46, 163] Although the general principles of self-assembly learnt from
CNCs can be applied to ChNCs, there are plenty of differences which are not trivial to account
for (e.g., significant differences in nanoparticle size, surface charge and its nature, preparation
conditions, formulation parameters, chiral interactions in chiral nematic among many more).
Therefore, in order to move forwards with preparing functional ChNC materials and to probe
fundamental questions about the nature of self-assembly, it is imperative to establish to
study ChNC self-assembly directly, for which the relationship between ChNC preparation
conditions and their colloidal and liquid crystalline properties need to be established. It
is worth mentioning that due to the lack of understanding it is not clear whether longer or
shorter, more or less charged nanoparticles will assemble with larger or smaller pitch and
more or less homogenous structure.

3.4 Other interesting applications of ChNCs

Beyond their ability to self-assemble, ChNCs are interesting for a number of other properties,
with their ability to stabilise oil/water emulsions being worth a mention. [164–167] The
food, cosmetics, and pharmaceutical industries heavily rely on emulsions in their products
and while conventional molecular surfactants are still heavily used, a different type of
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emulsions, known as Pickering, offer better stability even at low particle loading because of
the irreversible adsorption of nanoparticles at interfaces, allowing to use smaller amounts
of the stabilizer and thus making products not only cheaper but also more environmentally
friendly. [139] In this respect, ChNCs have been shown to effectively stabilize oil/water
emulsions, with factors such as nanoparticle size, surface charge, and formulation variables
(i.e., ionic strength and pH) being important. At optimized conditions, ChNCs have surpass
all the previously reported bio-based nanoparticles, even cellulose based ones, at emulsion
stabilisation. [164]

Furthermore, emulsions prepared using ChNCs can be processed to produce porous
functional aerogels. [168–170] Highly porous ChNC aerogels can then be carbonized to
produce porous carbon, with a large surface area, which is a promising material as filter
media, electric double-layer capacitors and highly efficient catalysts. [170] Aerogels and
hydrogels made of ChNCs have also showed an exceptional performance in catalysing the
aqueous Knoevenagel-condensation reaction. [171] The catalysis was chitin specific, as
cellulose based analogous aerogels showed no catalytic activity.

Hydrogels can also be produced using ChNC suspensions. [172] One approach is to
expose the suspension to ammonium vapor to quickly turn it into a gel. [161] Interestingly,
this method can be used to prepare ChNC hydrogel with the chiral nematic architecture,
which was used to explore of producing mechanically anisotropic composite materials by
performing in-situ biomineralization of CaCO3. This approach inspired by biomineralization
is promising for the design of mechanically stable inorganic/organic hybrid materials and
indicates the scope for such hydrogels for in-situ synthesis of, e.g., plasmonic nanoparticles
in a chirally structured template.

ChNCs have been used in nanocomposites with synthetic polymers as a matrix. For
example, a successful incorporation of ChNCs into latex of unvulcanized and prevulcan-
ized natural rubber improved the mechanical performances of the composite. [122, 173]
The improved mechanical performance depended on the distribution of ChNCs and their
interfacial interaction with the matrix. In fact, ChNC were successfully incorporated in vari-
ous polymer matrixes, e.g., poly(styrene-co-butyl acrylate), poly(caprolactone), soy protein
isolate, poly(vinyl alcohol), chitosan, silk fibroin, alginate, starch, hyaluronan-gelatin, and
waterborne polyurethane. [21, 139, 153]

Using ChNCs, a bio-inspired material was produced by adapting the strategy used by
barnacle to adhere to rocks. [109] The adhesion originates from the specific chitin and protein
interactions, which was mimicked by mixing ChNCs with hen egg white lysozyme in its
amyloid form, resulting in bio-colloidal green adhesives. [109]
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Lastly, ChNCs can serve well as a scaffold for enzymes. For example, porcine pancreatic
lipase (PPL) can be linked onto ChNC surface. [174] Not only it allowed the expected
reduction reaction to happen, attachment to ChNCs proved to make the enzyme less sensitive
to pH and temperature, when compared to a free enzyme. [174] The use of ChNCs as a
scaffold for enzymes also allowed easier retrieval of the enzyme after use.

3.5 Potential for ChNC chemical modifications

Chitin present a number of ways that it could be chemically modified to improve the material
performance. Interesting properties which could be modified include metal ion binding,
solubility in various solvents, thermal and mechanical durability, and altered self-assembly.
A number of reaction may be used to functionalise chitin, thanks to the hydroxy and amine
functional groups exposed to the fibril surface. The amine group is especially interesting as
gives opportunities to perform reactions not readily available with cellulose. The reactions
that could be carried out include a number of traditional reactions such as deacetylation,
acylation, N-Phthaloylation, tosylation, alkylation, Schiff base formation, reductive alkyla-
tion, carboxyalkylation, silylation, sulphonation. [137, 175] A few reaction groups will be
reviewed in more detail, though for a much more expansive introduction to the topic, the
reader is directed to specialised excellent reviews on the topic. [102, 175–178]

The first thing to consider though is that chitin is insoluble and so most of the reactions
must be carried out heterogeneously. Insolubility may result in problems with controlling the
extent of the reaction, distribution of the modifications and may especially be an issue when
working with polymer grafting onto chitin. [176] The chemical surface modifications of
ChNCs are much more promising because of their high dispersibility and large surface area.
While the number of hydroxy groups is fixed, the number of amine groups can be tailored by
a process called deacetylation - a most commonly encountered chitin chemical modification.

3.5.1 Deacetylation

The most obvious modification that can be done on chitin, and thus ChNCs, is their deacetyla-
tion using a strong alkali. [25, 175] Chitin can be completely deacetylated when subjected to
40-50 wt% alkali (e.g., NaOH, KOH) at 80-160 °C for several hours. [15, 102, 175] Chitosan
prepared in this way has virtually all of the amides hydrolysed (or deacetylated) to amines,
making the polymer highly soluble in acidic aqueous condition and serving as an important
polysaccharide for many studies of chemical modifications. In contrast, partial deacetylation
can be achieved at 20-30 wt% of alkali where only the surface amides are relatively slowly
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hydrolysed into amines. [24, 25] Though the degree of deacetylation levels off to about 40
%. Not only deacetylation allows to easily increase the surface charge of ChNCs, but also
provides additional sites for interesting chemical modifications.

3.5.2 Schiff base formation

The Schiff base formation refers to reactions, where amines and carbonyls react to form
imines. These reactions usually take place under mild conditions and the imine formed
can then be easily reduced with mild reducing agent such as sodium cyanoborohydride
or a slightly more aggressive but less selective sodium borohydride. [176] This pathway
allows to selectively produce a variety of N-alkyl derivatives. [102, 175–177] One of the
examples uses Schiff base formation in reductive amination reaction to produce a secondary
(more nucleophilic) amine, followed by direct alkylation to produced quaternized amines on
chitosan to make them charged irrespective of pH. [179]

Schiff base formation can also be used to protect more reactive amine groups so that the
reactions would take place on hydroxy groups. Aldehydes, and especially N-aryl aldehydes,
work great at protecting amines and thus making only hydroxy groups accessible for reac-
tion. The deprotection can then be carried out at acidic pH, giving O-substituted chitosan
derivatives with free amine groups, which help with solubility at acidic pH. [176]

3.5.3 Click chemistry

Click chemistry refers to a set of near perfect reactions, in which two components exclusively
react with each other, and are less traditional reactions, which usually quick, occur at low
temperatures and moderate pH values as well as give high yield and are insensitive to water
and oxygen. [176] Such reactions include cycloaddition reactions (e.g., Huisgen reaction,
hetero-Diels-Alder reaction), nucleophilic ring-opening reactions in strained heterocyclic
electrophiles, carbonyl chemistry of the non-aldol type, and additions to carbon-carbon
multiple bonds. Using click chemistry, chitosan derivatives with tunable thermosensitive,
photochromic, pH-sensitive, solubility properties can be prepared. [176, 180, 181] For
example, copper-catalysed azide-alkyne [3+2] cyloaddition reaction can be used to attach
various functional moieties to chitin and chitosan after amine was converted to azide. [178]

Click chemistry is highly used in grafting polymers onto chitosan backbone. These
reactions allows to selectively obtain N- or O-grafted chitosan-g-poly(ethylene glycol). [102,
175–177] PEGylated chitosan has been considered as a bioactive delivery carrier for insulin,
DNA, heparin, and albumin, among other. [102, 175–177] In addition, click chemistry can
be an excellent tool, which was shown to be useful in grafting various homopolymers grafted
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onto the chitosan backbone, such as poly(N-isopropyl acrylamide), β -cyclodextrin (on O-6
position or the amine), poly(caprolactone), and others. [102, 175–177] For example, this
approach was used to produce chitosan-poly(ethylene glycol) hybrid hydrogel microparticles,
which were then conjugated with single-stranded DNAs via click chemistry via amine. [182]
There are other chitosan derivatives developed via click chemistry reactions, exhibiting
properties like antimicrobial, antifungal, enhanced solubility in acidic and basic conditions,
antigen detection, coupling to graphene sheet and chitosan functionalized multi-walled
carbon nanotubes. [176]

3.5.4 Inspiration from protein chemical modifications

A lot of inspiration for chemical modifications of chitin and chitosan can be drawn from
protein and peptide chemistry as these reactions are often conducted on amines (via lysine)
in aqueous and mild conditions required not to damage the protein. [183–185] In addition,
the reactions are made to be chemoselective due to the presence of many alternative reactive
functional groups (e.g. -SH, -OH). Possible reactions via amine can occur with electrophilic
reagents such as activated acids, vinyl sulfones, sulfonyl chlorides, iso(thio)cyanates, and
squaric acids. Alkylating chemicals, such as cyclohexene sulfonamide derivatives, can be
used for the site-selective labelling of lysine in human serum albumin (HSA). [183] Indeed,
the modification of amine on lysine is often the first of reaction, followed by a second
bioorthogonal reaction (e.g., click chemistry). For example, a 6π-aza-electrocyclization
reaction can be used for the asymmetric synthesis of pyridine/indole alkaloid-type natural
products onto proteins. Another method for selective lysine chemical modification involves
the use of 2-imino-2-methoxyethyl reagents (IME) through the formation of an amidine
linkage. [183] Lastly, amines can also be easily arylated using a palladium mediated reaction.
[185]

The number of available chemical modification strategies of chitin, chitosan, and ChNCs
by relying on the amine, provide the potential for required properties to be imparted onto
material. It may be of particular interest to consider such reactions in-situ in ChNC hydrogels
with the preserved chiral nematic liquid crystalline state. [161]





Chapter 4

Experimental section

4.1 Chitin purification

4.1.1 Shrimp chitin

As received, shrimp chitin (Shrimp shell chitin, practical grade, Sigma-Aldrich) had a yellow
colour as well as a shrimp-like odour. Thus, before use it was purified by a modification of
previously reported methodologies. [120, 186]

1. Acid bath. Chitin powder was stirred in aqueous HCl (0.1 M, Sigma-Aldrich) at room
temperature for 6 hours. Solid to solution ratio was 1 g to 30 mL. The pH did not
change as measured using pH-indicator paper. The chitin solids were washed thrice
by centrifugation (25 kg, 4 ◦C, 30 min) with the pellet being redispersed between
the successive runs in Milli-Q water (Millipore Milli-Q gradient A10, resistivity >18
Mω/cm) .

2. Base treatment. Chitin pellet was treated with aqueous NaOH (5 wt%, Sigma-Aldrich)
with NaBH4 (0.3 wt%, Acros Organics) at 80 ◦C for 3 hours while stirring. Solid to
solution ratio was 1 g to 20 mL. The reaction mixture was quenched by dilution with
Milli-Q water. The solids were collected and washed as above.

3. Bleaching:

(a) Acidic bleaching. Chitin was stirred in aqueous NaClO2 (0.3 wt%, Sigma-
Aldrich) at 80 ◦C for 3 hours. Solid to solution ratio was 1 g to 15 mL. The pH
≈ 3 was maintained by drop-wise addition of glacial acetic acid which resulted
in bright yellow colouration of the reaction mixture, which paled over time.
The reaction mixture was then purged with N2 gas while cooling down to room
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temperature. The solids were collected and washed as above. This treatment was
used for samples prepared in Sections 5.1, 5.2, 5.3.1.

(b) Basic bleaching. Chitin was stirred in H2O2 solution (2.5 wt%) at 80 ◦C for
3 h. The pH ≈ 10 was maintained by drop-wise addition of NaOH solution.
The reaction mixture was then allowed to cool down to room temperature. The
solids were collected and washed as above. This treatment was used for samples
prepared in Sections 5.3.2.

After purification, chitin was pelleted by centrifugation and then dialysed against Milli-Q
water changing it once per day (Regenerated Cellulose dialysis tubing, MWCO 12-14 kDa,
Scientific Laboratory supplies). Dialysis was stopped when the conductivity of the dialysis
bath did not change overnight. Chitin slurry was then concentrated to a pellet (∼ 10 wt%) by
centrifugation and kept in fridge at 4 °C.

4.1.2 Fungal chitin purification

Fungal chitin was isolated following an analogous protocol to shrimp chitin. The starting
material was the common white mushroom, Agaricus bisporus, acquired form a local supplier.
They were first washed under warm tap water to remove debris, then boiled in tap water for 1
hour and collected. They were then blended in tap water using a household stick blender,
yielding a purée, which was further boiled in water for 1 hour. The solids were collected and
pressed in a nylon cloth (40 µm mesh) to obtain a brownish-grey pulp. This was then subject
to three rounds of base treatment and basic bleaching as described above for the purification
of shrimp chitin.

After purifications, fungal chitin was pelleted by centrifugation and dialysed against
Milli-Q water changing it once per day. Dialysis was stopped when the conductivity of the
dialysis bath did not change overnight. Chitin slurry was then concentrated to a pellet (∼ 10
wt%) by centrifugation and stored at < 4 °C.

4.2 Concentration measurement

All chitin and ChNC weight fractions were measured by drying three to five aliquots in the
oven at 55 ◦C until the mass became constant (usually 12 hours was sufficient). The samples
were allowed to cool down to room temperature in a desiccator before the mass was recorded.



4.3 Chitin hydrolysis to ChNCs 37

4.3 Chitin hydrolysis to ChNCs

A never-dried, purified chitin pellet at a concentration of ∼10 wt% was preheated to around
70 °C. Aqueous HCl (37 wt%, Sigma Aldrich) was mixed with the required volume of Milli-
Q water minus the water included in the chitin pellet, such that, a final HCl concentration of
3.0 (or 5.0) M was achieved once chitin pellet was swiftly mixed into refluxing premixed
HCl solution. Although reflux was interrupted when chitin pellet was added, it started again
within 2 minutes. Thorough mixing was obtained using a mechanical overhead stirrer set
to ∼700 rpm. Final chitin solid to liquid ratio was 1 g to 30 mL. The reaction time was
commenced from the addition of chitin pellet. After a given time (60 - 540 minutes, with
typically 540 min being used), the reaction mixture was quenched by diluting it threefold with
ice-cold Milli-Q water. The solids were then washed and collected by centrifugation as above.
However, the solid pellet had to be vigorously shaken for a long time to completely resuspend
it in Milli-Q water. The resulting suspension was then dialysed against Milli-Q water until
the conductivity of the water bath did not change overnight. The resulting milk-white ChNC
suspension was dialysed against HCl (e.g. 1.0 mM HCl aqueous bath was used for 1.0 wt%
ChNC suspension placed in a dialysis bag) to achieve 100 mmolHCl/kgChNC until the dialysis
bath conductivity stabilised over-night. The prepared suspension was subsequently stored at
<4 ◦C. A drop of chloroform was added to prevent bacterial growth. The same procedure
was employed for both shrimp and fungal ChNCs.

4.4 Tip sonication

ChNC suspensions were treated with ultrasound by tip sonication (Fisher brand Ultrasonic
disintegrator, max power 500 W, tip diameter 12.7 mm). The machine was operated at 30 %
amplitude and in pulse mode (on:off = 10:15 s). All the samples were tip sonicated at a
ChNC concentration of 1.00 wt% in 200 ± 5 g portions. The container was kept in an ice bath
throughout to prevent the heating suspension. The resulting suspensions were then filtered
thrice through both 8.0 µm and 0.8 µm filter papers (SCWP, Merck Millipore Ltd., AAWP,
Merck Millipore Ltd., respectively).

4.5 Chitin deacetylation

Purified chitin was freeze-dried and then deacetylated in aqueous NaOH (40 wt%, 95 °C, 4h)
in the presence of NaBH4 (0.6 wt%). The chitin to solution ratio was 1 g to 25 g. Thorough
mixing was obtained using a mechanical overhead stirrer set to ∼700 rpm. The reaction was
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quenched by threefold dilution using ice-cold Milli-Q water. The solids were collected and
washed three times by centrifugation, as before. Deacetylated chitin was dialysed against
Milli-Q water changing it once per day. Dialysis was stopped when the conductivity of the
dialysis bath did not change overnight. The chitin slurry was then concentrated to a pellet
(∼10 wt%) by centrifugation and stored at <4 ◦C.

4.6 Chitin nanocrystal deacetylation

A chitin nanocrystal suspension at concentration of ∼10 wt% was extensively dialysed
against Milli-Q. The sample was then preheated to 70 ◦C and mixed with aqueous NaOH
solution heated to 90 ◦C. The final concentration of NaOH was 33 wt%. The ChNC to
aqueous NaOH solution (33 wt%) ratio was 1 g to 50 g. The reaction time was varied
in 1 hour intervals to react samples from 0 to 4 hours at 90 ◦C, with 0 hours indicating
the sample which was quenched immediately after mixing the ChNC suspension with the
NaOH aqueous solution. Once the reaction was finished, it was immediately quenched by
three-fold dilution with ice-cold Milli-Q water. The solids were collected and washed three
times by centrifugation as before. Deacetylated ChNC suspensions were dialysed against
Milli-Q water changing it once per day. Dialysis was stopped when the conductivity of the
dialysis bath did not change overnight. Then all the samples, at 1.0 wt%, were dialysed in
separate dialysis bags but in the same dialysis bath to set the ionic strength and pH with
50 mmolHCl/kgChNC.

4.7 Ionic strength and pH tuning

Ionic strength and pH were set by dialysis against a bath with precisely adjusted pH and ionic
strength using HCl (1.000 M, Titripur) and NaCl (1.000 M, Sigma Aldrich, Analytical grade).
The dialysis was performed by changing the dialysis bath water once per day until pH and/or
conductivity remained unchanged over night which typically took 7 days. The concentration
of ions, unless otherwise stated, is described using mmolelectrolyte/kgChNC indicating that the
ratio between ChNC and the electrolyte is maintained constant which imitates the drying
scenario.

The samples, which were investigated for effects other than the ionic strength or pH,
were dialysed in different dialysis bags but in the same dialysis bath at the same ChNC
concentration which remained virtually unchanged after dialysis. This was done to ensure
invariability in ionic strength and pH.
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Fungal ChNC suspensions with different amounts of surface charge and ionic strength
were prepared by adding pre-calculated amounts of NaCl and/or HCl into the suspension that
had been thoroughly dialysed against Milli-Q beforehand.

4.8 Chemical composition characterisation

All the samples analysed for their chemical composition were freeze-dried and ground using
mortar and pestle.

4.8.1 ssNMR spectroscopy

Cross-polarisation magic angle spinning 13C nuclear magnetic resonance spectroscopy (13C-
ssNMR) was recorded at room temperature using an Ultrashield 400 spectrometer (Bruker)
with a rotor spinning at 14 kHz. Glycine was used as a reference. Relaxation delay of 2 s and
a contact time of 1 ms were used for the acquisition of the spectra. [23] The experiments were
set up with the help from the members of Prof. M. Duer’s research group, Yusuf Hamied
Department of Chemistry, University of Cambridge.

4.8.2 Powder X-ray diffraction

The samples were analysed by powder X-ray diffraction with spectra recorded at 2θ angles
from 5 ◦ to 50 ◦ at 40 kV, 30 mA (Empyrean powder diffractometer, Malvern Panalytical).
Data was smoothed using the Savitzky-Golay method of third-degree polynomial with a
window size of 51. [23]

4.8.3 FTIR spectroscopy

Fourier Transform Infrared spectroscopy transmittance spectra was collected in the 600 -
4000 cm−1 range with 128 repeats and 4 cm−1 resolution (Spectrum 100 ATR spectrometer,
PerkinElmer).

4.9 UV-vis spectroscopy

UV-Vis spectra of ChNC samples were acquired at 1.0 wt% in a quartz cuvette in transmission
from 200 to 800 nm (Cary 4000 uv-vis spectrophotometer)
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4.10 Microscopy

4.10.1 TEM

Sample preparation and imaging

A drop of ChNC suspension at 0.001 wt% was deposited onto a glow-discharged carbon-
coated copper grid. After 90 seconds, the excess liquid was absorbed by using a piece of
filter paper. Then a drop of 2.00 wt% aqueous uranyl acetate solution was added onto the
grid for 90 seconds. The excess liquid was again removed using a piece of a filter paper. The
grid was then left in air to dry. The sample was observed using a Tecnai G2 transmission
electron microscope (FEI corp.) operating at 200 kV. Micrographs were recorded with a
CCD camera. TEM micrographs were acquired by Yu Ogawa, Gea van de Kerkhof and the
author of this thesis with the assistance of Heather Greer.

ChNC size measurements

TEM micrographs were analysed using ImageJ software. [187] The length and width of at
least 500 particles were measure manually. The average aspect ratio was calculated from the
individual aspect ratio of every particle, defined as the ratio between its length and width.
The graphs present average values as full circles with the standard deviations calculated
directly from the raw data and presented as error bars.

4.10.2 SEM

Sample preparation and imaging

ChNC solid-state films were pulled laterally until they fractured. ChNC flakes were then
attached on an aluminium stub coated with a conductive carbon tape. The flakes were
oriented so that the obtained cross-section could be imaged by SEM. The samples were
sputter-coated with a 10 nm layer of Au/Pd (Quorum Q150T ES). For every ChNC film,
several flakes were attached to the aluminium stub. SEM was performed using Leo Gemini
1530VP (Zeiss, Germany), operating at high vacuum mode at 3-5 kV with a 3-5 mm working
distance. The cross-sections which exhibited helicoidal (also known as Bouligand) structure
were analysed using ImageJ software, [187] The pitch was defined as twice the observed
periodicity. The reported pitch is an average of measurements taken from several different
flakes.
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4.10.3 AFM

Atomic Force Microscopy (AFM, Agilent 5500 SPM) with an AFM tip (OTESPA-R3) was
used to acquire the images. A square of MICA (1-4 cm2) was glued onto the glass slide using
a double-sided tape. Using a scotch tape MICA was freshly cleaved. ChNC sample (150 µL,
0.001 wt%, pH = 3) was deposited and incubated for 3 minutes before it was washed off with
1 mL of Milli-Q followed by drying with N2 gun. Then so prepared sample were then further
dried in the oven for 30 minutes at 50 ◦C. AFM raw data was analysed and processed using
Gwyddion 2.8. [188]

4.10.4 Optical microscopy

All optical microscopy was performed using a customised microscope (Zeiss, Axio Scope
A.1) (Figure 4.1).

Figure 4.1 Polarised optical microscopy set-up. Crossed-linear polarisation measurements in
reflection were acquired by only employing 1st and 2nd linear polarisers rotated perpendicular
to each other. Reflectance of LCP/RCP light was measured by employing only the 2nd linear
polariser and quarter-wave plate (abbreviated λ/4) rotated 45 ◦ to each other. Additional
rotation of quarter wave-plate by 90 ◦ allowed to select the reflected of LCP or RCP light
only.

For reflection measurements, bright-field imaging was employed with a 10x objective
(Zeiss EC Epiplan-Apochromat 10X/03 HD DIC 422642-9960). The microscope was aligned
before every session. [189] A halogen lamp (Hal 100) was used as a light source. The
images were recorded with a CCD camera (UI-3580LE, IDS). The colour balance was set
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against a standard white diffuser. Reflection spectra was collected using a spectrometer
(Avantes, Ava-Spec-HS2048) which was coupled in using various standard optical fibres
(e.g. FC-UV050-2 1305018). Spectra were normalised to the silver mirror (0.450 - 20 µm
wavelength range, PF10-03-P01). Plotted spectra were smoothed using Savitzky-Golay
method of third-degree polynomial with window size of 51.

Polarised optical microscopy in reflection with the sample placed between two crossed-
linear polarisers (xLinP) was carried out using two perpendicularly arranged linear broadband
wire-grid polarisers (WP25M-UB, Thorlabs) (Figure 4.1). The quarter-wave plate was not
used for these measurements. Measurements in transmission were carried out in an analogous
manner with the optical components and the light source, before the sample in reflection
mode, being arranged below the sample. A super long working distance objective of 20X
magnification was used (Nikon T Plan SLWD 20X/0.30, Japan).

Polarised optical microscopy with the selection of LCP or RCP reflected light was carried
out by arranging linear polariser 2 at 45 ◦ to the quarter-wave plate (λ/4) via motorised
controllers (Figure 4.1). The discrimination between LCP and RCP light was achieved by
rotating the quarter-wave plate by 90 ◦ using a motorised controller. Linear polariser 1 was
not used for these measurements.

Reported reflection spectra are selected to show typical measured spectra. For Figure 6.7
and Figure 6.6 average values of the peak positions are presented from at least 5 different
recorded spectra.

4.11 Casting solid ChNC films

ChNC dry films were prepared by drying ChNC suspensions (4.0 g of 2.0 wt%) in a
polystyrene Petri dish (35 mm inner diameter). Petri dishes with ChNC suspension were
stored in a plastic box covered with a perforated lid. It took around 7 days for the suspensions
to dry to form solid films.

4.11.1 Casting films on magnets

Some films were cast using magnets. Two different configurations were employed. Fungal
ChNC suspension was dried in a Petri dish placed in-between two nickel-plated neodymium
magnets (NdFeB, ref. F390-N42) of opposite polarity. Shrimp ChNC suspension (7.0 g, 2.0
wt%) was dried on a glass coverslip (Thermo Scientific Gold Seal, 48 x 65 mm, No. 1) which
was cleaned before with concentrated sulphuric acid for 1 hour and washed with Milli-Q.
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The coverslip was placed on the polymagnet (NdFeB, ref. 1000323, polymagnet) until the
suspension dried completely.

4.12 ChNC film deacetylation

ChNC films were deacetylated by immersing them in an aqueous NaOH (50 wt%) solution,
at 90 ◦C for 8 hours. Treated ChNC films were then extensively washed with Milli-Q water
until neutral pH and left to dry at ambient conditions in polystyrene dishes.

4.13 Colloidal properties

4.13.1 Dynamic light scattering and zeta potential

Suspensions were characterised at 0.1 wt%, 21 °C, pH ≈ 3.0 (Zetasizer 3000, Malvern
Instruments).

ChNC size was assessed by measuring Z-average in 3 repeats with 50 runs each. The
graphs report Z-average values measured values and include the standard deviation, depicted
as error bars. The standard deviation was determined by from the fitted normal distribution
to the fitted normal distribution curve to the intensity data.

ζ -potential was measured using the Smoluchowski correction function, by performing
three repeats with 50 runs each. The graphs are used to report average values with the
standard deviation, provided by the original software, are depicted as error bars.

4.13.2 Conductometric titration

A precisely weighed amount (at least 10 g) of ChNC suspension at 1.00 wt% was transferred
into a three-neck round bottom flask. 90 g of Milli-Q water was added. The suspension was
stirred and then 0.5 mL of HCl (1.000 M, Titripur) was added followed by 50 µL of 500 mM
NaCl solution. Conductivity measurements (InLab 752-6MM, Mettler Toledo) and the mass
of NaOH solution (0.1000 M, Titripur) were recorded after every addition.

Alternatively, an automated titration system was also implemented (Metrohm, Dosing
unit 807, 856 Conductivity Module). It was conducted in an analogous manner as the manual
titration apart from the incrementally additions of NaOH (10 mM, Titripur). The two methods
were consistent in the obtained experimental values.
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The graphs report the measured conductometric value with the error bars depicting an
estimated uncertainty of ± 20 mmol/kg to account from uncertainty in the concentration of
ChNC suspensions, and NaOH, HCl solutions used in the experiments.

4.14 Liquid crystalline properties

4.14.1 Preparation of dilution series

ChNC suspensions were concentrated using a rotary evaporator operating at 55 ◦C, ∼20 mBa.
To prevent ChNC skin formation on the flask, a hydrophobic perfluoroalkoxy alkane (PFA)
flask was used. The skin would still form at higher ChNC as the viscosity increased and so it
had to be closely monitored.

A concentration series was prepared by diluting a concentrated stock ChNC suspension
with Milli-Q water to achieve the desired concentrations. Therefore, every point from the
dilution series had a fixed ChNC to NaCl/HCl ratio. This approach allowed to replicate the
conditions experienced by the ChNC suspension during drying to form a solid-state ChNC
film.

4.14.2 Phase diagrams

ChNC suspensions, from the concentration series, were drawn into round glass capillaries
(1.3 mm inner diameter). When capillary forces were insufficient, a low vacuum pump was
applied to the end to draw in the suspension. The capillaries were sealed from both sides with
nail varnish or candle wax. Capillaries were then left to stand vertically for a month to ensure
that the phase separation had reached an equilibrium. Any changes in ChNC concentration
due to water evaporation were corrected by comparing to lines, indicating the liquid-air
interface, drawn on the capillary sealing day. Overall, the capillaries have an air gap at the
bottom and top of the capillary and a ChNC suspension in-between, where the anisotropic
phase sediments to the bottom of ChNC suspension when and if the anisotropic phase is
formed.

Phase diagrams were obtained by observing the glass capillaries filled with ChNC
suspension between crossed linear polarisers with back illumination (Figure 2.5 A). The
photographs were taken with a standard camera (Nikon D3200, AF-S DX NIKKOR 18-55
mm f/3.5-5.6G VR lens) and further analysed using ImageJ software. [187] The anisotropic
volume fraction was taken as the ratio between the height of the bright region and the height
of the whole suspension. The graphs report values from a single series of experiments, except
for experiments used to study hydrolysis conditions, where the average of three analogous
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series is presented. The variation in the volume fraction in the anisotropic phase formed had
0-5 % standard deviation and therefore not included.

4.14.3 Pitch diagrams

Pitch diagrams were constructed by analysing the aforementioned capillaries by polarised
optical microscopy (POM). Capillaries were placed between two crossed-linear polarisers in
transmission and perpendicular to the observation direction. A super long working distance
objective with 20X magnification (Nikon T Plan SLWD 20X/0.30, Japan) was used to observe
the chiral nematic texture with the helix axis perpendicular to the viewing direction (Figure
2.5 B, C). No significant flow was observed when the capillaries were placed horizontally for
imaging. At least 5 images were taken from the top to the bottom of the anisotropic phase
for each capillary. To measure the chiral nematic pitch, the images were manually analysed
using ImageJ software. The periodicity of the observed fingerprint pattern was taken to be
equal to half the chiral nematic pitch. The graphs report average values with the standard
deviations being typically 5-10 %, which are not included not to over-clutter the graphs.





Chapter 5

From chitin to chitin nanocrystals

Generally, the phase separation of rod-like polyelectrolytes such as ChNCs and CNCs
depends on five parameters: the dimensions the particles, the shapes of the particles, the
polydispersity in particle size, the surface charge, and the ionic strength of the system.
[52, 58, 115] The first four parameters strongly depend on the nanoparticle preparation
conditions, which are not well understood in the case of ChNCs. Therefore, for ChNCs to
become regarded as an advanced functional and sustainable material, a good control over the
ChNC properties need to be attained, much like was achieved with CNCs (c.f. section 3.2.3).
The conversion of chitin to ChNCs typically involves three key processing steps:

• Acidic hydrolysis: to convert chitin into ChNC.

• Tip sonication: to disperse aggregates.

• Deacetylation: to control surface chemistry/charge.

Each step can have significant effects on the behaviour of the resultant ChNC suspension
and as such they need to be studied and optimised synergistically. Thus, in this chapter the
role of each step on colloidal and liquid crystalline properties is studied in detail, with key
parameters explored systematically. The reaction temperature was kept constant throughout
as it is more difficult to control, and it showed minimal difference in dimensions in CNC
studies. [159] The reaction duration was varied from 90 to 540 minutes to span over a long
range, and it is expected from CNC studies that the reaction starts to level-off. [115] Two
different HCl acid concentrations were studied (3.0 and 5.0 M) since 3.0 M HCl has been
used numerous times in successfully producing ChNC and a higher 5.0 M concentration to
understand its effects (at c.a. 8.0 M HCl chitin dissolves). [10, 143] Three tip sonication
times in large intervals were chosen to assess the effect that it will have on ChNC dimensions
as it was demonstrated before to influence CNCs. [75] The effect of the increased surface
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Table 5.1 A summary of ChNC suspensions prepared by various hydrolysis conditions. Tip
sonication time was applied to 200 ± 5 g of suspension at 1.00 wt%. *5M270 sample showed
significant discoloration, implying unwanted degradation or side-reactions, and, as a result,
was excluded from further studies.

Sample [HCl] Duration Temperature Tip sonication Yield
name (M) (min) (°C) (min) (by weight)
3M90 3.0 90 104 4.5 88
3M270 3.0 270 104 4.5 79
3M540 3.0 540 104 4.5 70
5M90 5.0 90 104 4.5 75
5M180 5.0 180 104 4.5 65

5M270* 5.0 270 104 N/A N/A

charge on the self-assembly was studied by using a controlled deacetylation reaction, which
cannot be studied using CNCs due to the origin of the surface charge. Lastly, given that there
is a significant variation in CNC physical dimensions based on the cellulose source, [31]
ChNCs were prepared using shrimp and mushroom as a starting material.

5.1 Acidic hydrolysis

Acidic hydrolysis is the first and most crucial step in converting chitin fibrils into ChNCs.
Reaction conditions such as acidity, duration, temperature, and reactant ratio can all have
an effect on the physical attributes of the resultant ChNC colloids. With many variables to
control, the reaction acidity and reaction duration were selected to be the key conditions to
investigate. These were selected as they can be directly controllable as well as the acidity
is expected to dominate the kinetics of the hydrolysis while the duration allows to probe
different stages of this reaction. In contrast, the reaction temperature (reflux at 104 ◦C)
and acid to chitin ratio (30 mL acid per 1 g chitin) were kept constant. This resulted in a
series of six samples prepared from different hydrolysis conditions (Table 5.1). To maintain
consistency, all the samples were post-processed following an identical procedure, namely
tip sonication to aid colloidal dispersion (i.e., 4.5 min) and at a defined ionic strength and pH
(i.e., 100 mmolHCl/kgChNC).

5.1.1 Chemical composition

During hydrolysis, the white chitin slurry developed an off-white colour which, to an extent,
persisted through to the final ChNC suspensions (Figure 5.4 A). However, 5M270 sample
turned dark brown-grey which suggested a significant degradation of chitin crystalline
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Figure 5.1 FTIR spectra of initial chitin and ChNCs. Vibrational stretches prove that the
original material as well as the prepared ChNCs are chemically comparable and consistent
with α-chitin structure.

structure or accumulation of side-reaction by-products. Consequently, it was excluded from
further studying. Nevertheless, purified chitin along the ChNC samples of the most extreme
conditions from each series, namely 3M540 and 5M180, were analysed for their chemical
composition.

Fourier-Transform Infrared (FTIR) spectroscopy was used to assess the reaction outcome
(Figure 5.1). The initial chitin as well as ChNCs prepared following the 3M540 and 5M180
protocols were found to exhibit comparable vibrational stretches, indicating that the molecular
structure was unaltered during the hydrolysis and furthermore is consistent with the α-chitin
allomorph. [16, 23] The vibrational stretches at 3440, 3260, and 3100 cm−1 correspond to
hydroxy O-H, and amine N-H symmetric and antisymmetric stretches, respectively. [16]
Weak peaks at ca. 2890 cm−1 were attributed to stretching of various C-H bonds. The pair
of peaks at 1660 and 1620 cm−1 corresponding to amide C=O stretching (amide-I) which
is split due to the hydrogen bonding and conformation in the α-chitin crystalline structure.
This splitting is absent in the β -allomorph. [16, 22] Another significant peak at 1555 cm−1

is also associated with N-H deformation (amide-II). [16] In summary, these results indicate
that the starting and the prepared samples are all composed of α-chitin with the molecular or
crystalline structure largely unchanged during the acidic hydrolysis.

The samples were further investigated by powder X-ray diffraction (pXRD) (Figure 5.2).
The diffractograms further validate that the starting material and the prepared ChNC samples
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Figure 5.2 pXRD diffractograms of chitin and ChNCs. The diffraction peak positions are
consistent with the reported values for α-chitin. The peak positions and broadness remain
invariant as a result of hydrolysis, suggesting no change in crystal structure or crystallinity.
The peaks are assigned in Table 5.2

Table 5.2 Assignment of diffractions peaks observed in pXRD diffractograms. These diffrac-
tion peaks are consistent with the α-chitin crystal structure and appear to be largely consistent
between chitin, and two most extreme ChNC samples, 3M540 and 5M180. [23]

Diffraction angle (2Θ°) 9.4 12.8 19.4 20.9 23.4 26.5
Assigned crystal lattice plane 020 021 110 120 130 013

were α-chitin. Another important parameter which can be inferred is crystallinity. Chitin is a
semicrystalline polymer with only part of it being comprised of ordered chitin chains which
give rise to diffraction peaks observed by pXRD. Crystallinity thus can be used to determine
the amount of the material that is crystalline with respect to the rest of the material. To assess
crystallinity quantitatively and reliably is challenging, however the qualitative comparison
can be done. [190] In fact, all the samples appeared to be similarly high in crystallinity,
which remained virtually unchanged upon hydrolysis. All the samples presented diffraction
peaks comparable in position and size to the starting material. These peaks indicate that all
samples and the starting material are highly crystalline (Table 5.2). [23] It should be noted
that the peaks are overall much wider than is commonly observed for inorganic crystalline
materials, which is a result of a finite crystal size or crystal imperfections of semi-crystalline
α-chitin samples. [191] For more quantitative interpretation of pXRD, tools are yet to be
developed to reproducibly extract the value of crystallinity of chitin and ChNCs.
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Figure 5.3 13C ssNMR spectra of chitin and ChNCs. The starting material and resulting
3M540 are identical and composed of chitin on a molecular level. Overall sharp peaks
indicate a high level of crystallinity.

With FTIR and pXRD indicating that the raw chitin feedstock and the resulting ChNC
are chemically identical, 13C ssNMR was performed on the starting material and ChNC
3M540 sample to assess purity and the molecular structure of the samples (Figure 5.3). The
peaks were assigned and fit well to the structure of chitin: 13C ssNMR (200 MHz): δ ppm
173.0 C (of carbonyl), 104.0 (C1), 82.8 (C4), 75.5 (C5), 73.0 (C3), 60.7 (C6), 54.9 (C2),
22.7 (C (of -CH3)). As expected, the starting material and 3M540 samples were composed
of chitin on a molecular level while sharp peaks overall indicate a high degree of crystallinity
which is in strong agreement with the FTIR and pXRD data. Elemental analysis (data not
shown) reported negligible amounts of ash indicating that purified chitin and the prepared
samples do not contain any mineral impurities.

In summary, acid hydrolysis of chitin does not affect the molecular or crystalline structure
significantly as evidenced by FTIR, pXRD, and 13C ssNMR analysis. It is worthwhile to
note, that chitin is not soluble and does not swell much in the acidic aqueous conditions
employed to produce ChNC, meaning that this reaction is heterogeneous. The chitin bundles
and fibrils can only be initially reacted at the surface with the reaction preferentially occurring
at more accessible regions, which have more amorphous character, rather than tightly packed
crystalline parts. There are two main reactions which are possible: amide hydrolysis and
hydrolysis of glycosidic bond. The latter reaction is thought to occur much more rapidly
in amorphous or strained regions of the crystal structure, thus allowing for the reaction to
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proceed and result in shortened chitin molecular chain lengths but leaving chitin otherwise
virtually unchanged. This thus allows to cut otherwise long fibrils of chitin into shorter lath-
like nanocrystals. Interestingly, any changes in crystallinity were insignificant, as otherwise
they would be evident by qualitative comparison of diffractograms (Figure 5.2), and correlate
well with the already high crystallinity of the starting material. The other possible reaction,
the hydrolysis of the surface amide functional groups does not appear to be happening
significantly enough to be observed at the resolution provided by 13C ssNMR spectroscopy.
In fact, it was semi-quantitatively determined, by comparing the integrals under the peaks,
that the initial chitin had around 98 % of amides and 2 % of amines and this ratio remained
unchanged after the acidic hydrolysis of chitin, which yielded ChNCs.

5.1.2 Colloidal properties

Figure 5.4 Turbidity of ChNCs prepared at different hydrolysis conditions. A A photograph
of ChNC 3M90, 3M270, 3M540, 5M90, and 5M180 (left to right) samples at 1.00 wt% after
shaking and then imaged with uniform back illumination. A black line was drawn on the
illumination source to assess the sample turbidity. B UV-vis spectra of these samples showed
that transmission increases with both the hydrolysis acidity and duration.

Inspecting the ChNC suspensions hydrolysed under different conditions, the 3M90
sample was clearly much more turbid (Figure 5.4 A). In contrast, the black line drawn
on the illumination source could be clearly seen through all the other samples. This was
quantitatively confirmed by measuring the transmission spectra (Figure 5.4 B). In general, the
transmission declined for all the samples as the wavelength decreased which can be attributed
to more efficient scattering of larger wavelength by small nanoparticles, corresponding to
the Rayleigh approximation for scattered light. [84] The 3M90 sample, was significantly
less transmissive then all the other samples with, for example, less than 20 % of light
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transmitted at 800 nm compared to at least 60 % of light for all the other samples. This
indicated that 3M90, unlike other samples, was poorly dispersed with many larger particles
or aggregates still being present (Figure 5.6). Such objects cause strong scattering as they can
be approximated as Mie scatterers, giving rise to the observed turbidity. [84] Furthermore, a
degree of sedimentation was observed within days if 3M90 was left unperturbed. For the
other samples, the trend in transmission suggests that longer hydrolysis durations result in
smaller particles on average.

These observations agree with the particle size measurements obtained by dynamic light
scattering (Figure 5.5 A). The large Z-average value of 3M90 sharply decreases as the hy-
drolysis is prolonged to longer timescales up to 3M270. Beyond this point, further hydrolysis
had little effect on the particle size (Figure 5.5 A). In contrast, hydrolysis with a higher acid
concentration (5.0 M) could reach a similarly small average particle, with 5M90 measured
to have a Z-average particle size comparable to that of 3M270. The strong dependence on
acidity is indicative of the hydrolysis of the glycosidic bond occurring at a higher rate when
the acidity is increased. This interpretation also supports the observation that 5M270 turned
dark brown/grey due to over-hydrolysis, in contrast to off-white coloured 3M540 sample.
Thus, the higher acidity allowed for the much faster degradation of amorphous and crystalline
structure of chitin leading to side reactions and over-hydrolysis. 3M540 and 5M180, on the
other hand, both represent samples where most of the amorphous regions have been etched,
with little effect on the crystal, as they exhibited the lowest turbidity and smallest average
particle size (Figure 5.4, 5.5 A). A more in-depth analysis of the nanoparticle dimensions
using transmission electron microscopy (TEM), agrees in general with these observations.
3M90 has significantly larger dimensions, in agreement with the previous turbidity and DLS
analysis. For other samples, the nanoparticle length and width averaged to 180 and 14 nm,
respectively, with the exception of 5M180 which yielded the smallest particles but with a
comparable aspect ratio of 14 (Figure 5.5 D, E, F).

Beyond the differences in the nanoparticle dimensions, the surface charge was also
influenced by the hydrolysis conditions (Figure 5.5 B, C). The large nanoparticles of 3M90
with a compromised stability were unsurprisingly accompanied by the lowest surface charge.
More generally, the surface charge was found to increase with the reaction duration towards
a limit of ∼280 mmol−NH+

3
/kgChNC. Higher acidity had only marginal influence on the

surface charge, which is consistent with the previous studies on small molecules that showed
the rate of amide hydrolysis plateaued at similarly high hydrochloric acid concentrations.
[192] Reaction duration was therefore considered to be the key parameter to control amide
hydrolysis and thus the surface charge of the ChNCs.
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Figure 5.5 Colloidal properties of ChNCs prepared with different hydrolysis conditions.
A Z-average and B ζ−potential as measured by DLS. C Surface charge measured by
conductometric titration. D, E, F Length, width, and aspect ratio, respectively, measured by
TEM. The error bars represent one standard deviation. TEM micrographs were acquired by
Yu Ogawa.

5.1.3 Liquid crystalline behaviour

Following the successful hydrolysis to prepare colloidally stable ChNC suspension, the ability
to form a liquid crystalline phase was explored. All the ChNC samples reported in Table 5.1
exhibited liquid-crystalline behaviour, evidenced by the separation of two phases (Figure
5.7 A). The bottom one, anisotropic, appeared bright when looked at in transmission between
crossed-linear polarisers. The ChNC 3M90 sample, however, failed to phase separate with a
clear interface, which were related to its poorer dispersity, stability, and lower surface charge.

Macroscopic phase separation, as described before (Figure 2.3 A), was observed in all the
samples above a concentration of ∼ 3.0 wt% (Figure 5.7 A). This marked the first threshold
concentration, CI , after which an anisotropic liquid crystalline phase formed and sedimented
to the bottom of the capillary. At this concentration, primarily high aspect ratio or volume
nanoparticles start the phase transition according to Onsager’s theory for liquid crystalline
behaviour of rod-like particles. [52, 53] All the prepared samples were polydisperse and had
a fraction of large nanoparticles (or their bundles) which is evidence by the large standard
deviations in length and width measurements acquired by TEM (Figure 5.5 D, E, F). Upon
increasing the ChNC concentration, the volume fraction of the anisotropic phase within this
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Figure 5.6 Transmission electron microscopy micrographs of ChNCs prepered at 3.0 M
HCl with varied reaction duration. A Micrograph of 3M90 sample shows big bundle-
like aggregates present. B, C Micrographs of 3M270 and 3M540 show that they have
nanoparticles which are much more dispersed and less bundled into aggregates. TEM
micrographs were acquired by Yu Ogawa.

biphasic regime grew linearly, until reaching a second threshold concentration, CA, at which
the entire suspension was anisotropic (Figure 5.7).

This second threshold concentration, in general, increased with hydrolysis duration. It
correlates with decreasing size and surface charge of ChNCs. For example, CA went up
from 6.0 wt% to 7.0 wt% to 8.0 wt% as the hydrolysis duration was increased to obtain
3M90, 3M270, and 3M540 samples, respectively. These observations are consistent with
the concept of an shrunk double-layer upon increasing surface charge (see Appendix A),
which results in a smaller effective volume (Section 2.2). Given the ionic strength for each
suspension was fixed uniformly to 100 mmolHCl/kgChNC, the double-layer could only be
modulated by the differences in the surface charge. This interpretation correctly predicts that
the second threshold concentration of 5M90 should be lower than 5M180 and also that both
samples should lie in-between 3M90 and 3M270.

A closer inspection into ChNC 3M90 sample revealed a sharp increase in the apparent
volume fraction of the anisotropic phase at around 6.0 wt%. Below this concentration, a
near-linear relationship was observed which suggests an interruption of the macroscopic
phase separation via the formation of an attractive-gel formation. This could be because of
overall poorer colloidal stability and significantly lower surface charge of 3M90 as compared
to the rest.

Polarised optical microscopy (POM) of the anisotropic phase revealed the characteristic
chiral nematic fingerprint pattern in all samples, confirming the nature of the liquid crys-
tal phase (Figure 2.5, 5.7 B). The observed periodicity, and thus the chiral nematic pitch,
could be measured and was found to decrease with increasing ChNC concentration. This
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Figure 5.7 Liquid crystalline behaviour of ChNCs prepared at different hydrolysis conditions.
A Phase diagrams showing the changes in the amount of anisotropic phase as a function of
ChNC concentration. B Pitch diagram depicting decreasing chiral nematic pitch as a ChNC
get concentrated.

is attributed to the ChNCs being forced into closer proximity to neighbouring nanoparti-
cles and, consequently, exhibiting stronger chiral interactions. In addition, higher surface
charge bearing samples exhibited a larger chiral nematic pitch, which can be explained by a
more expanded double-layer enforcing greater separation between the physical nanorods,
leading to weaker chiral interactions relatable to physical nanocrystals being forced to be
further apart because of more expanded double-layer. Nevertheless, soon after the second
threshold concentration the fingerprint was no longer observable despite the phase appearing
anisotropic. At such high concentrations, the suspension is viscous and becomes aligned
because of the shear experienced when the suspension is sucked into the glass capillary. Such
an alignment explains that the suspension appears anisotropic when looked at in transmission
between two crossed linear polarisers, however, there is a point where the suspension is so
viscous that it behaves like a gel and, therefore, does not relax from the sheer-alignment to
the thermodynamically preferred chiral nematic phase. This gelling behaviour, also known
as kinetic arrest, allows the preservation of the order (or disorder) in the system when the
concentration of the suspension reaches a critical point.

Overall, 3M270, 3M540, 5M90, and 5M180 were appropriate conditions to hydrolyse
shrimp chitin to obtain well-dispersed and colloidally stable ChNC suspensions. Using
3.0 M HCl is more environmentally friendly, avoids the risk of over-hydrolysis, and gives
higher ChNC yields, while giving nanoparticles of comparable dimensions but of a higher
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Figure 5.8 Turbidity of ChNCs processed with different tip sonication times. A A photo-
graph of samples of Ts1, Ts2, and Ts3 (left to right) at 1.00 wt% after shaking and with
uniform back illumination. A black line is included to assist in assessing the sample turbid-
ity. B Transmission spectra show that transmission increased with extended tip sonication
application.

surface charge, which aids with stabilisation of colloid. As such, given 3M540 had the
highest surface charge and small particle size leading to the formation of a well-defined
chiral nematic phase, this was chosen as the standard hydrolysis condition for the subsequent
investigations into the production of ChNC.

5.2 Tip sonication

After hydrolysis and dialysis, even the best ChNC suspensions (e.g., 3M540) scatter a
lot of white light due to the presence of larger particles. Nevertheless, they do not show
any significant sedimentation which is observed for a previously discussed 3M90 sample.
The aggregates which contribute to the scattering are made up of many individual ChNCs
which can be dispersed by the mechanical treatment. Applying tip sonication to the ChNC
suspension is one of the most convenient ways to do that. It results in high frequency and high
energy sound waves propagating through suspension creating many points where cavities
are formed and collapse, resulting in a big mechanical stress on the system. While it is
commonly applied to ChNC suspensions, its effect is largely overlooked even though it can
have a significant effect not only on the ChNC colloidal but also liquid crystalline properties.
The latter phenomenon as was observed in CNCs where the application of tip sonication
strongly affected the resulting nanoarchitecture and the structural colouration. [65, 75] Thus,
overlooking this parameter as insignificant could hamper the reproducibility of ChNC studies
and consequently limit the development of this field.



58 From chitin to chitin nanocrystals

Figure 5.9 Colloidal properties of ChNCs prepared with different tip sonication conditions. A
Size and B ζ−potential as measured by DLS. C Surface charge measured by conductometric
titration. D, E, F Length, width, and aspect ratio, respectively, measured by TEM. The error
bars depict a standard deviation. TEM micrographs were acquired by Yu Ogawa.

The tip sonication treatment was studied by varying the application duration on a new
batch of 3M540 suspension. Three tip sonication conditions were chosen: Ts1, Ts2, and
Ts3, which refer to the tip sonication duration of 0.9, 4.5, and 22.5 min, respectively. For
consistency, tip sonication was applied to suspensions in portions of the equivalent mass
(200 ± 5 g) and concentrations (1.00 wt%). The ionic strength and pH were standardised to
100 mmolHCl/kgChNC by dialysing all suspensions at 1.00 wt% in separate dialysis bags but
within the same bath. The heating of the samples during the tip sonication was avoided by
using an ice-bath and appropriately spaced on and off intervals.

ChNC dispersibility improved with the continuous application of tip sonication (Fig-
ure 5.8). The initial immense effectiveness of tip sonication, however, started to level off with
further application. These observations agreed with the decreasing average particle size as
measured by DLS and TEM (Figure 5.9 A, D, E). This confirmed that the dimensions of the
nanoparticles decreased as the ChNC bundles were dispersed. In contrast, the surface charge
remained virtually unaffected and the slight increase in the ζ -potential could be associated
with the nanoparticles getting smaller and thus more mobile (Figure 5.9 B, C).

When concentrated, these three samples spontaneously self-assembled into a liquid
crystalline phase (Figure 5.10, 5.11A). The first threshold concentration was equivalent to
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Figure 5.10 Liquid crystalline behaviour of ChNCs Ts2 sample. A A photograph of capillaries
showing the phase separation with the increasing proportion of the anisotropic phase as the
nanoparticle concentration was increased. Note that below and above the suspension in the
capillary, there are air gaps. B, C, D, E Polarised optical microscopy micrographs of the
anisotropic phase at increasing concentrations: 5.0, 6.0, 7.0, and 8.0 wt%, respectively.

∼3.0 wt% with the anisotropic phase volume fraction gradually increasing until the second
threshold concentration was reached. While Ts2 and Ts3 behaved comparably, Ts1 sample
presented a slightly lower proportion of anisotropic phase at a given ChNC concentration.
Given that the ionic strength, pH and surface charge are equivalent between the sample, and
no changes in conductivity or pH were observed after tip sonication (unlike that reported
for CNCs [65, 75]), only the changes in nanoparticle dimensions could be responsible. In
fact, the application of tip sonication reduced the width of the nanoparticles more so than the
length, leading to the aspect ratio of Ts1 being slightly smaller than for Ts2 and Ts3 (Figure
5.9 F). These observations agree with Onsager’s theory for the self-assembly of rod-like
nanoparticles that a smaller aspect ratio leads to the lower proportion of the anisotropic phase
in a bi-phasic regime. [52]

The effect of tip sonication was even more pronounced when the pitch of chiral nematic
phase of ChNCs was investigated (Figure 5.10 B, C, D, E, 5.11 B). The pitch for samples
Ts2 and Ts3 was comparable, while that for Ts1 was significantly smaller, especially at lower
nanoparticle concentrations. ChNCs investigated in-depth by TEM usually present numerous
bundles which would be at least partly destroyed by such a mechanical treatment (Figure 5.6).
The bundles have a stronger chiral shape, inducing stronger chiral interactions within the
chiral nematic phase by behaving similarly to chiral dopants in molecular liquid crystals.
[7] Dispersing them into smaller rod-like units makes their shape less chiral, explaining the
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Figure 5.11 Self-assembly of ChNCs prepared with different tip sonication conditions. A
Phase diagrams showing the increase in the amount of anisotropic phase as a function of
ChNC concentration and tip sonication conditions. B Pitch diagrams showing the dependence
of pitch on ChNC concentration and tip sonication conditions.

observed increase in pitch as the tip sonication duration was increased to Ts2. This energy
input appears to be sufficient to disperse most of such chiral bundles as no further changes in
pitch were observed for longer sonication times.

In summary, for good dispersibility and facile self-assembly properties, hydrolysis at
3M540 followed by Ts3 conditions is recommended. However, Ts2 in many ways is a
sufficient and a much quicker process. It is notable that the tip sonication treatment would
have to be readjusted if ChNC were prepared by different hydrolysis conditions as they
highly influence the number of aggregates in the suspension before any treatment.

5.3 Deacetylation

As noted previously, the surface charge is an extremely important parameter that governs both
the stability of the colloids and their interactions to form a chiral nematic liquid crystal. [24]
In fact, the double-layer, which is key in preventing ChNC aggregation as well as modulating
their self-assembly, originates from the protonation of the surface exposed amines. These,
however, are not that numerous, because in chitin most of the substituents at carbon 2 are
amides instead (Figure 2.1). Such "acetylated amines" cannot be ionised and thus do not
contribute to the surface charge. However, hydrolysis can be employed to convert these
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groups to amines, unlocking the potential for higher surface charges. While this effect can be
controlled to a limited degree by acidic hydrolysis, as employed to initially prepare ChNCs,
basic hydrolysis, also known as deacetylation, offers a finer control over the surface charge.
[24]

However, when applying deacetylation on chitin, extra care needs to be employed. Chitin
is a fibrillar material insoluble in aqueous solvents. The acidic hydrolysis, employed to
produce ChNCs, is a heterogeneous reaction, which is key as the crystal structure of the
original chitin is retained in preparation of the nanoparticles. These insoluble ChNCs can be
colloidally dispersed because the surface amines can be protonated and provide electrostatic
stabilisation in aqueous acidic conditions. In this case, essentially only the surface of ChNCs
interact with the solvent and other nanoparticles. Similarly, basis hydrolysis can be used
to increase the number of such amines, however, only if applied to the surface for which
the reaction conditions need to be tailored. If it the deacetylation is done so that it occurs
throughout the whole material, and not only on the surface, but it would also produce
chitosan, which is soluble in aqueous acidic conditions and thus the nanoparticles would not
be obtained. Therefore, to alter the colloidal and liquid crystalline properties of ChNCs, only
the surface of such nanoparticles should be deacetylated.

Consequently, two alternative strategies were utilised to prepare ChNC samples with a
range of surface charges, allowing its contribution to both the colloidal and liquid crystalline
properties to be quantified.

5.3.1 Chitin deacetylation prior acidic hydrolysis

The first strategy required preparation of partially-deacetylated shrimp chitin (deAc-Chitin)
from shrimp chitin (Ac-Chitin). Then, each chitin sample was subject to acidic hydrolysis
following the 3M540-Ts3 protocol described above, to obtain chitin nanocrystals (Ac-ChNC)
and deacetylated chitin nanocrystals (deAc-ChNC). Finally, the ionic strength and HCl
concentration were set to 100 mmolHCl/kgChNC by dialysis in the same bath, as described
previously.

Chemical composition

FTIR showed that the applied deacetylation process did not affect the α-chitin crystalline
structure as both initial chitin samples had analogous spectra (Figure 5.12). pXRD analysis
confirmed that the α-chitin crystalline structure was retained and therefore suggesting that if
any effect happened it must have only affected the surface and not the bulk of the material
(Figure 5.14). A significant difference would be expected if chitin was fully converted
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Figure 5.12 FTIR spectra of shrimp chitin in its original and partially deacetylated forms. The
spectra show little change and indicate that α-chitin crystalline form was retained suggesting
that only the surface was affected.

to chitosan. In fact, at these deacetylation conditions (aqueous NaOH (40 wt%) at 95 ◦C
for 4 hours), the chitin crystalline structure, reportedly, does not swell and so only the
surface should be affected. [25] The efficacy of the basic hydrolysis was confirmed by 13C
ssNMR, which showed that deAc-Chitin sample was partially deacetylated as compared to
Ac-Chitin (Figure 5.13). Overall, these results suggest that at these conditions only the chitin
molecules at the surface of chitin crystal were affected. This is crucial as the following acidic
conditions, required to prepare ChNC from chitin, would dissolve the starting material if it
was deacetylated throughout and, as a result, nanoparticles could not be produced at all.

In fact, 13C ssNMR spectra could be used to semi-quantitatively determine the degree
of acetylation (DA), which is defined as the ratio of the number amides over the combined
number of amides and amines. This can be achieved when the pulse-sequence durations are
chosen appropriate in the 13C ssNMR experiment and a sufficiently long relaxation time.
[23] Thereafter, the integral under the peak corresponding to the carbonyl carbon can be
compared to the average integral under the peaks corresponding to the main chain carbons.
From such an experiment, it was deduced that the initial DA for Ac-Chitin was ∼98 %, while
a lower value of ∼90 % was obtained for deAc-Chitin, which was overall expected from the
deacetylation reaction. Interestingly, however, after the acidic hydrolysis, both Ac-ChNC and
deAc-ChNC samples had a DA of ∼98 %, which is highly comparable to the DA values for
untreated chitin (Figure 5.13). A comparable number of surface amines was also confirmed
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Figure 5.13 13C ssNMR spectra of partially deacetylated chitin and resulting ChNCs. Deacety-
lation was successful in increasing the number of amine groups on chitin. After acidic
hydrolysis into ChNCs, the sample was indistinguishable from ordinary ChNC.

by employing a more sensitive conductometric titration which probes only the surface amines
(Figure 5.15 C).

Colloidal properties

These observations were accompanied, however, by significantly smaller nanoparticles for
the deAc-ChNC sample, which, was confirmed by both DLS and TEM (Figure 5.15 A, D, E).
In particular, a detailed analysis by TEM revealed that while both length and width of
deAc-ChNC were smaller, the relative change in the width was much more pronounced
(Figure 5.15 D, E). These changes manifested in a significantly higher aspect ratio for deAc-
ChNC (Figure 5.15 F). In other words, deacetylation followed by acidic hydrolysis provide
the means to produce slenderer ChNCs with having a minute effect on their surface charge.

These results can be overall rationalised by considering that during deacetylation of chitin,
only the surface of chitin crystals was affected, while the core remained largely unchanged,
as suggested by 13C ssNMR, FTIR, and pXRD data. Once the deacetylated chitin was subject
to acidic hydrolysis, the expected hydrolysis of the more amorphous areas occurred resulting
in ChNCs but besides this reaction, the deacetylated chitin molecules which were on the
surface of chitin crystal were etched. The latter process occurred because deacetylated chitin
is much more soluble in acidic aqueous conditions due to the numerous amine groups. In
essence, the deacetylated surface of deAc-Chitin was etched during the acidic hydrolysis
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Figure 5.14 pXRD diffractograms of partially deacetylated chitin and resulting ChNCs. All
the diffractograms were consistent with α-chitin crystalline structure, suggesting that the
deacetylation occurred on the chitin fibril surface without penetrating and disturbing the
crystalline structure.

resulting in slenderer deAc-ChNC than Ac-ChNC, but both having the surface comprised of
unaffected chitin.

Liquid crystalline properties

The observed differences in the aspect ratio manifested in distinguishable liquid crystalline be-
haviours (Figure 5.16 A). While both suspensions had a similar first threshold concentrations
of ≈3.0 wt%, the second threshold concentration was significantly lower for deAc-ChNCs.
It is expected as Onsager’s theory predicts a lower threshold concentration for rods of larger
aspect ratios (Figure 5.15 F). Additionally, a significant difference in the chiral nematic pitch
was observed (Figure 5.16 B). deAc-ChNC sample had a chiral nematic pitch ∼20 µm lower
across the whole concentration series indicating stronger chiral interactions. These results
from the prominent changes in thickness upon deacetylation, however, the exact the nature
of this effect remains to be better understood as no theory to date explains the pitch evolution
of chiral rods which are charged and disperse in size.

5.3.2 Chitin deacetylation after acidic hydrolysis

Despite being interesting, deacetylation of chitin prior to acidic hydrolysis, did not provide
a practical way to controllably tune the surface charge of ChNCs. As such, the alternative
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Figure 5.15 Colloidal properties of ChNCs prepared from partially deacetylated chitin. A
Size and B ζ−potential as measured by DLS. C Surface charge measured by conductometric
titration. D, E, F Length, width, and aspect ratio, respectively, measured by TEM. TEM
micrographs were acquired by Yu Ogawa.

strategy of post-deacetylation was explored. A new batch of ChNC suspension was pre-
pared following the 3M540-Ts2, from which 4 samples were derived overall by running
deacetylation directly on ChNCs for 0, 1, 2, and 3 hours. The 0h sample was prepared by
immediately quenching the reaction once ChNC suspension was combined into the reaction
mixture. Such a control experiment should allow for the effect of mixing ChNC into a high
ionic strength and pH solution to be understood. Deacetylation conditions used here (33
wt% NaOH, 90 ◦C) were slightly milder than the ones used in section 5.3.1, which were
confirmed to only alter the surface. These samples were also compared to a ChNC sample
from the same batch but before (denoted as b4) deacetylation. The ionic strength and pH
were standardised to 50 mmolHCl/kgChNC as well as equivalent tip sonication conditions
(Ts2-like) were applied to all the samples. The samples treated with NaOH had to be tip
sonicated after the deacetylation and dialysis against HCl as the experience of high ionic
strength and pH caused them to aggregate.

Colloidal properties

Given that ChNC suspensions were subject to extreme ionic strengths and pH during the
basic hydrolysis, issues such as irreversible aggregation could be expected. While all the
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Figure 5.16 Liquid crystalline behaviour of ChNCs prepared from partially deacetylated
chitin. A Phase diagrams showing that the deAc-ChNC sample had a lower second threshold
concentration (Ca). B Pitch diagrams showing that the chiral nematic pitch decreased for
samples prepared from deacetylated chitin.

samples dispersed well, with comparable ChNC sizes, they were consistently slightly higher
than recorded for the suspension before deacetylation (Figure 5.17 A). These results were
also confirmed by TEM analysis (Figure 5.17 D, E). In addition, all the resulting samples
were stable and did not show any sedimentation within weeks.

While the dimensions changed only slightly, the surface charge could in fact be control-
lably tuned. The duration of this reaction was to a first approximation linear with respect to
the surface charge, allowing to obtain surface charge spanning a range of values between
250 and 400 mmolNH+

3
/kgChNC (Figure 5.17 C). Interestingly, 0h-ChNC sample showed a

lower surface charge which may be indicative of the dissolution and degradation of short
oligosaccharides which could have been adsorbed onto ChNC surface when acidic hydrolysis
reaction was quenched. Such short oligosaccharides were proved to exist on a CNC surface;
however, different reaction conditions are usually employed in preparing them. [159]

Liquid crystalline behaviour

All the prepared samples exhibited phase separation but with significant differences (Fig-
ure 5.18 A). The first threshold concentration, CI , indicative of the isotropic to biphasic
transition, shifted to higher concentrations as the surface charge increased with an exception
between b4-ChNC and 0h-ChNC samples. This deviation from the trend could be attributed
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Figure 5.17 The effect of directly deacetylating ChNCs on their colloidal properties. A
ChNC size increased due to deacetylation as measured by DLS. B ζ -potential remained
largely unaffected. C Surface charge increased as a function of the reaction duration. D, E,
F Length, width, and aspect ratio, respectively, as measured by TEM indicate an increase in
particle size due to deacetylation treatment. TEM micrographs were acquired with the help
of Heather Greer

to the slight increase in the particle size without a significant change in the surface charge,
while the remainder of the samples showed that the surface charge increase dominated over
the small increase in size. The remainder of the samples 0h through 1h, 2h, and 3h were all
of similar dimensions so only the differences in the double-layer could have induced such
differences in their liquid crystal properties. Based on the calculations presented in Appendix
A, the double layer must have shrunk as a result of increased surface charge, resulting in
lower effective nanoparticle volume. As such, the more charged nanoparticle had to get
more concentrated before they started to experience crowding strong enough to start to phase
separate, marking an increased CI .

The biphasic regime followed the first threshold concentration, however, it only developed
in ChNC suspensions with the surface charge below 300 mmol−NH+

3
/kgChNC. For ChNC

samples deacetylated for 2 h and 3 h samples, the apparent anisotropic phase volume fraction
sharply reached 100 %, indicating that the suspension is gel-like, which prevented the
relaxation of the shear alignment induced when the suspension was placed into capillaries
(Figure 5.19). This should only be the result of the higher surface charge as the ionic strength
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Figure 5.18 Liquid crystalline behaviour of directly deacetylated ChNCs. A Phase diagrams
indicated that the threshold concentrations increased as a function of surface charge. ChNC
samples deacetylated for 2 h and 3 h exhibited a sharp increase in the proportion to the
apparent anisotropic phase which can be related to the suspension starting to behave like a
gel past a certain concentration. B Pitch diagrams showed that only the b4, 0h, and 1h could
consistently form chiral nematic phases.

or pH were set equivalently for all samples by dialysing together in the same dialysis bath
but different dialysis bags.

The anisotropic phase was further studied by means of POM. In agreement with the
attractive gel formation, the chiral nematic pitch could only be measured in samples only
prior to the sharp increases in the amount of anisotropic phase (Figure 5.18 B). It appears
that the changes in the surface charge, however, had a negligible effect on the chiral nematic
pitch as at a given concentration, all the samples that formed a chiral nematic phase had a
comparable pitch. In particular, having a high surface charge appears to be a hindrance in
the formation of the chiral nematic phase as the suspension starts to become like a gel at
concentrations lower than the threshold concentration for the formation of the chiral nematic
phase.

5.4 Mushroom: a different source of chitin

The original idea to carry out the work, which culminated in this chapter, was conceived,
and developed by the author of this thesis. The experiments were carried out together with
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.

Figure 5.19 Phase separation of 0h and 3h deacetylated ChNC samples. A Concentration
series for 0h deacetylated ChNC sample was constructed and exhibits clear phase-separation
behaviour with a clear interface for each sample in the biphasic regime. B Concentration
series for 3h deacetylated ChNC sample, however, shows that only initially the biphasic
region exhibits a clear interface between isotropic and anisotropic phases. The red arrows
indicate the capillaries which appear of incapable of phase separating and thus giving rising
to a sharp rise in the apparent proportion of anisotropic phase.

Jordi Ferrer-Ori, a visiting Bachelor’s student, who worked under close supervision by the
author of this thesis.

Chitin can be found in a range of natural sources and here lies its advantages and
limitations. The morphology and physical properties, such as swelling in aqueous conditions
or crystal structure, can be source-dependent and cannot be changed. However, given the
universality of chitin, it is hardly surprisingly that it can be used for different purposes as well
as being biosynthesised by different enzymes. [193] Thus, it can be expected that changing
the source of chitin, significant differences in chitin physical properties can be expected
which could be translated into ChNCs which are of different dimensions, surface charge,
crystal structure or crystallinity. This in turn can expand the range of colloidal and liquid
crystalline properties of ChNCs by simply choosing a different source of chitin. Shrimps
(belonging to crustacean phylum, the chitin source used so far in this study), are extremely
distinct phylogenetic relatives to fungi which also utilise chitin. As such, Agaricus bisporus,
a common spring mushroom, was chosen as an alternative raw starting material as it is
cheap, widely available in big quantities, which is important to note, given that purified chitin
constitutes only about 0.5 wt% of the initial wet mushroom mass. [194]
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Table 5.3 A summary of fungal ChNC preparation conditions. Tip sonication was applied to
suspensions at 1.00 wt% at a mass of 200 ± 5 .g

Sample [HCl] Duration Temperature Tip sonication Yield
(M) (min) (°C) (min) (by weight)

fChNC60 3.0 60 reflux 22.5 84
fChNC90 3.0 90 reflux 22.5 45

fChNC180 3.0 180 reflux 22.5 41
fChNC270 3.0 270 reflux 22.5 36

Figure 5.20 FTIR spectra of fungal chitin and the resulting fungal ChNCs. The spectra
were consistent with α-chitin but the characteristic amide carbonyl splitting at 1660 and
1620 cm−1 were barely resolvable, possibly, due to lower crystallinity compared to shrimp
chitin.

5.4.1 Preparing fungal ChNC suspensions

The starting material, from which purified fungal chitin was extracted, was raw mushrooms, as
described in the experimental section. The first attempt at producing fungal-derived ChNCs
(fChNCs) followed the established 3M540 protocol used for producing shrimp ChNCs.
However, a strong dark-grey discoloration was observed following these conditions which
immediately indicated that the hydrolysis conditions had to be re-optimised. Consequently,
four different fChNC samples were prepared, as summarised in Table 5.3.

Thereafter, the source fungal chitin as well the resulting fChNCs were analysed, starting
with their chemical composition. First, the FT-IR spectra show the vibrational stretches at the
expected frequencies for α-chitin (Figure 5.20). However, the splitting of the peaks at 1660
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Figure 5.21 pXRD diffractograms of fungal chitin and resulting fungal ChNCs. All the
samples have diffraction peaks characteristic for α-chitin (see Table 5.2). 3M270 exhibited
broader and less resolved peaks due to over-hydrolysis.

and 1620 cm−1 indicative of α-chitin can be barely resolved in comparison to shrimp chitin
and shrimp ChNC (Figure 5.1). This suggested a significantly lower crystallinity for fungal
chitin and fChNC in comparison to the shrimp analogues. This was confirmed by pXRD
diffractograms, which show broader, weak peaks yet in the same positions as recorded for the
shrimp derived samples (Figure 5.21). This was most evident for the fChNC270 sample, with
the remaining three fChNC samples, hydrolysed for a shorter time, displaying comparable
and better defined diffractograms. The non-linearity of the yields with the reaction time also
indicated an initial facile hydrolysis of the amorphous regions followed by slower etching of
the crystallites, resulting in over-hydrolysis for fChNC270 sample (Table 5.3).

fChNC180 and fChNC270, were further characterised by 13C ssNMR and compared to
the source chitin (Figure 5.22). It was immediately evident that fungal chitin was successfully
purified from the raw mushroom for it had the characteristic peaks for α-chitin, observed for
shrimp chitin as well. However, a minuscule amount of remaining impurities were present,
as evidenced by the small peaks at 17.6 and 57.1 ppm. While the spectra of fChNC180 was
analogous to fungal chitin, fChNC270 had much broader peaks which were also slightly
deviated from the expected positions for α-chitin.

Overall, these results agreed that fungal chitin and resulting fChNC have lower crys-
tallinity in comparison to shrimp derived counterparts. Additionally, the fungal chitin acidic
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Figure 5.22 ssNMR spectra of fungal chitin and resulting fungal ChNCs. The purification
of chitin was successful as indicated by the peaks characteristic for chitin. While 3M180
sample was indistinguishable from chitin, 3M270 showed peak broadening originating from
over-hydrolysis.

hydrolysis even at 3.0 M HCl must be carefully timed as the crystal structure starts getting
etched resulting in over-hydrolysis of the sample.

Colloidal properties of fungal ChNCs

All fChNC samples dispersed well in aqueous acidic conditions with the ionic strength and
HCl concentration set to 60 mmolHCl/kgChNC by dialysis. The size of the fChNC averaged
around 100 nm with it slightly decreasing with prolonged hydrolysis (Figure 5.23 A). TEM
analysis revealed that fungal ChNCs were of longer and wider when compared to shrimp
ChNCs while the aspect ratio remained the same (Figure 5.17, 5.23 D, E, F). Furthermore,
while the ζ -potential as well as the surface charge were not affected much by the fChNC
preparation conditions, they consistently had a slightly higher values than recorded for
shrimp ChNCs (Figure 5.5 C, 5.23 C). This is likely the result of fungal chitin naturally
being more deacetylated than shrimp chitin, however, this difference could not be resolved
by 13C ssNMR as the degree of acetylation for fungal chitin was ∼98 %.

Liquid crystalline behaviour of fungal ChNC

Concentration series of all four fChNC samples were prepared to study their liquid crystalline
behaviour. However, only fChNC90 and fChNC180 exhibited liquid crystalline properties
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Figure 5.23 The effect of fungal ChNC preparation conditions on their colloidal properties.
A The Z-average size was found to be around 100 nm on average and decreased only slightly
as hydrolysis progressed. B ζ -potential indicated that the colloids were sufficiently charged
enough to remain stable in suspension. C Surface charge as measured by conductometric
titration did not depend on the hydrolysis duration and was consistently higher than for
shrimp ChNCs reported previously. D, E, F TEM measurements of length, width, and aspect
ratio were comparable for all the samples. TEM micrographs were acquired by Gea van de
Kerkhof.

with clear first and second threshold concentrations (Figure 5.24 A). In contrast, fChNC60
and fChNC270 had a sharp transition from fully isotropic to completely anisotropic phases
indicating the formation of a gel prior to forming a liquid crystalline phase. While the exact
reasons are not clear for this behaviour, this is likely that fChNC60 was not sufficiently
hydrolysed while the fChNC270 sample was over-hydrolysed. These findings exemplify that
the choice of appropriate hydrolysis conditions for a colloidally stable ChNC suspension,
may not be appropriate for the formation of the liquid crystalline phase.

Nevertheless, the intermediate samples, fChNC90 and fChNC180, exhibited a clear
transition from isotropic to biphasic phase starting at ∼2.00 wt% (Figure 5.24 A). The
amount of anisotropic phase increased as ChNCs were concentrated with fChNC90 becoming
fully anisotropic by 3.5 wt%. In comparison, fChNC180 sample at ∼3.5 wt% started to
deviate from apparently linear increase in the volume fraction of anisotropic phase, reaching
the second threshold concentration at 4.5 wt% (Figure 5.24 A). TEM analysis showed that
fChNC90 had on average longer and wider, and slightly lower aspect ratio nanocrystals,
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Figure 5.24 Liquid crystalline properties of fungal ChNCs. A The amount of anisotropic
phase increased as a function of ChNC with both samples becoming fully anisotropic before
a surprisingly low concentration of 5.0 wt%. B The chiral nematic pitch spanned the 40 to
15 µm range at these low ChNC concentrations.

suggesting a lower second threshold concentration (Figure 5.23). The origin of the deviation
from linearity in the phase separation is, however, not entirely clear, but it was also observed
for the shrimp ChNC studied at comparable conditions (c.f. b4 ChNC sample in Figure 5.18).
It is likely that at the ionic strength and pH used, the contribution of the nanoparticles to
the ionic strength becomes non-negligible when they reach higher concentrations. However,
it remains unclear why fChNC90 did not exhibit such a behaviour. Further investigation
by POM microscopy proved that that both fChNC90 and fChNC180 formed chiral nematic
phase evidenced from the observed fingerprint pattern. The chiral nematic pitch diagrams
were obtained, which displayed a comparable chiral nematic pitch for both samples spanning
the range from ∼15 µm to ∼40 µm (Figure 5.24 B).

5.4.2 Comparing fChNCs and sChNCs

The difference between fChNC and sChNC can be seen from TEM images which when
compared side-by-side show that the fChNC appear as longer nanoparticles which is also
supported by the statistical analysis (Figure 5.25, 5.17 D, E, 5.23 D, E). This was even more
evident from the AFM images, which showed that fChNC appear to be composed of longer
fibrils which would also explain for the suspension appearing more viscous in comparison to
the shrimp ChNC as it was qualitatively observed that fChNC were more viscous and prone
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Figure 5.25 Comparison of liquid crystalline properties of fungal and shrimp ChNCs. A The
amount of anisotropic phase increased as a function of ChNC with both samples becoming
fully anisotropic before a surprisingly low concentration of 5.0 wt%. B The chiral nematic
pitch spanned the 40 to 15 µm range at these low ChNC concentrations.

to trapping air bubbles, making them more difficult to work with (Figure 5.26). The samples
also exhibited significant differences in terms of their liquid crystalline behaviour (Figure
5.27). Since the ionic strength and pH is expected to have an impact on the self-assembly and
colloidal properties, the best meta-comparison can be established against the shrimp ChNC
3M540 (b4) suspension described in section 5.3.2. The general observations indicated that
fungal ChNCs have lower first and second threshold concentrations with the chiral nematic
pitch being significantly smaller. For example, at 5.00 wt% fChNC180 was fully anisotropic
with the chiral nematic pitch of ∼15 µm, while the shrimp-derived equivalent was only
∼60 % anisotropic with a striking large chiral nematic pitch of ∼200 µm (Figure 5.27). Such
a contrast must have resulted from the cumulative differences in surface charge, particle size
(despite them having comparable aspect ratio), and crystallinity. Some reports indicate that
fungal chitin is decorated with glucans which are similar to chitin, in molecular structure,
and difficult to remove and they are even thought to be included in the crystal structure
of chitin, which could overall contribute to the outstanding liquid crystalline behaviour of
fungal ChNCs. [195, 196] Nevertheless, a direct comparative study would be required to
get a better understanding as there is virtually no previous work done on liquid crystalline
properties of fungal derived ChNC self-assembly.
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Figure 5.26 Atomic force microscopy imaging of shrimp and fungal ChNCs. A Micrograph
of fChNCs showing long and thin nanoparticles . B Micrograph of sChNCs showing that
they are generally better dispersed and appear less fibrillar in comparison to fChNCs.

5.5 Statistical significance

The data presented in this chapter had large standard deviations, which may pose questions
regarding the statistical significance of the data. This is especially true in the measurements
obtained by TEM (i.e., length, width, and aspect ratio) and DLS (i.e., Z-average). However,
sizeable standard deviations originate from the inherent polydispersity of the samples and to
establish statistically significant results, at least 500 nanoparticles were measured. Therefore,
the fractional uncertainty of the results can be calculated as

√
N
−1

, which, in this work, is
lower than 5 %. [197] Therefore, the difference in average values higher than 5 % in TEM
measurements is statistically significant. Large standard deviations on the other hand are
useful to assess the polydispersity of the sample, which is believed to have an effect on the
nanoparticle self-assembly. [115]

The large standard deviation values reported for Z-average measurements corroborate
the polydispersity of ChNC samples. The scattering technique used, namely DLS, performs
averaging on the sample since many nanoparticles contribute to measured photon counts when
a laser beam illuminates them. In addition, 50 repeats were used to obtain a measurement,
which was repeated three times. It is important to note, that the size value obtained is useful
in comparing ChNCs prepared under different conditions because of their overall similarity
in shape, size, and nature. However, it is erroneous to compare this value to the dimensions
measured by TEM, because the value obtained from DLS results from fitting experimental
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Figure 5.27 Comparison of liquid crystalline properties of fungal and shrimp ChNCs. A The
amount of anisotropic phase increased as a function of ChNC concentration. Fungal ChNC
become fully anisotropic at lower concentrations in comparison to shrimp ChNCs despite
comparable ionic strength and pH. B The chiral nematic pitch spanned the 15 to 40 µm range
for fungal ChNC, while much higher values were obtained for shrimp ChNCs.

results with theory which assumes the diffusion of the spherical body, while ChNCs are more
cylindrical than spherical.

The reproducibility of the results can be inferred by comparison of 3M540 sample
and Ts2 sample since they were prepared in separate experiments following the analogous
preparation conditions (i.e. hydrolysis at refluxing 3.0 M HCl for 540 minutes, following
by tip sonication for 4.5 minutes). The reported average TEM length for 3M540 and Ts2
samples were comparable 176 ± 95 nm and 189 ± 99 nm (average value ± standard deviation),
respectively. The surface charge measured by conductometric titration were 248 and 246
mmolNH2 /kgChNC. Other parameters like Z-average, width, aspect ratio etc. were equivalent.
The same is true for the threshold concentration values for phase separation. Overall, by
comparison of samples 3M540 and Ts2 it can be established that the preparation of ChNCs
is reproducible. In addition, different fChNC180 suspensions following the same protocol
were produced (data not shown) which showed identical self-assembly behaviour.

When comparing fChNC and sChNC suspension, the same standards were employed to
when comparing different sChNC suspensions. Therefore, the differences in their size and
self-assembly properties are statistically significantly. Nevertheless, it is important to note
that fChNC were produced, using never dried chitin purified in the laboratory from the raw
mushroom material, whereas sChNC were produced from practical grade shrimp chitin in a
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form of dry chitin powder, which was further purified and never dried thereafter. Therefore,
the fact that fungal chitin was never dried may contribute to the observed difference between
two sources and further studies are needed to confirm the effect that drying and the effect of
choosing a different origin. However, the difference in their chemical characterisation (i.e.,
FTIR, NMR, pXRD) indicate that only drying cannot account for all the differences in the
material properties.



Chapter 6

Solid ChNC films

The previous chapter established the limits which the physical dimensions of ChNCs and
their surface charge can take. This was the first key challenge to overcome since suspensions
need to be colloidally stable to be useful as solid-state hierarchical materials. However,
there are at least three additional challenges to be resolved to produce helicoidally structured
materials. First, the suspension must form a chiral nematic phase. It was observed to
spontaneously occur in many, but not all, of the prepared ChNC suspensions. Second, this
liquid crystalline ordering needs to be retained when the suspension is dried to the solid-state.
And third, the helicoidal pitch of the nanoarchitecture in solid-state has to be tunable as
many of the properties, such as their interaction with visible light or the resistance to the
crack propagation, directly depend on the pitch of these structures. [4–6, 17] Throughout this
chapter, the ratio of the ionic strength to the ChNC amount is kept constant unless otherwise
explicitly stated, to mimic the evolution of the suspension as it dries.

6.1 Ionic strength and pH

These three points are highly interconnected and are expected to depend on the ionic strength
and pH during the casting of the film, as they dictate the thickness of ChNC double-layer.
Some excellent work has already reported the effects that ionic strength and/or pH can have
on ChNC liquid-crystalline behaviour. [10, 24, 33, 61] However, the effect of the ionic
strength and pH on drying suspension is far from being fully elucidated, and how these
properties in the liquid state influence the helicoidal structure and pitch in solid-state is still
not clear. Therefore, the use of ionic strength and pH was used to further the insights on the
behaviour changes in liquid crystalline system and they were linked to the solid-state so that
the pitch in the solid-state, which influences its functionality, could be tuned.
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Figure 6.1 Tuning of ChNC self-assembly with ionic strength and pH. A Without fixing the
ionic strength, increasing HCl concentration led to a higher second threshold concentrations.
B Chiral nematic pitch first increased but then decreased when HCl concentration was
increased without offsetting the ionic strength, making pitches as high as 250 µm and as
low as 15 µm accessible. C Phase diagrams showed significant changes to the threshold
concentrations when HCl concentration was varied with the ionic strength kept identical with
NaCl. D Pitch diagrams indicated that lower HCl concentration while the ionic strength was
kept the same lead to lower chiral nematic pitch

The pH of the suspension influences the surface charge of ChNCs via protonation of
surface amines. This inherently affects the double-layer and thus has to be taken into
consideration. However, modulation of the pH is also inevitably linked to the ionic strength



6.1 Ionic strength and pH 81

as both parameters depend on acid concentration. It is important to note the sensitivity of
the system to the absolute ionic strength, which when above 25 mM, results in aggregation
observed by the increased turbidity and viscosity. This is the primary reason of why buffer
solutions, commonly used to get a robust pH value, cannot be used when working with
ChNCs suspensions as their use requires high concentrations of ions resulting in the collapse
of the double-layer which results in aggregation of the suspension. Therefore, to better
understand the effects that ionic strength and pH have on the suspension and, importantly, the
ultimate pitch in the dry state, shrimp ChNC 3M540 Ts3 suspension, which was described in
section 5.2, was used.

To decouple the effects of pH and ionic strength, a series of ChNC suspensions were
prepared with varied HCl concentration, but with a fixed total ionic strength. This was
achieved by dialysing 1.00 wt% ChNC suspension against aqueous HCl and NaCl solution to
achieve 100, 10, 1 mmolHCl/kgChNC (with the remaining ionic strength supplied with 0, 90,
99 mmolNaCl/kgChNC, respectively). The amount of HCl or NaCl present here are normalised
by the weight of dry ChNC mass, which remains constant when the suspension is dried, thus
mimic the drying process required to produce solid-state films.

The HCl concentration exhibited an obvious influence on ChNC phase separation (Fig-
ure 6.1 A). The resulting phase separation behaviour is related to the aspect ratio, as originally
suggested by Onsager. [52] However, when considering charged rods, such as ChNCs, the
effective dimensions should be considered rather than their physical dimensions as measured
by TEM. This is because each ChNC is charged and thus has its own double-layer. When
the double-layers overlap, the ChNCs repel each other. The complete interaction energy
profile is extremely complicated to calculate, and the approximation can be applied that the
ChNCs with their double-layer behave as if they were just non-interacting nanoparticles
which cannot intersect but are of larger dimensions than bare ChNCs as measured by TEM.
Thus, the new dimensions of nanoparticles will be termed the effective diameter, De f f , and
effective length, Le f f . Assuming the cylindrical symmetry that such nanoparticles have,
both effective dimensions can be assumed to be equal to the sum of the relevant physical
dimension and twice the thickness of the double-layer. It is important to note that the size of
the double-layer would contribute relatively less to Le f f than to De f f because the physical
diameter, as measured by TEM, is on the order of magnitude lower than the physical length.

By increasing HCl concentration, while keeping the ionic strength to nanoparticle con-
centration constant, a larger proportion of amines becomes protonated which results, contrary
to an intuition, to a less expanded double-layer (see Appendix A). This is only true because
the chosen HCl concentrations correspond to pH values ranging from 3 to 5, which are lower
but still close to the average pKaH of the chitin amine which is around 6.3. [10] Using an
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approximation from Henderson-Hasselbalch equation, relating the degree of dissociation
with the pH and pKa, it can be derived that at 1 mmolHCl/kgChNC (pH = 5 at 1.00 wt%)
only about 80% of all amines will be protonated. However, it can be expected that actually
slightly lower number of amines will be protonated at given conditions because two charged
groups in close proximity would be less favoured, meaning that the protonation becomes less
favoured as the protonation increases. This would mean that there may be in fact a slightly
larger difference between the proportion of amines protonated when HCl is varied from 1 to
100 mmolHCl/kgChNC than simply expected from the above mentioned approximation.

The increase in protonation state, manifests in decreasing De f f because of the increased
surface charge (see Appendix A). Therefore, the effective nanoparticle volume gets smaller
which is consistent with the observations that the second threshold concentration increased at
higher HCl concentrations. In contrast, however, the first threshold concentration, CI , remains
constant, which is an expected behaviour since for the polydisperse ChNCs suspensions,
the first nanoparticles to undergo phase separation are the large ones and given their large
dimensions, the effective dimensions are only insignificantly affected by the double-layer
term. Whereas the second-threshold concentration, dominated by the self-assembly of
the smaller nanoparticles, shifts as a consequence of the double-layer having a significant
contribution to the De f f and thus effective volume (Figure 6.1 A).

The chiral nematic pitch was also strongly affected by the pH of the ChNC suspensions
(Figure 6.1 B). The increasing HCl concentration, as described above, results in a more
expanded double-layer. This, in turn, forces the physical ChNC particles to be spaced further
apart on average. Consequently, the chiral interactions, like most, become weaker as the aver-
age distance between physical particles increased resulting in the overall weaker twisting and
thus larger chiral nematic pitch. However, as pointed out above, the surface charge depends
on HCl concentration in a non-linear fashion, raising it from 1 to 10 mmolHCl/kgChNC results
in large increase in the proportion of protonated amine groups but any further increase in
HCl concentration is expected to increase the surface charge only marginally. This helps to
rationalise the changes in the chiral nematic pitch, which level off with further increase in
HCl concentration (Figure 6.1 B).

Alternatively, the pH can be varied without maintaining a constant ionic strength to
ChNC ratio, i.e., by varying the concentration of HCl without the addition of NaCl, which
leads to a complex liquid crystalline behaviour. not only the pH but also the ionic strength
to nanoparticle ratio varies at the same time leading to excitingly complex ChNC liquid
crystalline behaviour (Figure 6.1 C, D). When the samples prepared with 1, 10, and 100
mmolHCl/kgChNC are compared, the second threshold concentration increased dramatically
from 5.0 to 9.0 wt% (Figure 6.1 C). This signifies the importance of the ionic strength
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Figure 6.2 Polarised optical microscopy micrographs of ChNC suspensions at different HCl
concentrations. A, B, C ChNC suspensions at 5.0 wt% dialysed to set the HCl concentration
equivalent 1, 10, and 100 mmolHCl/kgChNC, respectively, without correction for the differ-
ences in ionic strength to nanoparticle concentration by using NaCl. The chiral nematic pitch,
defined as the twice periodicity, varies significantly depending on the suspension conditions
used.

since, as previously described, by just varying the surface charge the same trend, but not as
prominent, was observed. In contrast, the trends in the chiral nematic pitch diagrams appear
more complex (Figure 6.2). ChNCs in the presence of 1 mmolHCl/kgChNC exhibit a large
chiral nematic pitch on the order of tens to hundreds of micrometres. This already large chiral
nematic pitch increased even further at ten-fold higher HCl concentration (Figure 6.1 D, 6.2).
This can be explained by the changes in the surface charge dominating over the ionic strength
at this regime. However, a further increase in HCl concentration to 100 mmolHCl/kgChNC

resulted in a collapse of the chiral nematic pitch, giving the lowest values out of the three
samples studied. From 10 to 100 mmolHCl/kgChNC, only the ionic strength is expected to
significantly increase, resulting in a contraction of the double-layer and so the physical
nanoparticles could get in closer proximity, leading to stronger chiral interactions.

6.2 From a chiral nematic suspension to a solid film

Once control over the self-assembly process was established, these suspensions were then
dried to yield solid-state films. When the cross-sections of these films were inspected by
scanning electron microscopy (SEM), a helicoidal (also known as Bouligand [4]) structure
was observed (Figure 6.3 B, C). This helicoidal structure, the chiral nematic structure
equivalent in solid-state, was also found to have a variation in pitch depending on the initial
suspension conditions (Figure 6.3 A). To understand these results, it is imperative to consider
the processes, which occur during the suspension drying in the process of making such films.
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5 different ChNCs suspensions, 4.0 g of each at 2.0 wt% concentration, were cast in
separate Petri dishes. Over time, due to water evaporation, the ChNC concentration increased
to reach the threshold concentration and the chiral nematic phase started to form. With
continuous drying, the suspension became concentrated enough so that the entire suspension
became chiral nematic. As the ChNC concentration continued to increase, the chiral nematic
pitch continued to decrease as the system was readjusting itself to reach the thermodynamic
minimum. However, eventually it reached the point known as the kinetic arrest.

At this point of kinetic arrest, the suspension becomes so viscous that the ChNCs
nanoparticles are virtually trapped in their position. This can result from either the repulsive
or attractive gel formation. The former occurs at ChNC concentration when the nanoparticles,
with their extensive double-layers, are forced in such a close proximity to the neighbouring
rods, that they cannot reorient, resulting in effectively kinetically trapping the system in
place. Alternatively, an attractive gel can be formed if the double-layer shrinks so much that
the physical nanoparticles can come in such a proximity so that the attractive van der Waals
forces take over. Such attractive interactions can cause the formation of a percolating network
of aggregated ChNCs, which also result in freezing the structure. The exact mechanism
depends on the initial ionic strength since it increases with ChNC concentration as the
suspension dries. Essentially, the point of kinetic arrest, regardless of the mechanism, occurs
at the ChNC concentration at which the system cannot not develop to reach thermodynamic
minimum anymore but is in the kinetic minimum and stays there. At this point of kinetic
arrest, the suspension becomes like a gel with the trapped chiral nematic ordering of ChNCs.
This is in contrast to molecular liquid crystals, which, despite being able to form chiral
nematic phases in liquid state, cannot be gelled to retain the ordering.

Past the point of kinetic arrest, the gel-like suspension continues to dry and shrink. Since
in this gelled state the chiral nematic phase is trapped, it is forced to shrink as well. [76] The
amount by which the system shrinks depends on the volume change and the geometry. Since
the suspensions were dried in Petri dishes as well as the suspension completely wetted the
whole bottom surface (and remained fully wetting until it fully dried), only a unidirectional
compression at the direction perpendicular to the suspension/air interface can be assumed.
The amount by which the systems compresses can then be approximated to be directly
proportional to the volume change. This can be expressed in terms of the change in ChNC
concentration when expressed in volume, rather than weight, percentage, which can be done
easily since the density of chitin has been reported previously to be 1.425. [198] From this
follows that if the point of kinetic arrest is known, the amount by which the suspension, and
the chiral nematic pitch, is compressed can be calculated. However, the actual effect on the
chiral nematic pitch can be complicated by the alignment of the chiral nematic phase. [7] For
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chiral nematic structure with the helical axis m perfectly parallel to the shrinkage direction,
as is expected for ChNC suspension in a Petri dish, the chiral nematic pitch will be indeed
compressed as expected. This compression then continues until the suspension is fully dry
i.e., reaching 100 vol%.

Ultimately, starting from the formation of the chiral nematic phase to the point of kinetic
arrest and the compression, solid-state films with helicoidal nanoarchitecture structure are
formed 6.3). The helicoidal pitch is thus determined by the chiral nematic pitch at the point of
kinetic arrest and the ChNC concentration at which this happens as it effectively determines
the amount of the compression followed. In fact, the 5 different conditions used resulted in
films with helicoidal pitch which could be tuned from ∼650 to ∼5,000 nm (Figure 6.3).

Alas, it is not trivial to determine the point of kinetic arrest. While rheology seems to be
the obvious answer, it would be a tedious process requiring enormous amounts of material,
concentrated at various concentrations and at various ionic strengths and pH. In addition,
chiral nematic liquid crystals are known to exhibit shear thinning effects, meaning that
their rheological measurement upon the application of shear may not be able to accurately
determine the point of kinetic arrest in the first place. [136]

Nevertheless, it is possible to roughly approximate the point of kinetic arrest from
the capillaries prepared to study ChNC liquid crystalline properties. The capillaries which
appeared entirely anisotropic have exhibited fingerprint pattern, however, as the concentration
was further increased the suspension was still anisotropic, yet the chiral nematic pattern
would not develop. This indicates that the suspension is highly viscous, which inhibits it
to relax from alignment of nanoparticles which was induced due to the shear experienced
when the suspension was sucked into the glass capillary. Since the nanoparticles are, to
a first approximation, rod shaped, they would align with their long axis along the shear
direction. [33] Even after a month, the phase did not appear to relax into a chiral nematic
phase as the fingerprint pattern could not be observed. The concentration at which this is
first observed, was approximated as the point of kinetic arrest, (though it is likely to be a
slight underestimate). While it gives the concentration at which the point of kinetic arrest
occurs, it does not provide another crucial parameter - chiral nematic pitch. Therefore, to
be able to predict the pitch in a solid-state it was necessary to assume the kinetic arrest to
have happened at the highest ChNC concentration which still exhibited the chiral nematic
ordering. From this point onwards, the pitch will decrease as pitch = [ChNC]−1+const. due
to the unidirectional compression as described above.

This approach was applied to relate the liquid crystalline behaviour with the helicoidal
nanoarchitecture in solid-state which was measured by SEM (Figure 6.3 A). On the log-log
scale, the geometrical compression past the kinetic arrest appears as a straight line with
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Figure 6.3 Tuning of the helicoidal pitch in solid-state films by tailored ChNC self-assembly
and gelation. A ChNC of different ionic strength and pH exhibited different liquid-crystalline
properties where the kinetic arrest was assumed to occur at concentration at the last measured
point. A unidirectional compression was assumed to have followed during which the pitch
decreased as pitch = [ChNC]−1 + const. indicated by the dotted lines. This predicted the
pitch in solid-state with 20% with respect to SEM measurements. B, C SEM cross-sectional
images of the films with the largest and smallest pitches, respectively.

a slope equal to −1 (dotted lines in Figure 6.3 A). Such an extrapolation for suspensions
of various pH and ionic strengths as studied, successfully explains the observed trends in
the solid-state. The predicted pitch values at 100 vol% ChNCs reasonably agreed with
the experimentally determined ones by cross-sectional SEM analysis (Figure 6.3 A). The
error of ∼20 % between the predicted and measured values most likely resulted from the
underestimation of the point of kinetic arrest and the solid-state films not being 100 vol%
ChNC because of some residual water. Nevertheless, given its simplicity, this model allows
for a reasonable correlation between the effects of various pH and ionic strengths on the
liquid crystalline behaviour of the suspension with the helicoidal pitch in the solid-state
ChNC films.

Materials with an exceptional resistance crack propagation is one of the possible applica-
tions for such helicoidally ordered films. This behaviour has been observed in crab shells
and mantis shrimp claws where they have helicoidal structure with pitch as large as tens
of micrometres. [4, 199] It would be indeed an interesting future direction to investigate
the mechanical performance of ChNC helicoidal films as a function of helicoidal pitch size.
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With the further suspension optimisation, the pitches reaching tens of micrometres may be
possible to achieve which is what is found in mechanically robust natural helicoidal materials.
[4]

Alternatively, the helicoidal structures with a pitch comparable to the wavelength of
visible light is expected to yield structurally coloured materials. This has been observed
in various beetles belonging to the scarabaeidae family, [17] The reflected wavelength
of light from the helicoidal structure can be successfully predicted using Bragg’s law:
λ = navg × pitch. Given that the average refractive index, navg, for chitin is 1.54, the ChNC
film with the lowest helicoidal pitch of 650 nm, is expected to reflect light at λ = 1,000 nm.
This wavelength corresponds to the near-IR and is invisible to the human eye. Thus, a solid-
state film with a helicoidal pitch of <∼450 nm is required to obtain reflection at wavelengths
visible to human eye <∼700 nm. To achieve that a ChNC suspension with significantly
different liquid crystalline properties is required. Such suspensions were already studied in
Section 5.4.

6.2.1 Fungal ChNC films

The use of the fChNC180 suspension described above in Section 5.4 was motivated because
it undergoes phase separation at especially low ChNC concentrations with it becoming fully
anisotropic at ∼4.5 wt%. The analogous suspension drying approach was used to predict
the pitch in the solid-state resulting from fChNC180 suspension studied above. The point
of kinetic arrest was approximated to occur at ChNC concentration of 4.5 wt% which is
equivalent to 3.20 vol%. At this concentration, the chiral nematic pitch reached a value of
15 µm (Figure 5.24). Interestingly, throughout the whole study, the chiral nematic pitch
values in ChNC suspensions never went beyond ∼15 µm. In fact, similarly low chiral
nematic pitch values were observed for several different shrimp ChNC suspensions, but, in
all the studied cases, it occurred at significantly higher ChNC concentration. This is crucial
because, as described above, the point of kinetic arrest can be successfully assumed to occur
at concentrations slightly higher than the concentration when the entire suspension becomes
fully anisotropic. Essentially this fChNC180 suspension, the chiral nematic pitch is expected
to be compressed more by geometrical compression because of the expected onset of the
kinetic arrest at lower nanoparticle concentration in comparison to other sChNC suspensions.

Therefore, by considering the liquid crystalline behaviour followed by the kinetic arrest
and geometric compression, for fChNC180 suspension dried in a Petri-dish with the chiral
nematic structure perfectly aligned, the helicoidal pitch in a solid-state was predicted to reach
∼430 nm. With chitin average refractive index, navg, to be equal to 1.54, such a structure,
based on Bragg diffraction formalism (λ = navg × pitch), would be expected to reflect the
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Figure 6.4 Structural colouration in fungal ChNC films. A, B, C Structural colouration was
observed by optical microscopy when imaged in reflectance with crossed-linear polarisers.
D Corresponding reflectance spectra. E The cross-section of such a film revealing helicoidal
architecture with a small pitch.

light at the ∼660 nm wavelength. This corresponds to the red colour, visible to human
eye, however, this film did not strike as particularly coloured and, frankly, they just looked
plain and transparent. This is surprising given that SEM cross-sectional analysis of the film
confirmed the presence of the helicoidal architecture with a pitch of 390 (σ = 92) nm (Figure
6.4 E).

This apparent dichotomy was resolved by employing polarised optical microscopy (Figure
6.4 A, B, C). Weak structural colouration became evident when the sample was imaged in
reflection between two crossed linear polarisers. In this configuration, the specular reflection
from the air/film interface, reflecting ∼10 % of visible light, was removed, allowing the
exposure of the camera to be set high without a complete over-saturation, which revealed red
and green domains, as expected from the pitch measured by SEM (Figure 6.4 A, B, C). The
fact that there are domains of different colours indicates inhomogeneities in the solid-state as
different helicoidal pitches are required for such a phenomenon to manifest. The continuous
chiral nematic mesophase forms from merging ChNC tactoids, sphere like formations with
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a higher local ChNC concentration, which form spontaneously followed by sedimentation.
This continuous phase develops over time to become more uniform and while it is fast
initially, the development slows down significantly over time as the system approaches a
completely aligned and uniform phase. However, many separate domains develop, which
have the same chiral nematic pitch but a tilted helical director, m, with respect to the
air/suspension interface. Once the kinetic arrest happens, such domains with different tilts
are locked and cannot reorient anymore to reach the ultimately homogeneous structure. Then,
the following compression happens at a direction perpendicular to the air/liquid interface.
If the chiral nematic helical director, m, is parallel to the compression direction, it gets
maximally compressed and results in a smaller helicoidal pitch in solid-state. In contrast,
as the angle between the compression direction and the helical director increases (i.e., the
tilt increases), the chiral nematic pitch is compressed less, resulting in larger helicoidal
pitches in solid-state. The continuous chiral nematic phase is overall well aligned and,
therefore, only a limited distribution of tilts is expected, resulting in a limited variation in
colour explaining the presence only of red and green. This variation was also captured but
more quantitatively by measuring reflectance spectra (Figure 6.4 D). These measurements,
performed with normalisation to the silver mirror, also revealed that this structurally coloured
ChNC film reflected less than 1% of visible light, explaining the lack of visible colouration
when observed by a naked eye.

Nevertheless, it was not apparent why the reflectance was so weak from a seemingly
well-ordered helicoidal film (Figure 6.4), given that in nature similar structures lead to
a variety of vivid colours. [17, 78] Similarly, helicoidally nanostructured films, made of
cellulose nanocrystals (CNCs), are strongly reflective and brightly coloured (Figure 2.6).
[13] Importantly, however, these results represent the first reported instance of structural
colouration in a material made entirely of chitin and as such deemed interesting to investigate
these films further. It is interesting to understand the reasons behind the weak reflectance from
these structures as well as whether and how it could be improved. Besides, it is interesting
whether the ionic strength and pH used to study fChNC180 previously was just a lucky
coincidence resulting in pitch small enough to produce structural colouration. This latter
point is investigated next.

Tuning of the reflected colour

As just discussed above, the reflected colour is directly related to the helicoidal pitch and the
refractive index of the building blocks via Bragg’s diffraction law: λ = navg × pitch. The
refractive index is a constant material property and cannot be changed unless the material
itself is changed. In contrast, the helicoidal pitch can be tuned by adjusting the liquid
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Figure 6.5 Fungal ChNC titrations used to fine tune surface charge. A Conductometric
titration of fChNC, extensively dialysed against Milli-Q, with HCl. B Conductometric
titration of fChNC using NaOH with a prior addition of HCl to determine the total number of
amine groups.

crystalline properties as well as the onset of the kinetic arrest. In fact, this was already shown
that by adjusting ionic strength and surface charge by protonating different proportions of
surface amines, the helicoidal pitch can be controlled (see Section 6.2). However, while the
previous approach to adjust the ionic strength and pH by dialysis has its merits, it is tedious,
especially when several combinations are to be inspected. Hence, an alternative strategy
was devised whereupon the fChNC180 suspension, at ∼3.0 wt% was extensively dialysed
against Milli-Q water to ensure that only negligible amounts of ions remain. Then HCl and/or
NaCl solutions were added directly into suspension to attain various ionic strengths and
surface charges. However, to infer these parameters from the amount of added HCl and NaCl
required two different types of titration experiments since HCl can increase the proportion of
protonated amines as well as the ionic strength.

First, the suspension was titrated using HCl, where the conductivity was recorded after
each incremental addition of HCl (Figure 6.5 A). The resulting conductometric titration
curve appeared to have two regimes. Initially shallower slope indicates the slow increase in
conductivity with added HCl, which refers to the absorption of HCl by surface amines, and
thus only minimally increasing the concentration of freely moving ions, given the minute
effect on the conductivity. Essentially, it was assumed that the ionic strength did not increase
at this regime which was also supported by the fact that the viscosity of the suspension
remained high, evidenced qualitatively by the suspension trapping air bubbles during stirring
that remained stable for minutes if left undisturbed. This behaviour is indeed expected for
ChNC suspensions at extremely low ionic strengths because of the extensive double-layer
causing the nanoparticles to be crowded which macroscopically appears as repulsive gel
(or Wigner glass). [35–37] With continuous addition of HCl a point was reached when the
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Figure 6.6 Controlling reflection the average bandwidth of fungal ChNC films using ionic
strength and HCl. A Reflected average peak wavelength tuned as a function of added HCl
which changed the surface charge at three different ionic strength conditions. B Reflected
average peak wavelength tuned as a function of added electrolyte when all the surface amines
are fully protonated.

suspension stopped trapping air bubbles indicating a significant decrease in viscosity, which
can be related to an increase in ionic strength. In fact, at this point the titration curve shifted
to the second regime, with a steeper slope, where added HCl acts simply as an electrolyte to
increase the ionic strength. This titration gave the number of amines that can be protonated
for the suspension equilibrated against Milli-Q.

Then, a second conductometric titration was performed using NaOH (Figure 6.5 B). The
same fChNC suspension was titrated but supplemented with an excess of HCl before the
experiment to ensure that all the surface amines are protonated. As a result, a titration curve
with three regimes was obtained, indicating the titration of free HCl, followed by titration
of protonated surface amines and finally the addition of NaOH, which merely increased the
ionic strength. From this experiment, the number of all available surface amines could be
determined.

When these two titration experiments were combined, it was determined that ∼100
mmol/kgChNC of amines are protonated after the dialysis against Milli-Q while the maximum
number of available amines for fChNC180 was 320 mmol/kgChNC. While reaching values
below ∼100 mmol/kgChNC quickly led to the colloidal aggregation, any value in between
∼100 and ∼320 was readily available by simple addition of pre-calculated amount of HCl.
In addition, it allowed to also determine the proportion of added HCl that is in excess and
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Figure 6.7 Tuning the reflection bandwidth of fungal ChNC films using PEG. A Initially
the film appears green reflecting at around 550 nm. B Sequential addition of PEG causes a
controllable red shift in reflection. C With 20 wt% PEG in the final structure, a red film can
be obtained.

only contributes to the ionic strength. Since both excess HCl and NaCl are composed of
monovalent ions, they equally contribute to the ionic strength and thus can be collectively
referred to as the electrolyte, simplifying things.

Thereafter, several fChNC films were cast with various combinations of HCl and NaCl to
tune the surface charge and ionic strength and, consequently, infer their effect on the reflected
wavelength and helicoidal pitch. By increasing the amount of added HCl, the surface charge
of fungal ChNCs was tuned resulting in a red shifting effect (Figure 6.6 A). To reduce
the viscosity of the suspension, the ionic strength had to be increased by adding NaCl as
otherwise the films with many air bubbles would be formed as well as risking the inhibition
of the chiral nematic phase formation. Interestingly, it was found that by altering the surface
charge at lower ionic strength (30 mmolNaCl/kgChNC) the average peak reflected wavelength
could be shifted from 550 to 900 nm. The effectiveness to tune the reflected colour by
altering surface charge, however, diminished as the ionic strength was increased. This was
attributed to the higher ionic strengths dominating over the changes in the double-layer size
with the increase in the surface charge having a minimal effect. In effect, the increase in
the ionic strength resulted in a blue shift in the reflected colour. In fact, it could be most
clearly seen at a fully protonated ChNC suspension (Figure 6.6) B). Interestingly though, the
blue-shifting effect only remained valid up to the ionic strength of ∼120 mmol/kgChNC. A
further increase in the ionic strength, resulted in an opposite, red-shifting effect.

While such a way to tune helicoidal pitch must result from changes in liquid crystalline
behaviour and the point of kinetic arrest, further work needs to be done to better understand
it. Nevertheless, by simply adding HCl and/or NaCl it is possible to facilely tune the reflected
light wavelengths from ∼550 to ∼950 nm.



6.2 From a chiral nematic suspension to a solid film 93

Alternatively, adding a non-volatile component into the suspension proved to be an
effective alternative strategy to red-shift the reflected colour (Figure 6.7). Poly-ethylene
glycol (PEG, MW = 25 kDa) was used as it did not trigger any aggregation of ChNC and
is unlikely to affect the self-assembly behaviour. It was determined that a gradual increase
in reflected wavelength can be obtained with added PEG. This effect is rationalised as the
reduction in compression of the ChNC chiral nematic phase upon drying as the non-volatile
component remained when the ChNC suspension was dried, preventing ChNC concentration
to reach 100%. A similar approach was previously exploited to tune the photonic CNC films.
[200]

Reasons behind weak reflectance

Overall, a several various easy-to-implement strategies were successful to tune the reflected
wavelength by fChNC films. However, films with helicoidal pitch small enough to appear blue
were never achieved as well as the reflection consistently remained weak despite the number
of conditions examined. To understand this, it is important to consider the polydomain nature
of the sample. For that, a more sophisticated numerical calculation was used to simulate the
reflectance spectra from fChNC films. [101]

As previously observed in POM, the films appeared to have different coloured regions
(Figure 6.4). This observation suggests that the films are not completely homogeneous but
composed of domains varying in its pitch and its thickness. In case of the polydomain sample,
the average thickness of the different helicoidal domains needs to be considered as the unit
interacting with light at a specific wavelength. This is because different domains having a
different pitch, would reflect different wavelengths of light and the reflection would not add
up to increase in intensity but rather the width of the apparent reflection peak. To address
this point, a thorough SEM analysis was performed on the cross-sections of fChNC films.
To obtain a statistically viable measurement, three identical fChNC films were cast. From
each, a cross-section was obtained by pulling the film laterally until it fractured to obtain a
cross-section which was all in the same plane. With numerous unsatisfactory cross-sections,
three of them were sufficiently good to image the film from the top to the bottom surface, at
a high magnification, to identify the domain sizes as well as the average pitch. The domain
thickness was determined to range from 690 nm to 14 µm, which when normalised by its
pitch, ranges from 3 to 90 pitch repeats. Consequently, the average domain thickness was
calculated to be 21 (σ = 22) pitch repeats with the average pitch of 379 (σ = 93) nm.

Besides the domain thickness, the intrinsic chitin birefringence heavily influences the
interaction of light with the helicoidal structure. Without any birefringence, there would be
no coloured reflection of light as the structure would just appear as a uniform slab through
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which the light would simply propagate. Birefringence describes the planar refractive index
difference experienced by light propagating through the material such as a fChNC film.
There are two types of birefringence. Intrinsic birefringence arises in materials due to the
anisotropy in the way that the molecules are arranged, as in the case of ChNCs, the linear
chitin molecules are arranged in parallel along the length of ChNCs, which results in an α

crystal structure. When the light propagates along or perpendicular to the length of the ChNC,
it would experience a different electronic structure and, therefore, a different refractive index.
While it is expected that chitin (and so ChNCs) should have intrinsic birefringence, it is
complicated to predict or measure the magnitude of this value. Another type of birefringence,
form birefringence, arises in composites where one element, for example a rod, is dispersed in
a material of a different refractive indexes. In fact, it is possible to get structural colouration
from of a helicoidal structure made of silica, even though silica does not have intrinsic
birefringence. [201] This is achieved by making an inverse replicate of a helicoidal film
where the surrounding matrix is composed of silica and the positions previously taken up by
CNCs, are now occupied by air.

Nevertheless, as fChNC films are made of pure chitin with limited porosity, mainly the
intrinsic birefringence should be considered in understanding this weak reflectance. Besides
pitch, domain thickness, and birefringence, the last two parameters required for the simulation
are the angle of incidence of the light and the refractive index of chitin. Given that the POM
was performed using a low magnification lens, which had a small numerical aperture, the
light conditions can be assumed to be suitable for specular reflection with illumination and
collection angle ∼0 ◦. Lastly, the refractive index of chitin has been reported to be ∼1.54.
[17]

Given that the domain thickness and birefringence are the key parameters determining
the reflectance from the helicoidal structures, a series of simulations were performed to
construct a contour map of reflectance as a function of these two parameters (Figure 6.8 A).
It was constructed by obtaining spectra from which the light reflection from the peak was
used as a value to be plotted on the graph. The simulated reflectance spectra were consistent
with the way that the measurements were carried out, namely by employed crossed-linear
polarisers. Such simulations allowed to better understand the reflectance as a function of the
thickness of the helicoidal structure as well as the birefringence of the component that makes
it up. The contour lines indicate the fraction of light, which is expected to be reflected, with
0.01 line representing maximum experimental reflectance values obtained from fChNC films.
Only birefringence values for chitin ranging between 0.001 to 0.005 could result in realistic
reflectance values given the average thickness of the helicoidal domains was measured to
be 21 pitch repeats thick. While the exact value of chitin birefringence is not that well
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Figure 6.8 Optical simulations of reflectance spectra of helicoidal structures as a function
of thickness and birefringence. A Optical simulations of reflectance spectra of helicoidal
structures as a function of thickness and birefringence. Given the fixed pitch of 379 nm,
average refractive index of 1.54, and angle of incidence of 0 ◦, a reflectance map was
constructed using the maximum value of the reflectance peaks. The dashed lines indicate
contours of equal reflectance corresponding to the written number. B Simulated spectra for a
constant thickness but varied birefringence. It corresponds to reading the map in a horizontal
direction. C The same as in B but birefringence was kept constant with the thickness being
varied.

established in literature, similarly low values were reported for chitin previously. [17, 202]
This clearly demonstrated that chitin, despite being similar to cellulose, cannot be simply
treated as its analogue, given that cellulose birefringence is 0.081. [79, 87, 88]

The reflectance from these fChNC could be increased by making the helicoidal domains
thicker. This requires a better alignment of the chiral nematic phase in liquid phase. For
that purpose, it may be possible to use magnets to better align the chiral nematic phase as
it was done with CNC. [42] It relies on the diamagnetic anisotropy of the material, and it
was shown that ChNC can be aligned in extremely strong magnetic fields (9.4 T), the chiral
nematic phase aligns so that the magnetic field is in parallel with the helical director, m. [33]
This indicates that ChNC prefer to have their long dimension in a plane perpendicular to
the magnetic field. Therefore, a Petri dish with suspension was placed with two magnets (∼
0.5 T) of opposite polarity below and above the dish. However, little improvement in the
ordering was observed as the mixture of colours were observed, which was largely attributed
to the fChNC180 suspension being too viscous (Figure 6.9). However, preliminary results
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Figure 6.9 Polarised optical microscopy micrographs of fChNC films cast between two
magnets. A, B, C Show that casting a film in the magnetic field did not result in a significant
improvement in the helicoidal domain alignment as a mixture of colours was still observed.

using a patterned polymagnets with a shrimp derived ChNC suspension are promising in
using magnets in obtaining patterned or aligned helicoidal films with simple and affordable
magnets. Despite the lack of structural colouration due to the helicoidal pitch being too
high in such a case, the pattern as the polymagnet one could be obtained if the suspension
conditions (ionic strength and pH) were adequately adjusted (Figure 6.10). The influence of
these weak magnets on sChNC liquid crystalline was justified given that these suspensions
were overall much more fluid even when fully anisotropic in comparison to fChNC ones. The
reorientation in the magnetic field requires that the anisotropic phase reorients, however, if the
viscosity is too high this may be extremely slow and because of the concurrent evaporation,
the suspension may reach the point of kinetic arrest before it can fully reorient. This is the
likely explanation for the seemingly little effect on the fChNC suspensions.

However, even if the structures were obtained with helicoidal structures which would
be 80 pitches repeat thick, the simulations indicate that with birefringence in the range
0.001-0.005, the reflectance would not reach high values (Figure 6.8 A). For instance, a
helicoidal domain of 42 pitch repeats, can reflect more when the birefringence is even slightly
increased (Figure 6.8 B). This can be done by increasing form or intrinsic birefringence.
The former could come as a result of a high-volume fraction of additives of a significantly
different refractive index from chitin which could be proteins or even uric acid as was found
in structurally coloured beetles. [17] Addition of PEG, as previously described, did not
show a significant increase in reflectance owing to the similarity of PEG and chitin refractive
indexes. However, such additives can interfere with the colloidal stability and self-assembly
prohibiting the formation of the helicoidal architecture at all. Alternatively, the intrinsic
birefringence of chitin could be modified by means of altering its molecular and/or crystalline
structure.
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Figure 6.10 Shrimp derived ChNC films cast with patterned polymagnets magnets. A The
pattern of the polymagnet that was observed using a field paper. B The film cast on a glass
cover-slip, using 3M540 ChNC suspension extensively dialysed against Milli-Q water, did
not appear to show any birefringence when viewed between crossed linear polarisers with
back illumination, indicating that there was no alignment caused by the magnets. C The
film cast on glass using the same suspension but with added HCl to make it runny, shows an
analogous pattern to the polymagnet confirming that the ChNC liquid crystalline phase can
be aligned and preserved in solid-state.

Deacetylation of fungal ChNC films

While modifications prior to the formation of the helicoidally structured solid-state films are
likely to disturb colloidal and liquid-crystalline properties of ChNCs, the post-treatment on
already helicoidally structured solid-state films could be a promising strategy.

Figure 6.11 Cross-sectional SEM and FTIR of fungal ChNC before and after deacetylation.
A fChNC before deacetylation showed that helicoidal structure was present throughout the
whole film. B Cross-sectional SEM of deacetylated fChNC film showed the retention of
helicoidal architecture with a decreased chiral nematic pitch. C FTIR spectra of fChNC
before and after deacetylation, confirming the conversion to chitosan.
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Figure 6.12 Increased reflectance after deacetylation of fChNC solid-state films. A Structural
colouration can be observed by naked eye macroscopically in LCP channel. B Switching
to RCP channel, structural colouration disappears, consistent with the expected optical be-
haviour of left-handed helicoidal structure. C, D This behaviour was confirmed by polarised
optical microscopy E Corresponding spectra indicates a strong reflectance only in LCP
channel.

In fact, chitin deacetylation to chitosan is one of the best known and established chitin
modifications. [15, 19] The deacetylation reaction was, in fact, applied in the previous
chapter to increase the surface charge of ChNC to study its influence on colloidal and liquid
crystalline properties (Section 5.3.1). However, comparably mild conditions were chosen
so that only the surface molecules would be partly converted from chitin to chitosan, its
deacetylated derivative. However, to change the optical constants of the material, chitin needs
to be completely converted to chitosan. While this could be applied to ChNCs prior to their
self-assembly, the resulting material would simply dissolve in slightly acidic aqueous media
to form a homogeneous solution of chitosan.

An alternative strategy to this, is to covert chitin into chitosan in already solid-state
helicoidally nanostructured films. This was performed by taking a flake of this film and
subjecting it to 50 % NaOH solution at 90 ◦C for 8 hours. At such conditions, the chitin
crystal can swell and, therefore, deacetylation not only of the surface but the whole material
can be obtained. The following steps of washing the material with Milli-Q and drying at
ambient conditions avoids any acidic conditions, leaving the material intact, as otherwise
chitosan would have dissolved. The success of the reaction was confirmed by FTIR where
the spectra of chitin changed to the one consistent with chitosan (Figure 6.11 C).
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Figure 6.13 Comparison of optical properties of fungal ChNC films before and after deacetyla-
tion. A Distribution of the reflectance peaks before (open circle) and after deacetylation (full
circle) for three different fChNC films with different starting reflecting colour. Measurements
was acquired using crossed-linear polarisers.

Another important aspect was that this reaction is carried out heterogeneously by immers-
ing a flake of fChNC in NaOH solution. The film retained its shape throughout the reaction
with notable swelling given that initially solid film became akin to a gel. However, after the
careful washing off of NaOH, the film was dried at ambient conditions. This allowed for the
helicoidal structure in the initial film to be retained after its conversion to chitosan, which
was evidenced by cross-sectional SEM analysis (Figure 6.11). However, this conversion led
to a shrinkage of the helicoidal pitch from 379 (σ = 93) nm to 304 (σ = 80) nm (Figure
6.11 A, B). The shrinkage is likely to be caused by the loss of material which is expected to
be around 20% by weight based on the difference of chitin and chitosan molecular formulas.

Nevertheless, because of this conversion the vivid structural colouration emerged (Fig-
ure 6.12 A). The colouration was evident was observed when looking through a left-circular
polarisation (LCP) filter, while the colouration was extinguished when looking through
a right-circular polarisation (RCP) filter (Figure 6.12). These results directly prove the
structural colouration originating from the left-handed helicoidal architecture interacting
only with LCP light at an appropriate wavelength. Such results were confirmed by POM
observations which also showed that 30 % of LCP light can be reflected from such structures.
Assuming that the helicoidal domains before and after deacetylation maintained the same
number of pitch repeats (i.e., 21), the resulting intrinsic birefringence must have increased
from 0.001 - 0.005 to 0.007 - 0.011 to explain the measured and simulated reflectance (Figure
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6.8 A). The apparently small increase in birefringence, changed the material from barely to
vividly coloured.

These changes were repeatedly observed by performing deacetylation on three different
initial fChNC films (Figure 6.13). In all the cases, the average reflectance markedly improved
and as well as the reflected colour blue shifted from the original (Figure 6.13). However,
there are variations in the effectiveness that this treatment had, which could be related to
the extent to which the deacetylation occurred as well as the inherent differences in the
helicoidal domain average thickness when the casting conditions were changed. To get the
better understanding of this treatment ideally an aligned film could be studied but for that
a better understanding of how to apply magnets for producing structurally coloured films
needs to be obtained.

Deacetylation of shrimp ChNC films

The observation that such a deacetylation treatment leads to a blue shift in reflected colour
inspired to try it on shrimp ChNC films produced in Section 6.1. Out of the 5 samples, the
one with the smallest pitch of ∼650 nm was tried as it was closest to be reflecting in the
visible spectrum. A flake of this film was inserted in 50 wt% NaOH solution heated at 90 ◦C
as before. After 8 hours of the reaction, the film appeared to be swelled much like in the case
of treated fChNC films, however, not as fragile. After washing with Milli-Q and allowing it
to dry at ambient conditions, the flake remained intact with observable colour (Figure 6.14 A).
The SEM analysis of the cross-section confirmed that the helicoidal architecture was retained,
however, it proved to be difficult to obtain a clean fracture required for good imaging (Figure
6.14 B). Polarised optical microscopy was used to establish a reflection of up to 30% only
of left-circularly polarised light, corroborating the evidence of the left-handed helicoidal
structure remaining intact (Figure 6.14 C, D, E). The reflection spectra show a number of
peaks originating from domains with helical structure but different pitch, with at least half of
the reflection still happening at near-IR wavelengths, thus invisible to the human eye. Yet, it
remains to be seen if uniform strong reflection at different wavelengths of visible light can be
obtained by relying on such deacetylation of films of shrimp ChNC which are more available
and easier to modify using magnets for a better alignment.
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Figure 6.14 Structural colouration in shrimp derived ChNC films after deacetylation. A A
photograph of a film produced from a shrimp ChNC after deacetylation. B Cross-section
was analysed by SEM indicating that the layer structure is preserved after the treatment. C,
D Polarised optical microscopy micrographs captured in reflection in left-circular polarisa-
tion (LCP) and right-circular polarisation (RCP) channels, respectively. E Corresponding
reflection spectra, indicating a strong reflection in the LCP channel only.





Chapter 7

Conclusions

As one of the most abundant biopolymers on the planet, chitin is far from being well explored
and utilised. Interestingly, this polysaccharide can be converted into colloidally stable
nanoparticles able to self-assemble into a chiral nematic liquid crystalline phase which
indicates a path to produce materials with structures and function akin to those employed by
tough crabs and colourful beetles. However, to achieve such a goal, many questions regarding
the self-assembly and colloidal properties of chitin nanocrystals (ChNCs) were investigated
first.

Acidic hydrolysis was the starting point in preparing ChNCs. The hydrolysis conditions
had a huge impact on colloidal and liquid crystalline properties. Hydrolysis at 5.0 M HCl
at reflux posed a risk of over-hydrolysis of the material which was observed when running
the reaction for 270 minutes, however, stopping it at 180 minutes resulted in the overall
smallest ChNCs. In contrast, the largest nanoparticles compromising colloidal stability and
the self-assembly were obtained by a commonly employed hydrolysis at 3.0 M HCl at reflux
for 90 minutes. Longer hydrolysis for 270 and 540 minutes, resulted in suspensions which
not only were colloidally stable but also easily self-assembled into a chiral nematic phase.
Therefore, these conditions are recommended for further use.

In parallel to the hydrolysis, the suspension treatment played an important role. As an
example, tip sonication was fundamental to properly disperse ChNCs in suspension. With tip
sonication input, smaller and more dispersed nanoparticles were obtained without altering
the aspect ratio which is important for the formation of the chiral nematic phase. However,
tip sonication affected liquid-crystalline behaviour by, possibly, decreasing the presence of
strongly chiral ChNC bundles inherently present in the suspension. The effectiveness of
tip sonication was mostly observed initially with it levelling off. While the amount of tip
sonication must be tailored to a given suspension, for the one prepared with 3.0M HCl at
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reflux for 540 min, the tip sonication performed for 4.5 min or more on 200 g of 1.0 wt%
suspension is recommended.

Chitin deacetylation prior to hydrolysis resulted in thinner ChNC with the length being
affected less. It resulted from the deacetylated chitin crystal surface being converted to
chitosan and getting etched during acidic hydrolysis. While the amount of etched deacetylated
surface may depend on hydrolysis conditions, following 3M540 resulted in more slender
nanocrystals of a higher aspect ratio but with comparable surface charge to ChNCs prepared
from untreated chitin.

ChNC deacetylation post hydrolysis instead allowed to tune ChNC surface charge without
compromising their colloidal stability. The surface charge increased with the duration of
deacetylation, resulting in self-assembly at ever higher ChNC concentrations. This may
cause problems for self-assembly into chiral nematic phase as the kinetic arrest may occur
before the suspension is fully anisotropic. The surface charge of the ordinarily prepared
ChNC was already close to the optimal one for the ChNC self-assembly as higher surface
charges imparted problems with suspension gelling before a complete formation of chiral
nematic phase.

Changing chitin source to fungal chitin resulted in ChNCs with significantly different
behaviour and required to reinvestigation of hydrolysis conditions as hydrolysis for 3.0 M at
reflux for 540 minutes resulted in over-hydrolysis. It was found that 90 and 180 minutes were
sufficient conditions in preparing well dispersed ChNCs with colloidal and liquid crystalline
properties significantly different from shrimp derived ChNC. Essentially, phase separation
occurred at low ChNC concentrations with small chiral nematic pitches.

These results summarise the limits of the physical ChNC properties and how they af-
fect the colloidal and liquid crystalline properties and paved the path in investigating the
production of solid-state materials.

Shrimp ChNC solid-state materials were produced by simple evaporation in a Petri dish.
The optimised ChNC preparation conditions allowed for the chiral nematic-like ordering to
be preserved even in the dry phase. It resulted because of a complete formation of chiral
nematic phase was followed by the kinetic arrest. These two processes were found to be
strongly influenced by the ChNC double-layer, tunable with pH and ionic strength. As a
consequence solid-state films with helicoidal pitch ranging from ∼650 to ∼5,000 nm were
made. These high pitch values, hardly attainable with CNCs, may show promise in the use of
this material for advanced materials with novel mechanical properties which can be observed
in crustaceans and insects. [4] However, in nature many beetles use helicoidal structures
made of chitin to obtain structural colouration. [17] Alas, shrimp ChNC films had the
helicoidal pitch too high for reflection of visible light. In contrast, fungal ChNC solid-state
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materials with structural colouration were prepared by relying on fungal ChNC unique liquid
crystalline behaviour. The reflected colour was shown to be tunable by controlled addition of
HCl, NaCl, and PEG. This marks the first instance for structurally coloured chitin material to
be artificially made. Nevertheless, the reflected colour was not particularly intense which
was expected based on seeing iridescent beetles and cellulose analogous.

Simulations of the interaction of light with such helicoidal structures were key to unravel-
ling this peculiar behaviour. It was found that intrinsic birefringence of chitin ∼0.001-0.005
was too small to effectively reflect visible light if used in helicoidal structures. This limitation
was effectively overcome by increasing intrinsic birefringence. Increased reflectance was
obtained by completely converting dry structurally coloured ChNC films from chitin to
chitosan since the helicoidal architecture was retained. Such deacetylated films showed
structural colouration evident even to the naked eye, which indicating an increase in intrinsic
birefringence. Concurrently, a blue-shift in the reflected colour provided additional means of
tuning the reflected colour.

While this thesis showcases the potential that ChNCs have by covering a breadth of
parameters by which their colloidal and liquid crystalline properties can be manipulated,
it is only a basis onto which further research should be developed to exploit this material
in a broader context. Overall, this thesis has explored several parameters which can affect
the colloidal and liquid-crystalline properties of ChNCs which finally allow to manufacture
and tune solid-state materials with helicoidal architecture made of chitin. The numerous
nuances encountered in dealing with this system, exemplified by its unique surface chemistry,
sensitivity to pH, as well as the extremely low birefringence, indicate that ChNC should
not be looked like just CNC analogous. The system is interesting as structural colouration
can be obtained and modified by post-treatment with base which is also not available for
cellulose. On top of that, solid-state films with helicoidal pitches as large as 5 µm point at
their potential usefulness in the future materials with resistance to crack propagation. The
additional features of structuring for such solid-state structures may be possible by means
of using magnets which can add another level of complexity which is observed in mantis
shrimp. [199] Thus, this thesis enables the research to be continued to produce functional
materials from an abundant, affordable, and, importantly, sustainable resource, named, chitin.





Chapter 8

Future work

While this work provides a strong foundation for further research into chitin nanocrystals
(ChNCs), more work needs to be done to improve and consolidate the field. There are many
interesting areas where ChNCs could be directed.

First, it is important to assess the influence that drying of the purified chitin starting
material has on the resulting ChNCs. It was shown using cellulose that drying or pre-treating
it can affect the resulting CNC properties. [203, 204] While this work used never dried
material, it is inconvenient for long term storage and setting up hydrolysis. In addition, while
this work provides a good foundation for the ChNC research, a more systematic approach
could be employed to be able to confidently choose the appropriate reactions conditions (i.e.,
acidity, reaction temperature, and duration) to produce ChNCs of desired size, shape, surface
charge. Better material characterisation standards are being developed for CNCs and so they
should be adapted for ChNCs to improve reproducibility. [140, 141]

Thereafter, there are numerous organisms that contain chitin. [15] In this work, it was
shown that choosing between shrimp or fungal chitin, the resulting ChNC properties can
be heavily affected. Similar observations were established with CNCs. [31] A systematic
comparison of the ChNCs from various sources (e.g., different crustaceans, insects, and
fungi) would establish the range of ChNC that can be produced. Besides, while most of the
chitin in nature is of α allomorph, β -chitin is found in Riftia tubes or squid pens. [15] When
β -chitin is converted to its nanoform, it has an outstanding aspect ratio, which would be
interesting to study for their self-assembly ability. [205] Besides, chitin chains are in parallel
in β , whereas anti-parallel in α-chitin, it would be interesting to study if the material dipole
arising from different chain orientation is important in inducing chiral interactions in liquid
crystalline state.

The exploration of different chitin sources is also relevant from the sustainability per-
spective as insect farming is a promising future industry, which could provide chitin for its
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conversion to ChNCs and other value added products (see section 3.1). The interest to use of
insect chitin to produce ChNCs is only now starting to emerge. [118] The possibly interesting
physicochemical properties of insect ChNCs are thus combined with more sustainable ChNC
research. In addition, ChNCs could become truly environmentally friendly if instead of large
quantities of mineral acids, new technologies using deep eutectic solvents are better studied
and implemented in making ChNCs. [151, 152]

Hydrogels of ChNCs with chiral nematic architecture could be explored for a variety of
interesting studies. One example is to is for in-situ biomineralization of CaCO3 to mimic
material such as crustacean shell. [161, 206] This strategy could be expanded for producing
other composite materials with anisotropic mechanical properties or the use of the template
for confined synthesis for metal nanoparticles.

In nature chitin is strongly associated with proteins, which are believed to play a cru-
cial role in controlling the assembly of chitin in the arthropod cuticle. [207] The current
hypothesis regarding the helicoidal architecture in the arthropod cuticle and control of the
twisting power involves the transient liquid crystalline state, which is modified by a variety
of proteins which have a specific chitin binding motif. [6, 107, 108, 207] Such proteins are
found in the arthropod cuticle and while their overall structure may significantly vary, the
specific chitin binding motif is strongly conserved throughout the whole Arthropod phylum.
As such, studying ChNCs, their self-assembly and, possibly, co-assembling them with such
proteins, may give clues on how the natural assembly process occurs and such strategies to
be used to produce high-end products.
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appearance of chiral nematic cellulose-based photonic films: Angular and polarization
independent color response with a twist,” Adv. Mater., vol. 31, no. 52, p. 1905151,
2019.

[94] W. D. S. John, W. J. Fritz, Z. J. Lu, and D. K. Yang, “Bragg reflection from cholesteric
liquid crystals,” Phys. Rev. E, vol. 51, no. 2, pp. 1191–1198, 1995.

[95] B. D. Wilts, A. G. Dumanli, R. Middleton, P. Vukusic, and S. Vignolini, “Invited
Article: Chiral optics of helicoidal cellulose nanocrystal films,” APL Photonics, vol. 2,
no. 4, 2017.

[96] D. W. Berreman, “Optics in stratified and anisotropic media: 4× 4-matrix formulation,”
JOSA, vol. 62, no. 4, pp. 502–510, 1972.

[97] H. L. de Vries, “Rotatory power and other optical properties of certain liquid crystals,”
Acta Crystallogr., vol. 4, no. 3, pp. 219–226, 1951.

[98] E. I. Kats, “Optical properties of cholesteric liquid crystals,” Sov. Phys. JETP, vol. 32,
no. 5, pp. 1004–1007, 1971.

[99] R. Nityanada, “On the Theory of Light Propagation in Cholesteric Liquid Crystals.,”
Mol Cryst Liq Cryst, vol. 21, no. 3-4, pp. 315–331, 1973.



116 References

[100] G. H. Conners, “Electromagnetic Wave Propagation in Cholesteric Materials,” J. Opt.
Soc. Am., vol. 58, no. 7, p. 875, 1968.

[101] M. M. Bay, S. Vignolini, and K. Vynck, “Pyllama: a stable and versatile python toolkit
for the electromagnetic modeling of multilayered anisotropic media,” 2020.

[102] K. Kurita, “Chitin and Chitosan: Functional Biopolymers from Marine Crustaceans,”
Marine Biotechnology, vol. 8, p. 203, Mar. 2006.
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Appendix A

Double layer calculations

While it is a useful approximation to consider the effective diameter to be De f f = D+2κ−1,
where D is the physical diameter and κ−1 is the Debye length, it is a very rough approximation
at best. It does not include the effects, e.g., that the surface charge imparts on De f f . Starting
from the assumption that ChNCs are perfect charged cylinders, their effective diameter (De f f )
can be mathematically expressed as: [49]

De f f = D+κ
−1(lnA+0.7704) (A.1)

where A is a constant. The mathematical expression for κ−1 at 20 °C, in water is
approximated to:

κ
−1 =

0.304
I

(A.2)

where the ionic strength, I, when used in mol/L (M), give κ−1 in nanometres.
The constant, A, has a more complicated mathematical expression:

A = 2πv2
e f f λbκ

−1e−κD (A.3)

where λb is the Bjerrum length (0.714 nm in water at 20 °C), and ve f f is the linear charge
density. However, for colloidal nanoparticles such as ChNCs and CNCs, only the surface
charge density can be directly evaluated experimentally. However, an apparent linear charge
density can be calculated from surface charge density by employing the following equation:

ve f f =
2πκ−1σ

K1(κD/2)
(A.4)
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Figure A.1 Effective diameter of ChNC as a function of surface charge.

where σ is the surface charge density and K1 is the first order Bessel function evaluated
at κD/2.

While we now have all the required equations to calculate the De f f , the colloidal nanopar-
ticles such as ChNCs are charged and their contribution to the ionic strength should not be
neglected, and so the expression for the Debye length is altered to account for that:

κ
−1 =

0.304
I +ΓzpCp

(A.5)

where zp is the valency of the polyelectrolyte, Cp the concentration of the polyelectrolyte,
and Γ denotes Donnan salt exclusion coefficient:

Γ = (
4λb

β
)−1 (A.6)

with β being the distance between the charges. The equation for Γ is true while λb/β > 1,
which is satisfied as the approximate inter-charge distance for CNCs and ChNCs is at least
0.2 nm. [115]

Based on the experimental measurements, it is safe to assume that the average nanoparticle
dimensions for sChNC can be taken to be 200 nm (length) and 15 nm (width). The surface
charge determined by conductometrically was 280 mmol/kg, chitin density is 1.425. [198]
Taking ionic strength of 1 mM and a suspension at 1.00 wt%, the resulting calculations are
presented in Figure A.1, where it shows that the increase in surface charge, counter-intuitively,
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reduces De f f . This can be rationalised by realised that the charged polyelectrolytes, like
ChNCs and CNCs, have counterions which contribute to the ionic strength, thus reducing
the Debye length and outweighing the expansion of the double layer caused by the higher
potential due to the higher surface charge.
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